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Quantification in 2D LA-ICP-MS mapping generally requires matrix-matched standards to minimize issues related
to elemental fractionation. In addition, internal standardization is commonly applied to correct for instrumental
drift and fluctuation, whereas also differences in ablated mass can be rectified for samples that cannot be

IMA'IC?'MS sectioned and subjected to total ablation. However, it is crucial that the internal standard element is homoge-
appin, . . . . P . . . .
SEI\I/)I]-)EDI; neously distributed in the sample and that the laser light absorptivity is uniform over the surface. As in practice

these requirements are often not met, this work will focus on correction of ablation rate differences within/
between samples and standards by normalizing the element maps using the associated ablation volume per pixel
as measured by optical profilometry. Due to the volume correction approach the element concentrations are no
longer defined as mass per mass concentrations (in pg g~ ) but by mass per volume concentrations (in pg cm3),
which can be interconverted in case matrix densities are known. The findings show that ablation volume-aided
calibration yields more accurate element concentrations in 2D LA-ICP-MS maps for a decorative glass with highly
varying elemental concentrations (murrina). This research presents a warning that if there are variations in
ablation rates between samples and standards within and across matrices, even when their sensitivities are the
same, generic LA-ICP-MS calibration protocols may not accurately depict the actual element concentrations.

1. Introduction prepared via pressing of tablets from certified biomaterial standards or
from nano-particulate powders after wet-milling of refractory materials
[5-7]. Internal standardization methods that correct for instrumental

drift and fluctuation, but also deal with matrix effects and differences in

The development of LA cells with fast washout of aerosol particles in
2D LA-ICP-MS elemental mapping has led to major improvements in

mapping speed and spatial resolution [1,2]. However, quantification of
elements remains challenging due to elemental fractionation issues
(non-stoichiometric effects during vaporization, transport of ablated
particles, atomization, and ionization in the plasma), causing the signal
measured not to be entirely representative of the composition of the
sample. Furthermore, differences in mass ablated due to
matrix-dependent ablation rates caused by differences in absorptivity,
reflectivity, and thermal conductivity complicate the quantification
process [3,4]. Several approaches have been reported to counteract
these quantification problems, but so far, the most dependable solution
is to matrix-match external standards and samples and the use of suit-
able internal standards.

Even though the availability of matrix-matched external standards is
limited, especially for biological samples, they are often custom-
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intra-sample ablation rates, are often unpredictable and depend on the
type of sample under study [8]. Approaches in use rely on i) total con-
sumption of thin biosamples and standards [9-11], ii) application of a
“film” standard on/under a biosample combined with total consumption
of the assembly [12,13], iii) (in-cell or in-torch) aspiration of a standard
solution during laser sampling [14-16], iv) the use of homogeneously
distributed elements in the sample [17,18], and v) labelling of tissue
components with a metallo-intercalator [19,20].

Total consumption approaches can correct for differences in ablation
rate, but only for precisely sectioned “thin” biosamples (and standards),
whereas homogeneously distributed elements or labelling approaches
can also correct for ablation differences in “thick” biosamples. However,
suitable elements that can act as an internal standard are rare, and for
aiding the quantification process of all kinds of matrices, also inorganic
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Fig. 1. Murrina used for ablation volume-aided calibration in multielement LA-
ICP-MS mapping; the insert gives the actual analyzed section.

ones, a more generic approach is needed. We chose to measure the ab-
lated volume per pixel as a means of correction for differences in ablated
mass between samples and standards within and across matrices. This
ablation approach yields by definition mass per volume concentrations
instead of the conventional mass per mass concentrations, unless
interconversion via known or measurable (local) densities of the
matrices involved is possible.

As a proof-of-concept, ablation volume-aided calibration was applied
for LA-ICP-MS quantification of highly variable elemental concentra-
tions in a decorative glass (murrina). Ablation rate differences within
the murrina, and between the murrina and the standards, were corrected
by normalizing the element maps using the pixel-associated ablation
volumes. The approach was validated using LA-ICP-MS with sum
normalization calibration [21,22], as well as with scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDXS). To
demonstrate that ablation rate variations are not so uncommon, we also
analyzed a geological thin section consisting of several mineralogical
phases with and without volume normalization.

