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Abstract 

One of commonly used analytical technique for direct elemental analysis of solid samples 
is Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Although 
widely used for the analysis of various samples, obtaining accurate quantitative results 
remains a major challenge as matrix-matched standards are required. The aim of this thesis 
was to overcome these calibration issues by improving the quantitative capabilities of LA-
ICP-MS through a comprehensive understanding of the factors affecting the processes and 
the introduction of a novel calibration approach based on ablated volume correction. 

To understand the single pulse response (SPR) and the signal-to-noise ratio (S/N) of 
the measurement, it was essential to study the factors influencing the relationship between 
the stoichiometry of the sample and ablated and subsequently analyzed sample aerosol. 
We investigated the elemental fractionation during LA-ICP-MS analysis, focusing on the 
influence of fluence on the signal-to-noise ratio and the formation of double washout peaks. 
Systematic experiments and evaluation were used to gain deeper insight into these factors, 
allowing the development of strategies to mitigate their effects on the analysis results. An 
important contribution of this work was the introduction of a new calibration approach 
that eliminated the need for matrix-matched standards. By using 3D profilometry as a 
complementary tool, the morphology of the sample surface (e.g. ablated volume) was 
accurately determined after LA-ICP-MS analysis. This enabled the normalization of ICP-
MS signals independent of matrix-matched standards or internal standardization methods 
and improved the accuracy and reliability of quantitative measurements. 

The developed calibration approach was rigorously evaluated by bulk analysis and 2D 
mapping/imaging studies. All analytically relevant instrumental parameters were carefully 
optimized and the methods were partially validated and compared with existing techniques 
such as scanning electron microscopy. The results demonstrated the effectiveness of the 
new calibration approach in the accurate and precise quantification of elements in a wide 
range of sample types and matrices. Furthermore, the applicability of the developed 
calibration approach was demonstrated by the successful analysis of standard materials 
with different compositions. The thesis concludes with a discussion of the implications of 
these results for the wider field of elemental analysis and suggests avenues for future 
research to further develop LA-ICP-MS calibration methods. 

Overall, this work represents an important step in overcoming calibration problematics 
in LA-ICP-MS analysis and sets the way for improved quantitative measurements in 
various scientific disciplines. 
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Povzetek 

Ena od pogosto uporabljenih analitskih tehnik za neposredno elementno analizo trdnih 
vzorcev je masna spektrometrija z lasersko ablacijo in induktivno sklopljeno plazmo (LA-
ICP-MS). Čeprav se pogosto uporablja za analizo različnih vzorcev, je pridobivanje 
natančnih kvantitativnih rezultatov še vedno velik izziv, saj so potrebni z matriko usklajeni 
standardi. To predstavlja velik izziv za kalibracijo in posledično za pridobitev natančnih 
in zanesljivih kvantitativnih rezultatov. Glavni cilj tega doktorata je bil odpraviti težave s 
kalibracijo in tako izboljšati kvantitativne zmogljivosti LA-ICP-MS preko boljšega 
razumevanja dejavnikov, ki vplivajo na procese, in z uvedbo novega kalibracijskega 
pristopa, ki je temeljil na korekciji abliranega volumna.  

Za razumevanje odziva posameznega pulza in razmerja med signalom in šumom (S/N) 
je bilo bistveno raziskati dejavnike, ki vplivajo na razmerje med stehiometrijo vzorca ter 
abliranim in nato analiziranim aerosolom vzorca. Raziskali smo frakcioniranje elementov 
med analizo LA-ICP-MS, s poudarkom na vplivu fluence na razmerje med signalom in 
šumom ter na nastanek dvojnih vrhov. S sistematičnimi poskusi in vrednotenjem je bil 
pridobljen globlji vpogled v te dejavnike, kar je omogočilo razvoj strategij za ublažitev 
njihovega vpliva na rezultate analize. 

Pomemben prispevek tega dela je bila uvedba novega pristopa kalibracije, ki odpravlja 
potrebo po uporabi matrično ujemajočih standardov. Z uporabo 3D profilometrije kot 
dopolnilnega orodja je bilo mogoče po analizi LA-ICP-MS natančno določiti morfologijo 
površine vzorca (npr. ablirani volumen). To je omogočilo normalizacijo signalov ICP-MS 
neodvisno od matrično ujemajočih se standardov ali metod notranje standardizacije in s 
tem izboljšalo natančnost in zanesljivost kvantitativnih meritev. 

Razviti kalibracijski pristop je bil natančno ovrednoten s pomočjo analize osnovnega 
vzorca in 2D oslikovanja z LA-ICP-MS. Vsi analitično pomembni instrumentalni parametri 
so bili skrbno optimizirani, metode pa so bile delno potrjene in primerjane z obstoječimi 
tehnikami, kot je vrstična elektronska mikroskopija. Rezultati so dokazali učinkovitost 
novega kalibracijskega pristopa pri natančni in precizni kvantifikaciji elementov v številnih 
vrstah vzorcev in matric. Poleg tega je bila uporabnost razvitega kalibracijskega pristopa 
dokazana z uspešno analizo standardnih materialov z različnimi sestavami. Delo se zaključi 
z razpravo o posledicah teh rezultatov za širše področje elementne analize trdnih vzorcev 
in predlaga možnosti za prihodnje raziskave za nadaljnji razvoj kalibracijskih metod LA-
ICP-MS. 

Ta disertacija predstavlja pomemben korak pri premagovanju težav s kalibracijo pri 
analizi LA-ICP-MS in utira pot za boljše kvantitativne meritve v različnih znanstvenih 
disciplinah. 
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Acquisition time is the total amount of time needed for the acquisition of all elements 
per one data point. 

 
Dwell time is the amount of time ICP-MS uses within acquisition time to measure specific 
element. 
 
Single pulse response time/Washout time is the time needed to transfer 99% of 
ablated particles produced by a single shot out of the ablation chamber. 
 
Fluence is the energy density of laser expressed in J cm-2. 
 
Dosage is the number of overlapping laser pulses per pixel. In this dissertation, mapping 
was achieved by measuring lines with continuous movement of the stage, meaning the 
dosage refers to laser pluses that are partially overlapped. The smear that is produced in 
this measurement mode is compensated with the drastic improvement in time required for 
the analysis. Using a higher dosage also increases the signal-to-noise ratio. 
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Chapter 1 

1 Introduction 

The commercialization of inductively coupled plasma mass spectrometry (ICP-MS) began 
in 1984, followed by the very early integration of laser ablation (LA) as a sampling and 
sample introduction device in 1985 when it was used for analyzing the elemental and Pb 
isotopic composition of granites [1]. However, its full potential wasn’t recognized until the 
early 1990s, mostly for microanalysis of trace element composition and U-Pb isotopic age 
determination of geological samples [2, 3]. Since then, laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) has gained importance and is now a widely used 
method for direct elemental analysis of solid samples. The technique is characterized by 
high analytical sensitivity, excellent detection limits and a very wide linear dynamic range 
of up to twelve orders of magnitude. LA-ICP-MS also provides information on major, minor 
and trace elements and enables microanalysis, two-dimensional elemental mapping and 
depth profile analysis. Through microdestructive direct sampling, the technique also avoids 
the loss of analytes or contamination during preparation procedures. In contrast to other 
techniques, LA-ICP-MS introduces the sample into the ICP under "dry plasma" conditions, 
which improves atomization and ionization and reduces matrix effects [4, 5]. Laser ablation 
has also undergone some important developments in recent years, such as the development 
of fast washout cells, which significantly increase the speed of analysis by reducing the 
response time of a single pulse to as little as 1 ms, compared to the typical 500 ms for 
conventional systems [6]. This advance enables much faster mapping, allowing either a 
larger area to be covered or smaller measurement points to be used without increasing the 
duration of the experiment. In addition, rapid aerosol transport has increased sample 
throughput, resulting in higher signals and a better signal-to-noise ratio, thereby improving 
sensitivity [7-9]. In addition, significant improvements in instrument hardware and a better 
understanding of the effects of operating conditions on image quality have made LA-ICP-
MS mapping not only faster but also more powerful. Optimization of laser ablation 
parameters to avoid mapping artifacts such as smearing, noise, blurring, and aliasing have 
led to the creation of high-quality 2D LA-ICP-MS (multi-)element maps [10-12]. Moreover, 
the introduction of ICP time-of-flight (TOF) MS instruments represents a significant 
advance in this field. In contrast to conventional sequential quadrupole mass analyzers, 
ICP-TOF-MS enables simultaneous analysis of the entire elemental spectrum. This 
technology has found diverse applications ranging from thin biological tissue samples to 
meteorites. When combined with laser ablation, LA-ICP-TOF-MS becomes a powerful tool 
for comprehensive sample characterization, enabling the simultaneous detection of ions 
over the entire elemental m/z range while minimizing sample consumption [8, 13-16]. Due 
to the many advantages of laser ablation, the number of reported applications has vastly 
increased over the last decade and the range of applications is becoming wider and wider. 
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However, the calibration of LA-ICP-MS requires a specific approach. Despite advances 
in quantification techniques and laser technology, commercial calibration standards are 
still of limited availability. Therefore, the matrix dependence of the signal remains a major 
challenge. Various strategies have been proposed for calibration, with solid matrix-matched 
standards often recommended. However, the preparation of such standards can be time-
consuming and lead to unknown homogeneity, which can affect the precision of the 
analysis. In addition, unrecognized matrix interferences can affect the accuracy of laser 
ablation, especially when non-matrix matched standards are used. Nevertheless, such 
standards are still commonly used [17]. It is crucial to understand the design and operation 
of the LA-ICP-MS in order to properly assess these calibration challenges. 

1.1 LA-ICP-MS 

The core components of a basic LA-ICP-MS setup include a pulsed laser source, beam 
delivery optics, an airtight sampling cell, an aerosol transport line (LA part of the setup) 
and an ICP-MS detector, as shown in Figure 1. To achieve accurate analysis, certain 
conditions must be met, such as representative aerosol composition, high transport 
efficiency and complete decomposition, atomization and ionization of particles inside the 
ICP and reaching the MS due to the heterogeneity and size structure of aerosols generated 
by laser ablation. LA-ICP-MS can be divided into three main phases: Sampling (laser 
ablation), particle decomposition, atomization and ion production (inductively coupled 
plasma) and ion separation (mass spectrometer). In the sampling phase, the sample 
introduction system consists of an airtight cell, a laser with associated optics and tubes for 
transporting the gas stream to the ICP. In the cell, the laser converts the sample into 
aerosol particles, which are then transported to the ICP via a helium gas flow. Upon 
entering the ICP, the sample aerosol is further vaporized, atomized and ionized in the 
plasma. The ions are then separated in the mass spectrometer (MS) on the basis of their 
mass-to-charge ratio. Finally, the intensity of the ion beam, which indicates the 
concentration, is converted into an electrical signal which is measured and recorded [18-
20]. Each step of this process is explained in more detail below. 

 

Figure 1: A fundamental configuration of an LA-ICP-MS setup designed for sampling solid 
materials, illustrating its primary elements. 



1.1. LA-ICP-MS 3 

1.1.1 Laser ablation 

Laser ablation is a complicated sampling system that consists of a series of special mirrors 
and/or prisms and lenses that direct, shape and form the laser beam and then focus it on 
the sample. It all starts with the laser source itself (so called laser head), which must have 
sufficient power. There are various lasers on the market. In the past, Nd:YAG 
(neodymium:yttrium-aluminum-garnet) solid state lasers in the nanosecond (5 – 10 ns) 
pulse duration range were generally used for representative sampling. Their fundamental 
wavelength is 1064 nm, but by using suitable non-linear optics, the frequency of the laser 
can be multiplied, resulting in 532 nm, 355 nm, 266 nm or 213 nm wavelengths, out of 
which 266 nm and 213 nm were most commonly used. Nowadays, however, excimer ArF 
lasers with a higher energy wavelength of 193 nm are mainly used, as the shorter 
wavelengths couple better with the materials and utilize the energy more efficiently, as 
only a small fraction is transformed into heat. They also offer several advantages over solid 
state lasers, such as very high energy density and stability, also as the laser emits at 
fundamental wavelength, there is no need for special non-linear optics. In contrast, longer 
wavelengths couple worse with the materials, and more energy is transformed into heat, 
which besides ablation also leads to melting of the sample and contributes to elemental 
fractionation. This has been observed with nanosecond laser sources and leads to 
preferential evaporation, especially when analyzing metals and semiconductors. 
Furthermore, due to the “long” duration of the laser pulse event, part of the pulse energy 
is absorbed by the plasma formed above the irradiated area, which can change the 
composition of the aerosol particles formed during the expansion. Zone heating and plasma 
shielding are influenced by the duration of the laser pulse, which in turn affects the 
dynamics of the laser ablation process. To mitigate the "heating" effect" and improve the 
ablation properties, the use of even shorter laser pulses in the femtosecond range has been 
proposed. Extensive studies have shown that the aerosols generated by femtosecond laser 
ablation consist mainly of mesoscopic particles with a size of around 10 nm to 100 nm and 
form fractal aggregates whose composition varies depending on the particle size [18, 19, 21-
24]. 

1.1.2 Aerosol formation and transportation 

The generation of aerosols during laser ablation is due to a variety of mechanisms, following 
the transfer of the energy from the laser to the sample surface, including condensation from 
supersaturated vapor, phase separation at the critical point, phase explosion, and 
hydrodynamic instabilities. Of these mechanisms, condensation growth is thought to be 
the primary process, where particles smaller than 100 nm are mainly formed due to the 
rapid cooling of the expanding material [25]. However, microscopic examination of the 
images of ablated material deposited on filters using scanning electron microscopy has 
revealed the presence of particles significantly larger than 100 nm, particularly when laser 
ablation is performed in an ambient atmosphere with energy densities above the LA 
threshold (>>1 J/cm2) or in an argon environment. These larger particles can result from 
simultaneous processes such as aggregation of already solidified particles, coalescence or 
phase explosion and serve as a source for smaller and larger particles. As a result, aerosols 
generated by femtosecond (fs) and nanosecond (ns) laser ablation have heterogeneous 
composition, which can lead to material loss during transport due to various factors such 
as diffusion, electrostatic forces, inertial effects and gravitational forces (inertial and 
gravitational settling). Extensive research has focused on understanding these 
compositional changes as they can affect the accuracy of the analysis. While older studies 
indicated inconsistent transport efficiency values, ranging from 10% to 60% depending on 
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the method, more recent evidence suggests higher efficiencies of > 70-90%, which appear 
to be less dependent on flow conditions, cell geometry and volume. This means that most 
common transport systems and laser ablation cells are suitable for analysis as they differ 
only minimally in their overall throughput and resulting sensitivity [19, 25]. The selection 
criteria for the optimal system are primarily based on practical considerations, such as ease 
of sampling and the degree of aerosol dispersion within the transport tube, which influences 
precision and accuracy to some extent. While a high degree of aerosol dispersion is usually 
desirable, for certain applications, such as large area mapping or 3D analysis, minimal 
dispersion may be required. Traditionally, the design of laser ablation cells and transport 
lines has relied on time-consuming trial-and-error methods, but in recent years computer 
modeling has emerged as a promising alternative approach [26]. 

1.1.3 Inductively coupled plasma mass spectrometry system 

In the field of ICP-MS, the analysis process is based on a dynamic interaction of 
components that outline its essential areas. The ions of the analyte materialize in the 
atmospheric pressure environment of the ICP torch and then require a vacuum 
environment for their detection in the mass spectrometer itself. This task is assigned to the 
differential vacuum system comprising of sampler-skimmer cones system, which is 
strategically located immediately after the ICP torch, then a set of various electrostatic 
lenses shape and form the ion beam, entering the mass analyzer. Mass analyzer then 
discriminates ions based on their mass-to-charge ratio (m/z) while an ion detector measures 
the intensity of the ions. The landscape of ICP-MS analysis unfolds through different 
modalities, each tailored to specific sensitivity, precision and resolution requirements. 
There are a variety of options ranging from the versatile quadrupoles (Q) to the precision-
driven high-resolution magnetic sectors (HI-RES) to the fast throughput of time-of-flight 
(TOF) instruments. Table 1 gives a comprehensive overview of the available configurations 
and illustrates the different analysis methods. With the exception of TOF detectors, today's 
detectors have a wide linear dynamic range that allows the simultaneous detection of major 
and trace elements in up to twelve orders of magnitude. In routine analysis, ICP-Q-MS is 
the preferred choice as it offers a good balance between affordability, robustness and rapid 
data acquisition [27]. 
 

Table 1: Types of currently available configurations for ICP-MS instruments. 

 
Time of flight 
(TOF) 

Quadrupole (Q) 
HI-RES single 
collector  

HI-RES 
multi 
collector 

Sensitivity 
(signal per unit 
concentration 

Low Medium to high High High 

Speed – time to 
change from one 
selected mass to 
another 

Simlutaneous 
measurement 
(no time) 

Fast 

Depends upon 
the magnitude 
and number of 
jumps 

No mass 
jumps are 
usually 
implemented 

Cost €€ € €€ €€€ 

Applications 
Extremely fast 
scanning 
capabilities 

General use for 
elemental and 
isotopic analysis 

General use for 
elemental and 
isotopic analysis 

High 
precision 
isotope ratio 
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1.2 LA-ICP-MS Application 

In the beginning, LA-ICP-MS has been mostly used in geology to analyze the isotopic 
composition of rocks, study the formation of mineral deposits and investigate the evolution 
of magma [28-31]. Since then its application range has spread to a variety of scientific fields 
(e.g. biological, environmental, material and forensic sciences) due to its high sensitivity, 
spatial resolution and minimal/no sample preparation [32, 33]. Marine research in 
particular benefits greatly from LA-ICP-MS, as chemical archives of environmental changes 
can be created by analyzing marine samples such as shells, corals and fish otoliths [34, 35]. 
For example, elemental analysis of corals provides information on natural and 
anthropogenic changes in reef environments, as observed in the Great Barrier Reef in 
Australia [34]. In addition, elemental analysis of fish otoliths helps to assess migration 
patterns and environmental conditions [35]. Beyond marine research, the utility of LA-
ICP-MS also extends to ornithology, where it helps to determine elemental profiles of 
feather shafts that provide information on environmental pollution in bird habitats [36]. 
Plant material is also often analyzed with LA-ICP-MS to evaluate the distribution of 
elements in relation to pollution sources and to gain insight into contaminant levels [37, 
38]. LA-ICP-MS also proves useful in the analysis of soils, sediments, particulate matter 
and ice samples, facilitating the measurement of trace metal concentrations and elemental 
analysis [39-42]. Another field for LA-ICP-MS application is forensic science, where it is 
utilized for analysis of trace elements in forensic samples such as hair and tissue as well as 
the analysis of gunshot residue in criminal investigations [43-46]. This technique is also 
applied for characterization of various materials (ceramics, polymers, metals and coatings) 
to investigate material properties, determining elemental composition and identifying 
impurities. For example, LA-ICP-MS has been used to evaluate the purity of semiconductor 
materials, investigate corrosion processes and analyze trace elements in archeological 
artifacts [32, 47-53]. A more recent area where LA-ICP-MS is being used is in the analysis 
of nanoparticles to better understand their behavior in light of increasing concerns about 
their impact on the environment. Through size characterization, spatial distribution and 
elemental composition analysis using LA-ICP-MS, the transport of nanoparticles in aquatic 
systems is assessed, their uptake and distribution in biological tissues is investigated and 
their interactions with organisms are explored [54-58]. Another pressing issue is the 
presence of microplastic particles, especially concerning their sources and environmental 
spread. Consequently, LA-ICP-MS has recently been employed to examine microplastic 
particles in biological, water, and sediment samples. This analysis aims to determine their 
elemental composition and size range, enhancing our understanding of the impact of 
microplastic pollution on ecosystems [59-62]. Overall, LA-ICP-MS proves to be a versatile 
analytical tool with numerous applications across various scientific disciplines. 