2. Material and methods
2.1. Samples and standards for the volume-aided calibration approach

In the murrina production process, glass canes (long rods of glass) are
formed based on stretching a compact mass of hot glass to great length,
implying that it retains its radial pattern in longitudinal direction
perfectly, and as such a several millimeters thick slice of the cane
(=murrina) has a high depth homogeneity, making it an ideal sample for
repeated mapping on the same area. A modern murrina (Murano, Italy)
(Fig. 1), embedded in epoxy resin, and polished with silica carbide
polishing disks (800 and 2400 grit) and diamond slurry (Diamond sus-
pension, polycrystalline, Reflex LDP, 3 um, Presi, France), was subjected
to LA-ICP-MS multi-element mapping in line scanning mode to quantify
the highly variable elemental concentrations. Glass standards used in
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Table 1
Operational LA-ICP-MS settings used for multielement mapping of the murrina.

LA (Analyte G2, ARIS, and glass expansion unit)

Wavelength (nm) 193
Laser fluence (J cm™2) 3.6
Repetition rate (Hz) 100
Scanning mode Line scanning
Dosage (shots per pixel) 10
Washout time (ms) Ca. 100
Beam size (pm) 5

Mask shape Square
He flow rate (L min~ 1) cup|cell 0.3]0.3
ICP-MS (Agilent 7900x)

R¢ power (W) 1500
Plasma gas flow rate (L min ) 15
Auxiliary gas flow rate (L min~') 0.9

Ar makeup flow rate (L min~Y) 0.8

Data acquisition Time-resolved
Isotopes measured 295i,23Na, %’ A1,>?K,**Ca,”®As,*’Ba and?°®Pb
Dwell time (ms) 10

the calibration were the NIST SRM glasses 610 and 612, having nominal
concentrations of 500 and 50 pg g ~*, respectively, for ca. 60 elements.
The proposed approach was also used to analyze a well-prepared
geological thin section, which contained various mineralogical phases
like garnets, cordierite, biotite, and others. This is a typical geological
sample frequently analyzed by LA-ICP-MS, and will aid to demonstrate
that intra-sample ablation rate variations are rather common and may
need extra attention with regard to accurate quantification via volume
normalization.

2.2. Instrumentation and measurement protocols

Elemental mapping was performed using a laser ablation system
(193 nm ArF*; Analyte G2, Teledyne Photon Machines Inc., Bozeman,
MT) equipped with a standard active two-volume ablation cell (HelEx
1), including the Aerosol Rapid Introduction System (ARIS, Teledyne
CETAC Technologies) coupled with glass expansion unit, a so-called
long pulse module having an overall aerosol particle washout time of
ca. 100 ms (=FW0.01 M, full width at 1 % of the maximum). The laser
ablation system was interfaced with a quadrupole ICP-MS instrument
(Agilent 7900x, Agilent Technologies, Santa Clara, CA). The LA-ICP-MS
mapping conditions for element mapping of the murrina in line scanning
mode are given in Table 1. Line scanning was performed with a dosage D
of 10, implying that signals of 10 laser shots were accumulated in the
analysis time AT of 100 ms, requiring a repetition rate RR of 100 Hz (D
= RR-AT) [23-25]. In essence, 10 overlapping laser shots generated a
square pixel equal to the beam size BS although the material sampled
originates from a slightly larger area ([2eBS-BS/D] x [BS]). To measure
the surface morphology of the murrina surface we used an optical
interferometer (Zegage PRO HR, Zygo Corporation, Middlefield, CT). 3D
information was recorded using a 50 x magnification lens with a lateral
resolution of 0.173 pm, and a surface topography repeatability better
than 3.5 nm. Data associated with the surface topography was first
processed with the manufacturer’s MxTM software (version 8.0.0.23),
and then “sur” and “int” files were imported and converted into csv
format using MatLab R2020a (MathWorks); missing data corresponding
to extremely sloped areas was filled in with adjacent data using the
regionfill function in MatLab. The high-resolution topography maps
were resampled to match the pixel size of the LA-ICP-MS element maps,
followed by registration of the different modality maps, i.e., the element
and volume maps. ImageJ, OriginLab, and HDIP (Teledyne Photon
Machines Inc., Bozeman, MT) software packages were used for image
and data processing.