1.3 Quantification Methods 

As mentioned above, LA-ICP-MS is widely appreciated for its many advantages, such as 
minimal or no sample preparation, high sample throughput, access to isotopic information, 
and the ability to analyze both conductive and non-conductive, opaque and transparent 
materials. Nevertheless, the laser ablation process is influenced by various phenomena that 
need to be carefully considered during the analysis. Factors such as the sample physical 
and chemical properties, its homogeneity as well as methods to compensate for signal 
fluctuations or ablated mass must be considered [17, 63]. A comprehensive review of several 
research papers shows several "ideal" conditions for analyzing solid samples with LA-ICP-
MS. First and foremost, minimizing evaporation (in contrast to ablation) and melting of 



6 Chapter 1. Introduction  

sample constituents in the crater region is critical. It is important that the removed aerosols 
have a stoichiometric composition that matches the original solid sample. In addition, the 
generation of uniformly sized particles during the ablation process is critical to ensure 
efficient transport to the ICP without losses. Finally, the particles must be sufficiently 
small to ensure complete decomposition, atomization and ionization in the ICP torch and 
thus avoid fractionation effects [64-66]. From the preceding discussion, it is clear that the 
effectiveness of LA-ICP-MS as a universal technique for the direct analysis of solid samples 
depends on two main conditions. 

First, the abundances of the detected ions after m/z separation often do not fully 
correspond to the composition of the original sample. This phenomenon is commonly 
referred to as "elemental fractionation" and includes various effects such as particle size-
dependent fractionation, preferential evaporation of volatile elements and isotope-specific 
fractionation. In addition to the transport of the aerosol particles into the ICP and the 
subsequent evaporation, atomization and ionization processes in the ICP, the ablation 
process itself also contributes significantly to fractionation. The literature review shows 
that the efficiency of laser ablation depends on factors such as pulse length, laser 
wavelength, fluence, ratio between crater depth and diameter and the composition of the 
sample. There are some strategies to minimize fractionation, such as creating well-defined 
craters, using short laser wavelengths for high absorption, fine-tuning the gas flow and flow 
dynamics of ablation cells in general, using short pulse duration lasers, and preventing 
redeposition of particles on the sample surface. 

Secondly, differences in the interaction between the laser beam and the sample surface 
for various matrices lead to changes in the analyte mass ablated per pulse. These differences 
in matrix properties, such as absorptivity, reflectivity and thermal conductivity, lead to 
variations in the size and geometry of aerosol particles which affect the efficiency of sample 
transport from the ablation cell to the plasma. Together, these limitations contribute to 
matrix effects that lead to variations in plasma mass loading. Consequently, sample-related 
matrix effects affect the accuracy of LA-ICP-MS analysis and pose a challenge for 
quantification. This complication is related to elemental fractionation and results in LA-
ICP-MS signals that may not accurately reflect the elemental composition of the analyzed 
sample. Consequently, the absolute signal intensity or sensitivity may differ significantly 
for samples with identical analyte concentrations but different matrix compositions or 
physical properties. The growing interest in the application of LA-ICP-MS in various 
scientific disciplines has led researchers to attempt to overcome these limitations. Much of 
this work has focused on the influence of laser wavelength and pulse duration. For example, 
studies have shown that use of either shorter wavelengths or femtosecond lasers, 
significantly reduces element fractionation and attenuates matrix effects [63]. 
 

1.3.1 Signal correction approaches 

Signal normalization protocols are often used in LA-ICP-MS analysis to obtain more 
accurate quantitative results, as the accuracy and precision of LA-ICP-MS are generally 
worse than those of conventional or solution mode ICP-MS. Several methods have been 
proposed to improve the precision of laser ablation ICP-MS: Monitoring of the signal 
emitted from the laser-induced plasma (LIP) or scattered light during sample 
transportation; shot-to-shot normalization; monitoring of acoustic waves generated during 
laser ablation; internal standardization, etc. [67-70]. These approaches take into account 
deviations caused by instrumental drift, matrix effects and element fractionation. Internal 
standards are mostly used to combat this problem and preferably also to correct for 
differences in mass removed and transported to the ICP-MS. In conventional ICP-MS, 
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internal standards are routinely used to improve the accuracy and precision of solution 
nebulization, similarly, they enable a more accurate determination in LA. The signals for 
quantitative LA-ICP-MS analysis are usually normalized using an isotope of the main 
matrix element that is homogeneously distributed over the sample and whose concentration 
is known. If no suitable elements are available, an additional standard can be used or a 
sum normalization procedure can be applied [71-73].  
 

1.3.1.1 Internal standardization 

LA-ICP-MS usually uses either intrinsic elements present in the sample and standard or 
additionally introduced non-intrinsic elements for signal normalization. Not many elements 
are suitable for use as internal standards, as they must be homogeneously distributed in 
the sample and standard and behave similarly to the analyte during ablation, transport 
and ICP detection. In addition, the internal standards must have a similar first ionization 
potential and/or a similar atomic mass as the analyte itself [74]. 

In biological samples, carbon is one of the most commonly used elements for signal 
normalization, as it was assumed to be homogeneously distributed and also has the ability 
to correct for differences in the water content of samples and reference materials. However, 
its suitability as an internal standard has been studied in detail over the years. Frick and 
Gunther discovered in their studies that 13C in aerosols exhibits a two-phase, matrix-
dependent formation containing particular and gaseous species [75]. The partial formation 
of gaseous carbon species can lead to inaccurate analysis of the target analyte, as most 
elements are transported exclusively in a particulate phase. On the other hand, Austin et 
al. found that despite its disadvantages 13C can be used as an internal standard under 
certain conditions [74]. However, due to the complexity of biological matrices (e.g. plants, 
etc.) and the segmentation of elements in certain compartments of biological samples, 
carbon is still often used as an internal standard to improve quantitative analysis [76-81]. 
In addition, 34S has been successfully used as an internal standard in various LA-ICP-MS 
studies of hair and nails, as it is one of their major constituents and theoretically evenly 
distributed [82-84]. In calcium-based samples (bones, teeth, etc.) and geological samples, 
43Ca is often used as an internal standard because it has a better signal intensity and signal-
to-background ratio than 44Ca and is homogeneously distributed [85-90]. When using glass 
standard reference materials (e.g. NIST SRM 61X series), 29Si is often used as the internal 
standard [91]. In another study, 57Fe and 60Ni were used to compensate for the variations 
of signal in multi-elemental analysis of low-alloy steel samples [67]. 

As mentioned above, there are not many elements that are naturally present in the 
samples and fulfill all the criteria to serve as an internal standard. Therefore, non-intrinsic 
elements are sometimes used, which are introduced into standards and samples via various 
strategies. The non-intrinsic elements are usually not present in the sample or only present 
in trace amounts and are added to the sample/standard by different methods: direct 
addition to the sample (e.g. whole blood samples); addition of a thin polymer, metal or 
gelatin layer with internal standard element under the sample; deposition of the internal 
standard on the sample by sputtering techniques or inkjet printers, etc. The main goal of 
all strategies is to achieve a homogeneous distribution and to use elements that have no/low 
background signals, are not affected by spectral interferences and have a first ionization 
potential comparable to the analytes of interest [92-99].  
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1.3.1.2 Signal sum normalization  

In signal sum normalization approach, signals from all elements (or as many as possible) 
are acquired and it is assumed that their sum or sum their oxides reflect the ablated mass. 
If these techniques are considered as independent methods for direct measurement of the 
ablated mass, only semi-quantitative information is obtained. However, if the entire sample 
matrix is used as a single internal standard, signal variations can be compensated and the 
precision of LA-ICP-MS analyzes can be improved. This normalization strategy, in which 
the individual element signals are treated as a function of the summed signals of all sample 
components, has been shown to be immune to matrix effects and enables the rapid 
determination of major, minor and trace elements with satisfactory precision and accuracy. 
For example, Chen et al. applied a normalization strategy together with an external 
calibration using reference silicate glasses to determine fifty-four major and trace elements 
in carbonate [100]. Similarly, van Elteren et al. used the sum normalization approach to 
overcome calibration challenges in the quantitative analysis of old glasses. Again, 54 
elements were measured simultaneously and normalized to 100 % based on their oxide 
concentrations. Using SiO2 as an internal standard, the algorithm adjusts its concentration 
until the cumulative concentrations of all 54 elemental oxides reach 100 % [w/w]. The 
accuracy of the results was confirmed by the agreement between found and reported values 
for major and minor oxides in synthetic glasses with typical medieval compositions [101]. 
On the other hand, the sum normalization strategy of Latkoczy et al. was applied to the 
analysis of magnesium-based alloys by LA-ICP-MS, where the results for Mg showed good 
agreement (2.2 %) with quantitative line scans from EPMA measurements [102]. 
 

1.3.2 Calibration approaches 

Despite all the problems, there are some “general” quantification methods that can be 
applied to a variety of sample types with different matrix properties. In general, we can 
distinguish between calibration approaches that are based on matrix-matched standards 
and those that are not dependent on matrix-matched standards. In order to fully utilize 
the advantages of dry plasma when working with laser ablation, solid standards are usually 
used for quantification. Compared to liquid standards, which are readily available, easy to 
prepare and customizable in terms of elements and their concentration range, solid samples, 
with few exceptions (e.g. glass), are limited in availability and often inhomogeneous on the 
micrometer scale. As the scope of LA-ICP-MS has expanded from geological to biological 
samples and everything in between, the lack of commercially available reference materials 
for the variety of matrices to be analyzed has become increasingly apparent in recent years. 
This has led to the development of numerous new calibration techniques and the search 
for suitable matrix-matched standards that can be easily produced in-house. A brief 
summary of the calibration methods used for LA-ICP-MS analyzes is summarized in Figure 
2. 
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Figure 2: Different calibration strategies commonly used for quantitative LA-ICP-MS 
analysis. 

1.3.2.1 External matrix-matched standards-based calibration 

When quantitative analysis is required, the preferred method is external calibration, using 
a set of known standards to produce single or multi-point calibration curves. These curves 
allow linear regression analysis to be performed, ensuring accurate quantification. External 
calibration with matrix-matched standards can generally be divided into two areas: 
commercial matrix-matched standard reference materials and in-house manufactured 
matrix-matched standards. 

The use of certified reference materials (CRMs) in external calibration is considered the 
most reliable method for accurate quantification in LA-ICP-MS [20, 22–24]. Ideally, these 
CRMs match the composition of the sample under investigation as closely as possible, if 
not exactly, in terms of physical properties, chemical composition and analyte 
concentration. If this requirement is met, the processes of ablation, transport, atomization 
and ionization can be considered almost identical for the sample and the standard, allowing 
reliable quantification. Each CRM is accompanied by a comprehensive certificate 
containing precise information on the concentrations of the components. In addition, 
preferred concentration values for non-certified sample components can often be found in 
the literature [25]. One of the most commonly used CRMs are the commercially available 
and well-characterized glass standards of the NIST SRM 61X series. They contain major, 
minor and trace elements with concentrations ranging from 5 to 500 g kg-1 depending on 
the series. Reference glasses are generally regarded as the “to-go” reference materials for 
LA-ICP-MS calibration, especially for the quantitative analysis of geological samples [66, 
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89, 103-112]. Due to their availability and ease of use, they are also often used as a reference 
for sensitivity. In some cases, however, they do not fulfill all the requirements for matrix 
matching or the actual required concentration range of the analyte. Therefore, various 
techniques have been developed to produce homogeneous standards that can be used as 
reference materials for glass and other geological standards (e.g. new series of glass 
standards, direct fusion of rocks, etc.) [73]. 

Another promising method for quantification is the use of matrix-matched calibration 
standards from materials that have the same/similar matrix as the sample itself to combat 
the lack of suitable CRMs, especially for environmental, biological or medical samples. 
Given the complex nature of fractionation, the analytical compatibility of quantitative LA-
ICP-MS analysis can be significantly improved by ensuring that both samples and 
standards exhibit similar behavior during ablation. Various sample preparation techniques 
are described in the literature, including embedding in polymer resin, melting with borate 
and preparation of pressed disks in the presence of a binder [113-116]. Calibration with 
matrix-matched standards can be broadly divided into three types: Standards obtained 
from powdered matrix reference materials, synthetic standards obtained from the primary 
sample, and matrix-matched standards obtained from spiked sample materials. These 
sample preparation techniques offer several advantages, including the ability to incorporate 
one or more internal standards, known amounts of analytes of interest, or isotope-enriched 
spikes. They also facilitate the adjustment of analyte concentration as needed. However, it 
should be noted that this approach is only applicable for powdered samples and that 
additional sample preparation, e.g. by grinding or crushing, is required for samples in 
compact, native form. Furthermore, adapting the sample matrix in this way inevitably 
leads to a dilution of the analyte, which can reduce the detection sensitivity of the 
analytical method. This is particularly difficult with biological tissues with its complex and 
heterogeneous matrix composition, which makes it difficult to accurately mimic the sample 
matrix. Consequently, there are many different calibration approaches for biological 
samples, but none of the quantification methods are universally accepted and harmonized. 
Most of them focus on the development of in-house manufactured standards that best 
mimic the analyzed tissue. Over the years, different approaches have been developed using 
various matrices as a basis.  

The production of standards from commercially available CRMs appears to be a 
practical approach in many cases. Although they are mainly available in powder form, 
depending on their initial state, some preparation is required prior to analysis, such as 
additional grinding/milling, pressing into pellets and/or addition of binders (e.g. 
polyethylene powder, etc.) to improve the homogeneity and stability of the pellets [104, 
117-123]. In addition, the standards prepared based on CRM can be modified by adding 
selected elements, either to act as internal standards or to achieve the desired concentration 
range. Many studies have been conducted using different materials and techniques, e.g. 
powdered solid CRMs with binders for the analysis of sediments, ashes and soils [124], 
nanoparticulate pressed powder pellets from natural rock powder CRM [125], synthetic 
materials based on TiO2 matrices, etc. [126]. 

Another possibility for the preparation of matrix-matched standards is the use of 
synthetic standards based on the main component of the sample [127]. Artificial sulfide 
crystals were used by Dewaele et al. as matrix-matched external standards for the 
quantitative analysis of natural hydrothermal pyrite [128]. To mimic the hair matrix, 
extracted keratin proteins were also used to produce Pb-enriched keratin films to determine 
Pb in hair samples by LA-ICP-MS [129]. In another study, trace elements in mussel shells 
were determined using in-house solid multi-element standards based on CaCO3 matrix [90]. 
While hydroxyapatite enriched standards were used to quantitatively analyze dorsal fish 
spine [130]. 
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In addition, in-house produced polymer and gelatin-based standards are often used for 
the quantitative analysis of biological samples. Numerous LA-ICP-MS studies have 
explored the effectiveness of polymer and resin-based standards for calibration, as they are 
adaptable and can be easily customized. Various preparation methods have been developed, 
such as spin-coating with PMMA solutions spiked with metal standards, which allows 
careful control of thickness and homogenous elemental distribution [93, 131]. However, this 
method requires that the composition of the polymer under investigation is known and 
that the properties of the prepared standards match those of the original sample [93]. 
Alternatively, aqueous soluble polymers such as dextran have been used to extend the 
range of elements that can be included in the standards. These polymer-based calibration 
approaches have been validated using tissue samples and applied to human clinical samples, 
demonstrating their usefulness in real-world scenarios [132]. Another approach is the 
production of polymer-based section standards using cold-curing resins, such as Technovit 
7100, mixed with metal solutions. These standards have been shown to quantify platinum 
distribution in tissues of mice treated with chemotherapeutic agents and demonstrate their 
potential in the evaluation of drug toxicity and efficacy [133]. Recently, an innovative 
method for the production of polymeric reference materials using 3D printing technology 
has been proposed, which offers higher concentration accuracy and homogeneity compared 
to conventional methods [134]. Another method is the dried droplet technique, in which 
liquid standards are applied directly to solid samples, allowing simultaneous analysis after 
evaporation of the solvent [135, 136]. Although this method is advantageous for calibration, 
it also has disadvantages such as the uneven deposition of residues due to the "coffee ring" 
effect and size discrimination during drying. Despite attempts to mitigate this by ablating 
the entire residue, the process is time consuming. In addition, dried droplet standards can 
only be analyzed once, making them impractical for LA-ICP-MS, which must be calibrated 
for each analysis. Recently, a different approach has been developed in which a commercial 
sprayer is used to homogeneously apply thin layers of standards of different concentrations 
onto the sample surface. In this way, the disadvantages of more conventional sample 
spiking techniques, such as dried droplets or standard addition quantification approaches, 
which also use the aforementioned sample spiking, are avoided [113]. These advances in 
polymer-based standards hold promise for improving the precision and reliability of LA-
ICP-MS analysis in a wide range of research and clinical applications.  

Gelatin has also been shown to provide a soft matrix that is very similar to 
proteinaceous biological tissue. Gelatin gels are generally readily available, easy to handle, 
non-toxic and customizable in terms of element selection and concentration range. 
However, the production of gelatin standards is not as easy as it may seem, and various 
approaches were developed to obtain highly homogeneous standards, e.g., by printing 
gelatin standards, using high temperatures during the drying process, complete ablation, 
production of gelatin microdroplets, rapid drying, etc. [137, 138]. Several studies have 
demonstrated the effectiveness of gelatin-based standards for quantitative bioimaging 
applications using LA-ICP-MS. Studies comparing gelatin-based standards with tissue-
based standards have shown their effectiveness in accurately quantifying elements such as 
copper. This validation was achieved through various approaches, including comparison of 
Cu quantification in spiked liver tissue homogenates using thin sections and gelatin droplet 
standards, as well as cross-validation of calibration approaches such as standard addition 
and external standardization on different tissue samples [139, 140]. The properties of gelatin 
allow easy modification and adjustment of analyte concentrations, although increasing the 
number of elements can lead to problems such as brittleness and precipitation. Gelatin-
based calibration standards come in various forms, including microarrays [141], cryo-
sections [142-144], molds [145], and bio-printed standards[146], which enable accurate 
quantification of elements such as gadolinium, iron, copper, and zinc in a medical context. 
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Gelatin microdroplet standards, produced manually or automatically, offer a high degree 
of precision and homogeneity and are therefore suitable for metal-based anticancer drug 
studies and nanoparticle analysis. These gelatin-based standards are commercially available 
and provide researchers with accessible tools for accurate analysis using LA-ICP-MS [138]. 

Finally, matrix-matched standards based on spiked sample material are also used in 
LA-ICP-MS, especially for animal and human tissue. The tissue section standards are 
usually homogenates of different tissue types, which are spiked with different 
concentrations of the target analytes depending on the analyte. These spiked homogenates 
are then dried and cut to the same thickness as the sample [147, 148]. By matching the 
standard preparation material to the sample, it is conventionally assumed that the 
interference from the sample matrix is eliminated. Compared to the preparation of gelatin 
standards, the preparation of tissue standards requires a large amount of labor, skilled 
professionals and access to a cryotome. In addition, the sample may consist of softer and 
harder material, which is lost when homogenizing the tissue in the standards. This, together 
with inaccuracies in thickness between sample and standards, can lead to biased 
quantitative LA-ICP-MS results, as removing the same amount of ablated material is one 
of the main requirements of this technique. The development of matrix-matched tissue 
standards has made considerable progress since the first protocol presented by Becker et 
al. in 2005 [147]. These standards, often derived from the same tissue type as the target 
species, have been produced using various matrices such as brain, liver, kidney, blood, bone 
and teeth. For example, in 2013, Hare et al. provided a comprehensive guide for the 
preparation of matrix-matched standards for the assessment of trace metal concentrations 
in brain tissue [148]. They used cortical tissue from sheep brains spiked with standard 
solutions of various elements and demonstrated their effectiveness in quantitative analysis. 
Similarly, matrix-matched standards were used for imaging Zn and Mg in rat brain tissue 
[149] and for assessing the feasibility of quantitative imaging using tissue homogenates 
spiked with Se and Fe [150]. In cancer research, liver-based tissue standards have been 
used to quantify Ru and Pt concentrations in organs and tumor tissues of mice treated 
with anticancer agents. These standards have also been used to investigate the quantitative 
distribution of Cu in liver tissue [151]. For hard tissues such as bones and teeth, bones 
have been evaluated as a matrix for the preparation of calibration standards to quantify 
tungsten and zinc deposits [152]. Teeth, which provide valuable bioindicators of metal 
exposure, have been calibrated using a variety of standards, including internally prepared 
matrix-matched standards from healthy teeth and synthetic hydroxyapatite standards 
doped with the elements of interest [88, 153, 154]. In hair analysis, spiked hair strands are 
often used as matrix-matched standards due to the limited availability of certified reference 
materials. These standards have been used to quantify the distribution of analytes along a 
single hair strand [155-157], e.g. to determine the As and Pb content in individual hair 
strands of leukemia patients [158]. In addition, as mentioned above, spiked keratin films 
have been used as calibration materials for hair analysis, offering better recovery and 
linearity compared to conventional methods [129]. Overall, the development of matrix-
matched tissue standards has facilitated accurate and precise quantification in various 
analytical studies covering different tissue types and research areas. 

 

1.3.2.2 Solution based calibration 

In addition to solid-based calibration, LA-ICP-MS also uses solution-based calibration 
methods for quantitative analysis. These methods typically use dual flow-through systems 
to introduce both the laser ablated material and nebulized aqueous standard solutions 
simultaneously to the ICP torch. The two main advantages of solution-based calibration 
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are the ability to use aqueous elemental standards, which are readily available and easy to 
prepare, and the compensation of matrix-related differences. However, it requires correction 
for differences in ablation efficiency and elemental sensitivities between ICP-MS and LA-
ICP-MS analysis [159]. Such a method involves the calculation of correction ratios based 
on the slopes of calibration curves obtained by calibration with both solution standard and 
solid standard. This correction ensures accurate quantification despite variations in 
instrument sensitivity and sample matrix composition. In addition, differences in ablation 
efficiency can also be corrected by using an internal standard. Despite challenges, such as 
increased formation of polyatomic ions due to water introduction and potential loss of 
analytes during nebulization, solution-based quantification has been successfully applied to 
various samples, including biological tissues and hair strands [103, 160-162]. These studies 
have demonstrated the effectiveness of solution-based calibration in LA-ICP-MS for 
accurate elemental quantification. In addition, solution-based calibration methods are 
promising for forensic isotope investigations and routine research applications as they 
provide valuable insights into the composition and distribution of elements in complex 
samples. 

1.3.2.3 Isotope dilution calibration 

The laser ablation sampling method, combined with Isotope dilution analysis (IDA) 
quantification in mass spectrometry, shows great potential for accurate and precise 
determination of trace elements. By measuring the isotopic ratios of the sample, spike, and 
their mixture, the analyte concentration can be accurately determined. IDA offers the 
advantage of being unaffected by matrix effects and instrument instabilities during LA-
ICP-MS experiments. However, it requires costly isotopically-enriched spike solutions, 
cannot be applied to monoisotopic elements, and may involve laborious sample preparation 
compared to external calibration methods, thus reducing sample throughput. Additionally, 
knowing or calculating the exact mass or volume of the spike solution added to the sample 
is essential. The key requirement for IDA is the equilibration of isotopes between the spike 
and the sample to ensure similar behavior between the spike nuclide and the analyte nuclide 
in the sample. Recent applications include the work by Yang et al., who used a dual-flow 
gas system and solution standard to quantify boron in silicon wafers, achieving accurate 
results with relative standard deviations below 14% [163]. Similarly, Pickhardt et al. 
proposed a rapid quantification method using a microflow nebulizer and an isotope-enriched 
standard solution and achieved a precision of about 1.90 % and 1.41 % RSD for different 
sample materials [164, 165]. In another study, an isotope-enriched solution was nebulized 
in parallel with laser ablation of platinum material and the Pb concentration in NIST 681 
was determined with good accuracy compared to the certified value [162]. In addition, 
various strategies for the addition of spike solutions for LA-ICP-MS bioimaging 
experiments have been described, including solid spiking methods, online aerosol addition, 
inkjet printing, and microarray deposition [166-170]. These methods enable precise 
quantification of metal distributions in biological samples at both macroscopic and single-
cell levels and provide valuable insights into various diseases and treatments. 

1.3.2.4 Semi-quantification approaches  

In addition to the standard external calibration methods described above, a variety of other 
techniques have been developed to support quantitative analysis by laser ablation ICP-
MS. Furthermore, the increasing integration of AI in all scientific disciplines, including 
analytical chemistry, is inevitable. Although progress in this area is rather limited, recent 
discussions by Pan et al. have shed light on the potential impact [171]. As more laboratories 
adopt ICP-TOFMS systems with a focus on continuous measurement of all nuclides, the 



14 Chapter 1. Introduction  

need for their consistent quantification becomes apparent. Although the use of gelatin 
standards has facilitated quantification, the preparation of calibration standards that 
include all elements remains impractical. Metarapi et al. have developed gelatin-based 
microdroplet standards covering 72 elements and used them to create a library of response 
factors for semi-quantitative calibrations. In a two-step evaluation process that included 
bootstrapping with gelatin standards and analyzing real tissue sections, they found that 
using 10 to 15 elements as calibration standards yielded reasonable accuracy. This 
approach, which allows the determination of 136 nuclides from 63 elements with errors 
below 25%, represents a novel semi-quantification method. In addition, a web application 
was developed to facilitate the use of this method. This semi-quantitative approach differs 
from previous uses of the term and emphasizes the particular methodology described [172]. 
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Chapter 2 

2 Research Aims and Hypothesis  

The aim of the thesis is, firstly, to gain a better understanding of the fundamentals of LA-
ICP-MS by adapting and optimizing the operation of LA-ICP-MS to achieve minimal 
elemental fragmentation and thus improve the precision of elemental analysis. Secondly, 
the main objective of this research is to develop an advanced calibration method based on 
the consideration of ablated volume variations using 3D profilometry for LA-ICP-MS bulk 
analysis as well as for imaging. The volume-based calibration approach was tested by cross-
calibrating different materials (standards) to develop an approach that allowed the use of 
different materials as standard and sample in LA-ICP-MS quantification. For confirmation, 
cross-calibration of 10 standards from different matrices (including glass, carbonates, 
zircon, plants, and proteinaceous materials) was performed using the newly developed 
volume-corrected calibration approach to achieve robust comparability across different 
sample types. In addition, the volume-corrected calibration approach was applied to correct 
for within-sample inhomogeneity in LA-ICP-MS imaging in real samples, contributing to 
a more nuanced and accurate representation of elemental distribution in complex materials. 

Hypotheses: 

1. The optimal choice of energy density (J cm-2) is essential in LA-ICP-MS analysis 
to ensure accuracy and achieve a robust signal-to-noise ratio, thereby improving 
the precision of the results obtained. 

2. Using an energy density well above the ablation threshold of the matrix can lead 
to the formation of a gaseous phase, potentially causing double peaks for certain 
elements during LA-ICP-MS analysis. 

3. A non-matrix matched calibration can be used effectively by accounting for the 
mass/volume ablated and using a fluence just above the threshold. 

4. By combining LA-ICP-MS and 3D profilometry, cross-calibration of different 
materials (e.g. glass, zircon, carbonates, plants, proteins, etc.) is possible. This 
combined approach allows precise determination of the ablated volume, enabling 
accurate comparisons between different sample types. 

5. Without volume correction, non-matrix-matched calibration will lead to 
inaccuracies unless the standard and sample have similar properties. This 
emphasizes the importance of accounting for differences in ablated volume for 
reliable LA-ICP-MS results. 
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3 Scientific Publications 

The dissertation consists of three original scientific manuscripts and one review manuscript. 
Manuscript 1 (Section 3.1) investigates optimization of LA-ICP-MS instrumental settings 
to minimize quantification anomalies in single-pulse laser ablation analysis. This 
manuscript focuses on the effects of laser fluence and beam size on the signal as well as on 
the formation of double peaks and targets Hypothesis 1 and . Hypothesis 2 is then further 
explored in Appendix A.1, which was published in collaboration with colleagues from 
University of Ghent and University of Zagreb. This manuscript addresses in more detail 
the formation of double peaks upon ablation of soft materials, using gelatin as a proxy for 
soft biological samples. It is a continuation of Manuscript 1 as it further explores and 
explains how the unsuitable use of higher laser fluence can lead to two-phase sample 
transport, which affects the signal and therefore the accuracy of LA-ICP-MS. It also 
includes a comparison between a 213 nm laser and a 193 nm laser. Manuscript 2 (Section 
3.2) presents the state of the art of calibration approaches currently used for the 
quantitative analysis of biological materials with LA-ICP-MS. In this manuscript, the 
quantification methods for biological samples are evaluated in detail and their advantages 
and disadvantages are highlighted. In addition, this manuscript provides a good 
introduction to the calibration issues of laser ablation techniques and confirms that further 
research and new methods are needed. Manuscript 3 (Section 3.3) focuses on the 
development of a non-matrix-matched calibration approach for bulk multielement LA-ICP-
MS analysis. Laser ablation is combined with post-ablation 3D profilometry to measure 
the topography of the sample after ablation to determine the ablation volume. This corrects 
for ablation differences and thus “eliminates” the matrix effect, enabling successful cross-
calibration of materials with completely different matrix properties. However, this only 
works if optimal laser parameters are used, as higher fluences lead to distorted signal 
results. Therefore, this manuscript is in line with Hypothesis 3 and 4. Furthermore, in 
Manuscript 4 (Section 3.4) the volume-aided calibration approach was also tested for LA-
ICP-MS mapping analysis. Again, post-ablation volume was determined by 3D 
profilometry. The elemental maps were normalized based on the measured volume per 
pixel, which resulted in the concentration being defined as mass per volume (in g cm-3) 
rather than mass per mass (in g g-1). The approach was found to correct for ablation 
differences between/within standards and samples, supporting Hypothesis 5. In addition, 
the potential benefits of modifying the ablation grid in two-dimensional (2D) and three-
dimensional (3D) LA-ICP-MS mapping to achieve a smooth surface after ablation and thus 
increase the precision of elemental distribution on the surface and improve image quality 
were investigated in Appendix A.2. Therefore, in this dissertation, the LA-ICP-MS 
fundamentals are investigated to gain a better understanding of the effects of the 
parameters on the obtained ICP-MS signal. Furthermore, this knowledge is used to develop 



18 Chapter 3. Scientific Publications  

a new quantification approach based on the correction of ablation differences by using the 
ablated volume. This enables comparatively precise and usable “non-matrix matched” 
calibration, potentially enabling quantitative analysis of many samples for which matrix-
matched standards are currently not available.  
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3.1 Manuscript 1: Quantification Anomalies in Single Pulse 

LA-ICP-MS Analysis Associated with Laser Fluence and 

Beam Size 

Published: Jerše A., Mervič K., Van Elteren J.T., Šelih V. S., Šala M., (2022). Analyst, 
31(1), doi: 10.1039/d2an01172g. 

 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is an 
important technique for the direct analysis of solid samples. With its growing popularity 
and wider range of applications in recent years, this technique has undergone some 
important developments over the last decade. Advances, such as the introduction of fast 
washout cells, have led to higher spatial resolution, improved sensitivity and a reduction 
in analysis time. Despite these improvements, obtaining accurate quantitative results still 
presents a challenge for LA-ICP-MS analysis. Quantification by laser ablation still mainly 
depends on matrix-matched standards and suitable internal standards. However, what 
makes the calibration processes even more complicated is the additional element 
fractionation and matrix-dependent ablation associated with laser fluence and beam size. 
Therefore, in order to improve the calibration methods, one needs to understand the 
influence of the different operating parameters on the obtained signal. 

This work focuses on investigating the influence of fluence, beam size and aerosol 
transport on the quantification of single-pulse LA-ICP-MS analysis. This is done using 
approaches based on three factors - laser ablation spot volume, pulse intensity and noise 
characteristics for different elements (As, Gd, La, Ni, Te and Zn) as well as a wide 
concentration range (from 100 to 1000 g g-1) and different matrices (NIST SRM 612 glass 
standard and in-house prepared gelatin standards). Firstly, the study aimed to assess the 
impact of laser fluence and beam size on signal intensity, normalized to crater volume, in 
LA-ICP-MS analysis. To determine whether the ablated volume correlates linearly with 
the signal intensity, the accumulated counts of individual pulses were normalized to the 
crater volume. Furthermore, the relationship between the laser fluence and both signal 
intensity and noise contributions was also investigated. Finally, single pulse peaks were 
monitored to determine whether the two variables also influence the shape of the peak 
profiles. 

The study determined that higher fluences, well above the ablation threshold of the 
material, and larger beam sizes significantly affect the results of the analysis. They can 
lead to signal reduction, a lower signal-to-noise ratio and the formation of double peaks for 
certain elements. The formation and characterization of double peaks is then further 
explored in Appendix A.1. These problems are attributed to factors such as particle size 
distribution and inefficient aerosol transport. The results show the importance of 
optimizing parameters tailored to the analyzed material to improve the accuracy and 
precision of LA-ICP-MS analysis.  
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Published: Mervič K., Šala M., Theiner S., (2024). Trends in analytical chemistry, 172, 
117574, doi: 10.1016/j.trac.2024.117574. 
 
As already mentioned, laser ablation inductively coupled plasma mass spectrometry is a 
microanalytical technique used for direct sampling of solid materials. It enables the 
determination of major, minor and trace elements from the periodic table and requires 
minimal sample preparation. It also provides the spatial elemental composition of samples 
in 2D and 3D. Initially, it was mainly used for analyzing geological materials as it allows 
direct sampling and is microdestructive. With the expansion of the application range, it is 
now also used for elemental analysis of biological samples, especially for bioimaging 
applications. LA-ICP-MS has undergone some important improvements that have led to a 
reduction in analysis time, better sensitivity, higher image quality/spatial resolution and a 
better signal-to-noise ratio. Despite the progress, the challenges discussed in Articles 1 and 
2, together with others, lead to a lack of validated and reliable quantification approaches 
in LA-ICP-MS bioimaging. Therefore, the focus of this dissertation was to better 
understand the basic operations of LA-ICP-MS and to develop a new calibration approach 
that does not rely on matrix-matched standards. 

This review addresses a detailed assessment of the quantitative methods currently used 
to obtain quantitative results when analyzing biological samples by LA-ICP-MS, critically 
evaluating their advantages and disadvantages in terms of analytical capabilities. With the 
advent of LA-ICP-MS applications in bioimaging, various quantification strategies have 
been developed, most of which still rely on matrix-matched standards. Commonly used 
calibration techniques are external calibrations based on standards that mimic the sample 
matrix, such as homogenized and spiked tissue, polymers and gelatin. Gelatin-based 
standards have proven to be a good matrix match for most biological samples and are 
widely used as they can be easily prepared in different concentrations and elemental 
compositions. This has even led to the development of commercially available gelatin 
microdroplets. In addition, alternative quantification approaches using standard addition, 
isotope dilution or semi-quantitative calibration have been developed in recent years. 
Originally, elemental calibration standards for bioimaging using LA-ICP-MS relied on 
manual preparation and complicated procedures, often requiring trained personnel and the 
handling of biological material, which can lead to inaccuracies in thickness. Modern 
quantification methods favor automated, reproducible processes such as spin-coating and 
robotic dispensing, which increases throughput and the potential for mass production and 
commercialization. The use of easily controllable matrices such as polymers and gelatin 
that mimic biological samples while mitigating issues such as background element 
abundance has become prevalent. Certified materials such as NIST 61X glasses remain 
essential for bioimaging applications. In contrast, quantification of nanoparticles is still in 
the early stages and requires multi-point calibration standards due to the reliance on single-
point calibration. The quantification of metal-conjugated antibodies is similar, although 
the reliability of matrix-matched standards improves with increasing application of the 
methodology. The rise of ICP-TOFMS technology requires highly multiplexed standards 
or semi-quantitative approaches to quantify as many elements as possible, reflecting the 
need for improved quantification methods as technology advances. 
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Despite significant advances in LA-ICP-MS analysis, achieving accurate calibration is still 
difficult due to matrix effects, unless the sample and calibration standards have similar 
matrix composition. Differences in matrix properties such as reflectivity, absorptivity, 
thermal conductivity, etc. lead to differences in ablation (i.e. mass of ablated volume) and 
elemental fractionation and interfere with the calibration process. Although matrix 
matching is preferable, there is often a lack of suitable certified standard materials, 
especially for biological and environmental samples. Gelatin gels have proven to be 
promising matrix-matched standards for biological samples as they behave similarly during 
laser ablation, are easy to prepare and have a flexible concentration range. However, the 
search for suitable standards for other sample types, especially in geology, is challenging. 

This study focuses on non-matrix-matched calibration using ablation volume 
normalization, which compensates for the differences in ablation rates between sample and 
standard. Different materials that can serve as both sample and standard by cross-
calibration were investigated. The LA-ICP-MS experiments were carried out with ten 
different standard materials with different matrix properties. These ranged from gelatin gel 
produced in-house to three types of glass standards (three NIST SRM 61X series glass 
standards, a Corning Museum of Glass (CMG) standard and a modern synthetic glass 
DLH-8) as well as two carbonate materials, a zircon and a NIST SRM 1547 plant standard 
pressed into a pallet. A set of major, minor and trace elements were measured in all samples 
using the same operating parameters, with the exception of laser fluence, which was 
optimized for each sample for the reasons explained in Articles 1 and 2. The ablation 
volume after laser ablation analysis was measured using a 3D profilometer, and the signal 
data from the LA-ICP-MS were normalized to their respective volumes for each sample. 
The standards were then cross-calibrated, with each serving as both sample and calibration 
standard. Primarily, a single-point calibration was used, although a multi-point calibration 
was also performed were available. The calibration yielded mass-to-volume concentrations, 
so density was measured to allow conversion to mass-to-mass concentrations and 
comparison with available certified values, mostly from the GeoReM database. The 
quantified concentrations consistently matched the certified values for all materials, 
highlighting the effectiveness of transferring calibration standards between materials with 
clearly defined elemental compositions. Of particular note, gelatin and glass proved to be 
particularly suitable, especially gelatin because of its adaptability, which allows for a wide 
range of elements and concentrations. The differences in the determination of element 
concentrations were mostly below 10 %, with the exception of cases with very low 
concentrations. 

In contrast to conventional LA-ICP-MS calibration, which relies on matrix-matched 
standards, our quantification method introduces a more robust calibration approach that 
remains effective even when such standards are not available or do not exist. This 
groundbreaking advance has the potential to improve the accuracy and precision of 
elemental analysis by LA-ICP-MS in various research fields. 
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The evolution of laser ablation cells with rapid aerosol washout in 2D LA-ICP-MS 
elemental mapping has significantly enhanced spatial resolution and mapping speed. 
However, as with LA-ICP-MS bulk analysis, quantification of 2D elemental mapping 
remains a complex process that mainly relies on matrix-matched external standards and 
internal standardization. The problems lie in elemental fractionation – non-stoichiometric 
effects that occur during vaporization, particle transport, atomization and ionization in the 
plasma, as well as differences in ablated mass due to matrix-dependent ablation rates 
caused by differences in reflectivity, absorptivity and thermal conductivity. To avoid these 
problems, most calibration approaches rely on matrix-matched standards, but their 
availability is limited, as explained in Manuscript 2. Therefore, many customized standards 
such as gelatin, 3D-printed polymer reference materials, pressed tablets, etc. have been 
developed for calibration purposes to mimic the sample matrix as closely as possible and 
overcome the problem of lack of suitable standards. In addition, internal standardization 
methods that correct for instrumental drift and fluctuation, but also account for matrix 
effects and differences in ablation rates within a sample, are often unpredictable and depend 
on the nature of the sample under investigation. Some of the commonly used approaches 
to correct for matrix effects are the use of homogeneously distributed elements in the 
sample, total consumption of thin samples and standards, aspiration of a standard solution 
during laser sampling, application of a “film” standard on/under a biosample in 
combination with the total consumption of the assembly, and labeling of tissue components 
with a metallo-intercalator. However, suitable internal standards are limited and total 
consumption approach only applies to thin biosamples, so a more general approach is 
required to aid quantification in different matrices. 

In this manuscript, the ablated volume per pixel measurement is used to correct for 
mass differences between samples and standards within and between different matrices, 
resulting in mass per volume concentrations. As a proof-of-concept, ablation volume-based 
calibration was employed for LA-ICP-MS quantification of highly variable elemental 
concentrations in decorative glass (Murrina). Normalization of the elemental maps using 
pixel-associated ablation volumes corrected for differences in ablation rate within the 
Murrina and between the Murrina and the standards. This approach was validated using 
LA-ICP-MS with sum normalization calibration and scanning electron microscopy with 
energy dispersive X-ray spectroscopy (SEM-EDXS). In addition, geological thin section 
analysis underlined the importance of volume normalization in correcting for ablation rate 
variations.
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Chapter 4 

4 Conclusions 

This dissertation contributes to science by deepening the fundamentals of LA-ICP-MS 
analysis and developing a new, non-matrix-matched, volume-based calibration approach. 
This enables quantitative analysis for a larger number of samples as it is not dependent on 
the availability of matrix-matched standards. While many calibration methods for LA-
ICP-MS analysis have been developed over the years, most of them still rely heavily on 
matrix-matched standards and a homogeneously distributed internal standard to obtain 
accurate quantitative results. However, finding a suitable matrix-matched standard and an 
internal standard for signal normalization is an extremely difficult task for many sample 
types, especially those with more complex matrices or heterogeneous inter-sample 
composition. Therefore, the main objective of this work was to develop a volume-based 
calibration approach to improve the quantitative capabilities of LA-ICP-MS. The aim of 
this thesis was summarized in five hypotheses, which were addressed in the four 
manuscripts presented. 

The first hypothesis states that the different operating parameters of the LA-ICP-
MS, especially the energy density (e.g. fluence), have a significant impact on the accuracy 
and signal-to-noise ratio and thus on the precision of the results obtained. This was 
addressed in Manuscript 1, where the effects of beam size, energy density and aerosol 
transport on quantification in single-pulse LA-ICP-MS analysis were investigated by 
analyzing signal intensity, noise characteristics, ablated volumes, etc. The effects were 
investigated for different matrices (gelatin standards, NIST SRM 612 glass standard), 
concentrations (10-1000 g g-1) and different elements (As, Gd, La, Ni, Te and Zn). The 
work has shown that the use of larger beam sizes and higher energy densities, well above 
the ablation threshold of the material, can indeed lead to various problems. These include 
a reduction in the ratio of signal to ablated volume, higher noise and relative standard 
deviations (RSDs) and the occurrence of double peaks in the single pulse response mode. 
The results of the current study are consistent with previously published research 
indicating that higher fluences tend to produce larger particles, while excessively large 
beam sizes produce an abundance of aerosol particles. This can lead to overloading and 
therefore reduced transport efficiency from the ablation cell to the inductively coupled 
plasma (ICP) as well as suboptimal atomization and/or ionization of the elements present 
in the large particles, resulting in partial signal loss. Therefore, these results confirm the 
first hypothesis that the selection of optimal parameters for the analyzed sample can 
significantly improve the accuracy and precision of the results obtained by LA-ICP-MS 
analysis and is in fact paramount for accurate work. 

In this context, the second hypothesis assumes that the use of energy densities well 
above the ablation thresholds of carbon-based matrices leads not only to the formation of 
larger particles, but also to the formation of a gaseous and a particulate phase for certain 
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elements causing double peaks. The double peak phenomenon was studied Manuscript 1 
and then in further detail in Appendix A.1 in collaboration with the Atomic and Mass 
Spectrometry Research Group of the Department of Chemistry at Ghent University. The 
influence of different parameters was assessed by studying single pulse response profiles for 
a large collection of elements obtained upon ablation of gelatin. During the experiments, 
bimodal peaks were observed for certain elements, indicating the formation of two distinct 
phases. This was further investigated using a cryotrap to remove the gas phase and a filter 
to remove the particle phase. The results support the second hypothesis and confirm that 
for certain elements (such as C, Zn, As, Se, Cd, Te and I) the use of higher fluences leads 
to the formation of both a gaseous and a particulate phase, which can be seen as two peaks 
in the SPR profiles. The double peaks are the result of different transport behavior of the 
phases. Furthermore, the results indicate that the laser wavelength also has an influence 
on the formation of the gaseous phase. During ablation with the 213 nm laser, either a 
similar or a higher amount of gaseous phase was observed compared to the 193 nm laser. 
In addition, elements that appeared completely in the particulate phase when ablated with 
a lower wavelength (193 nm) are partially converted to gas when 213 nm is used. 

The third hypothesis is aimed at non-matrix matched calibration, which has not 
been investigated on the basis of the literature review described in Manuscript 2. It assumes 
that calibration is possible in cases where standards and samples do not have the same 
matrix properties by taking into account the ablated volume/mass and using the optimal 
operational parameters. This is discussed in the first part of Manuscript 3, where the 
effectiveness of the ablation volume normalization technique for LA-ICP-MS analysis was 
evaluated. As previously mentioned, laser fluence affects both the amount of material 
ablated and the particle size distribution within the ablated aerosol, which in turn affects 
particle transfer and ionization dynamics and efficiency in the ICP. To investigate whether 
the ablated volume normalization approach combined with the use of the correct laser 
fluence allows for non-matrix-matched calibration, a series of experiments were performed 
using custom-made multi-element gelatin standards (ranging from 10 to 250 g g-1) at 
different laser fluences (0.5, 2.0, 4.0 and 6.0 J cm-2) to analyze NIST 610, which was ablated 
at a fixed laser fluence of 3.6 J cm-2. Nine experimental element concentration values 
obtained by treating NIST 610 glass as a sample were compared with reference 
concentration values. The concentrations obtained from the calibration with the lowest 
fluence (0.5 J cm-2) agreed well with the reference values and deviated by less than 10 %. 
However, higher fluence values, in particular 4.0 and 6.0 J cm-2, gave results that deviated 
significantly from the reference values, with deviations of about 20% for 4.0 J cm-2 and 
over 40% for 6.0 J cm-2. This again underlines the importance of using appropriate fluence 
and confirms the third hypothesis by successfully calibrating glass samples using gelatin 
standards as a calibrant. In Manuscript 3, non-matrix-matched calibration for LA-ICP-MS 
bulk analysis is further investigated by cross-calibrating different materials (e.g. glass, 
zircon, carbonates, plants, proteins, etc.) to test the fourth hypothesis. The ablation 
volume normalization approach, which combines LA-ICP-MS and 3D profilometry, is based 
on normalizing the signal intensity to the ablated volume and thus corrects for differences 
in ablation between different matrices. The approach was tested by cross-calibrating 
different material types, including glass (NIST SRM 610, NIST SRM 612, NIST SRM 614, 
CMG-B, DLH-8), carbonates (JCp-1, JCt-1), plant sample (NIST SRM 1547), zircon 
(Plešovice) and proteinaceous substances (gelatin). The measured concentrations 
consistently matched the certified values for all materials, demonstrating the effectiveness 
of using calibration standards for materials with clearly defined elemental compositions 
and thus confirming the fourth hypothesis. Gelatin and glass in particular showed 
remarkable compatibility, which is probably due to the fact that they are the best defined 
and have good ablation. In addition, multi-point calibration is possible, whereas only single-
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point calibration is possible with other standards. This makes gelatin and NIST SRM 61X 
glasses the most versatile and useful standards. The deviations in elemental concentration 
measurements remained mostly below 10 %, except in cases with extremely low 
concentrations. 

Finally, the developed ablation-volume normalization approach was applied to 
quantification in LA-ICP-MS mapping to test the last, fifth hypothesis, which assumes 
that not using a non-matrix-matched volume-aided calibration leads to inaccuracies unless 
the matrix of the sample and the standard match perfectly. This is evaluated in Manuscript 
4, where the differences in the ablation rate of a decorative glass (Murrina) and the 
calibration standards (NIST SRM 610 and 612) when measuring major, minor and trace 
elements were investigated and then corrected using the ablated volume per pixel. In 
general, quantitative 2D laser ablation mapping analysis requires an appropriate matrix-
matched standard as well as a homogeneously distributed internal standard to minimize 
element fractionation issues, correct for instrumental drift, and account for differences in 
ablated mass. However, as these requirements are often not met, the volume correction 
calibration approach was tested for the multi-element quantification of decorative glass. 
The surface morphology data revealed discrepancies in ablation rate characteristics within 
the Murrina sample and between the decorative glass sample and the CRM glass standards. 
The white region of Murrina had a larger ablated volume and higher density than its 
transparent region and the NIST-SRM glass standards, resulting in higher signals due to a 
greater amount of ablated material being measured by the ICP-MS. This resulted in 
significantly inaccurate determination of elemental concentrations in 2D LA-ICP-MS maps 
with conventional calibration compared to the elemental concentrations obtained with the 
volume-corrected approach. The effectiveness of the volume-based calibration method was 
further verified by comparing the concentrations of eight elements in different sections of 
the Murrina using LA-ICP-MS with sum normalization calibration and SEM-EDXS 
analysis. The eight elements were selected based on the possibility of detecting them by 
SEM-EDXS analysis. The average concentrations derived from the volume-based 
calibration method agree well with those of the LA-ICP-MS sum normalization and the 
SEM-EDXS data, confirming the last hypothesis. 

In summary, this dissertation makes a significant contribution to the field of LA-ICP-
MS analysis by improving our understanding of the fundamental principles and introducing 
a novel volume-based calibration approach that does not rely on matrix-matched 
standards. By bypassing the need for such standards, this innovative method facilitates 
the quantitative analysis of a wider range of samples and improving the versatility and 
applicability of LA-ICP-MS in different research contexts. Despite the variety of calibration 
methods that have been developed over the years, most still rely on matrix-matched 
standards and internal standardization, which is challenging for many sample types with 
complex matrices. However, the volume-based calibration approach developed in this work 
addresses this limitation, as demonstrated by a series of hypotheses tested in several 
manuscripts. From evaluating the impact of operating parameters on precision, to 
investigating the formation of double peaks, to validating calibration methods that are not 
adapted to the matrix, each hypothesis contributed to the refinement and validation of the 
proposed approach. Overall, the results highlight the potential of the volume-based 
calibration method to significantly improve the accuracy and reliability of LA-ICP-MS 
analysis and pave the way for wider adoption and application in various research fields.
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A.1 Evaluation of Two-Phase Sample Transport upon 

Ablation of Gelatin as a Proxy for Soft Biological 

Matrices Using Nanosecond Laser Ablation – Inductively 

Coupled Plasma – Mass Spectrometry 

Published: Van Helden T., Mervič K., Nemet I., van Elteren J.T., Vanhaecke F., Rončević 
S., Šala M., Van Acker T., (2024). Analytica Chimica Acta, 1287, 342089, doi: 
10.1016/j.aca.2023.342089. 
 
 
Based on the conclusions of Manuscript 1 and additional papers reporting on formation of 
double peaks upon ablation of carbon-based materials this study aims to improve the 
understanding of the matter of double peaks. In several recent studies double-peak 
formation has been observed for certain elements especially when ablating biological 
samples, however this phenomenon has not been thoroughly examined. The working theory 
was that some elements form particulate and gaseous phase upon ablation, showcasing as 
double peaks. This is concerning for two reasons. Firstly, the two phases exhibit different 
transport characteristics, which can lead to smearing in elemental maps. Additionally, 
particulate and gaseous phase might be ionized in the ICP differently, and thus affecting 
the accuracy of quantification.  

Generally, upon ablation analytes are primarily transported in particulate form. 
However, this work demonstrates that during gelatin ablation a notable portion of certain 
elements is partially transported in a gaseous phase. This occurs even at low laser fluences, 
but the phenomenon is more pronounced with application of higher laser fluences. Using 
time-of-flight mass spectrometer, which enables simultaneous detection of the whole mass 
range, behavior of elements was observed, showcasing that this phenomenon is very element 
dependent. Therefore, using a 193nm laser the ratio of signal intensity transported in 
gaseous phase to the signal intensity, ranging from 0 % for sodium to 95 % for carbon. 
Additionally, the experiments were also conducted with 213 nm to see if the wavelength 
also affects the formation of gaseous phase. Upon ablation with 213 nm laser all elements 
exhibit either similar (e.g. C, Cd) or increased (e.g. Zn, Te) gas formation compared to a 
193 nm laser. Furthermore, some elements (e.g. Pb) which occur mainly in particulate form 
with 193 nm laser, also exhibit formation of gas phase with 213 nm laser. This could 
possibly be due to thermal effects induced by the photon beam. As explained above, at 193 
nm only a small part of the energy is converted into heat, whereas at 213 nm significantly 
more energy is converted into heat. 

In this study, the underexamined phenomena of two-phase sample transport during LA-
ICP-MS ablation of biological matrices with nm laser is thoroughly investigated. The work 
demonstrates that certain elements can undergo partial conversion into gaseous phase 
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under specific conditions, potentially causing smearing effects and lower accuracy of 
quantitative results. Therefore, when analyzing biological samples, element-specific peak 
profiles should be assessed in advance and, if necessary, data acquisition should be slowed 
down and instrument settings adjusted.  
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2D/3D Laser Ablation Inductively Coupled Plasma 

Mass Spectrometry Mapping Through Geometrical 

Modeling 

Published: van Elteren J.T., Metarapi D., Mervič K., Šala M., (2023). Analytical 
Chemistry, 95(26), 9863–9871, doi: 10.1021/acs.analchem.3c00774. 
 
 
During my PhD, I also co-authored a paper published in the journal Analytical Chemistry, 
which investigated the potential advantages of modifying the ablation grid in two-
dimensional (2D) and three-dimensional (3D) laser ablation with inductively coupled 
plasma mass spectrometry (LA-ICP-MS) in single pulse mapping mode. The main 
objectives of the paper were to smooth the surface after ablation to facilitate layer-by-layer 
sampling, increase the precision of surface sampling for elemental distribution, improve 
image quality, and enable control of depth-based sampling. Since such a laser ablation 
stage is currently not available, a computational approach with geometric modeling was 
used to model its features. The approach is based on the compilation of experimentally 
derived round and square 3D crater profiles on variable hexagonal or orthogonal ablation 
grids. The computational approach optimizes the ablation grids to achieve minimum 
surface roughness as a function of average ablation depth, and consequently stimulates the 
post-ablation surface and corresponding image quality. The study has shown that reducing 
the ablation grid size in single-pulse LA-ICP-MS mapping improves post-ablation surface 
smoothness, spatial resolution and control over the depth of the ablation layer. Precise 
adjustment of the ablation grid and control of the 2D overlap of ablation points enables 
regulated ablation depth while maintaining surface smoothness. For optimal LA-ICP-MS 
mapping, symmetric contraction at a moderate level is recommended to minimize depth-
related distribution discrepancies and reduce the risk of blurring. In addition, an online 
application (https://laICP-MS-apps.ki.si/webapps/home/) has been released that allows 
users to virtually experiment with the contraction/expansion of orthogonal and hexagonal 
ablation grids for generic 3D supergaussian laser crater profiles. For the future, it is crucial 
to emphasize that practical LA-ICP-MS mapping with contracted orthogonal and 
hexagonal ablation grids raises concerns about stage inaccuracies, especially for hexagonal 
mapping. The next step will involve the development of piezoelectric stages arranged in 
both orthogonal and hexagonal configurations so that the advantages of ablation grid 
adaptations can be fully realized. 
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