For the highest precision and accuracy, the ablation volume-aided
calibration approach requires pre-knowledge about the density of the
standards. To this end, we measured the density of the NIST SRM 610
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Table 2

The LA-ICP-MS murrina data generated by the volume-aided calibration
approach (Vol) was validated by comparing it with data obtained from LA-ICP-
MS with sum normalization calibration (Sum) and SEM-EDXS. The transparent
(T) and white (W) areas on the murrina were analyzed separately. The data in
the table are reported as averages +95 % confidence limits (volume concen-
trations converted to %m/m or g g~ ' concentrations), by measuring the signal
and volume of multiple areas (10 x 10 pixels) for both the white and transparent
parts.

Elem Area Vol Sum SEM-EDXS
Si %m/m T 32.7 £ 0.5 314 +21 35.2+0.2
w 19.2 + 0.2 20.5+1.7 21.7 £ 0.1
Na T 13.3 £ 0.5 12.7 + 0.8 13,5+ 0.1
%m/m w 6.0 +£0.1 5.9 + 0.5 6.3+ 0.1
Al %m/m T 0.40 + 0.01 0.33 + 0.02 0.38 + 0.04
w 0.57 +0.01 0.54 + 0.04 0.60 + 0.03
K %m/m T 23+0.1 2.3+0.2 21+0.1
w 1.7 £ 0.1 1.9+0.1 1.9+0.1
Ca %m/m T 52+0.2 5.1+ 0.4 5.1+ 0.1
W 0.9 +0.1 0.95 £ 0.2 0.9 + 0.2
As %m/m T 0.£0.03 0.33 £ 0.01 0.26 £+ 0.04
w 4.9 +0.2 4.7 £ 0.4 49+0.1
Pb %m/m T nd* nd* nd*
w 31.0 + 0.4 32+23 31.1 +£0.2
Bapgg ! T 27 +3.3 30 + 4.0 nd*
w 20 + 3.7 20 £+ 2.0 nd*

* not detectable.

and 612 standards with a gas pycnometer (1345 AccuPyc II, Micro-
meritics, Norcross, GA). To convert mass per volume concentrations in
the murrina sample to mass per mass concentrations, the local densities
need to be determined as well. As local densities cannot be determined
directly, we inferred them from their local composition using a global
model [26] based on concentration data obtained with SEM-EDXS (see
Table 2). Calculated densities were as follows: approximately 2.49 g
cm 3 for the transparent area and 3.20 g cm > for the white area; these
data are in line with the densities of soda-lime-silica glasses and lead
glass, respectively [27]. This allows us to validate the results of
LA-ICP-MS volume-corrected calibration data with SEM-EDXS and
LA-ICP-MS sum normalized calibration data (see Table 2).
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2.3. Validation

To validate the volume-corrected calibration approach, comple-
mentary techniques were used to measure the concentrations of selected
elements (see Table 1) in the white and transparent areas indicated in
Fig. 1, using LA-ICP-MS with sum normalization calibration and direct
SEM-EDXS analysis. The sum normalization approach is a mathemati-
cally formulated technique based on the simultaneous measurement of
54 elements and normalizing them to 100 % m/m based on their cor-
responding oxide concentrations [21]. Additionally, direct SEM-EDXS
analysis was carried out using a FE-SEM Zeiss Supra TM 35 VP Carl
Zeiss, Oberkochen, Germany) field emission scanning electron micro-
scope equipped with an energy-dispersive X-ray spectrometer SDD EDX
Ultim Max 100 (Oxford Instruments, Oxford, UK). Samples were coated
with 6 nm of platinum using a precision etching coating system (PECS),
model 682 (Gatan, US). The operating voltage was set to 20 kV.

3. Results and discussion

Generally, external calibration by solid sampling techniques such as
LA-ICP-MS requires closely matrix-matched reference materials to ac-
count for differences in ablation rate, and the use of suitable internal
standards to correct for instrumental drift and fluctuation. As matrix-
matching is only possible for samples with “known” characteristics,
and the fact that internal standards are usually difficult to pinpoint, we
discuss here an ablation volume-aided calibration approach that cor-
rects for temporal variations in ablated mass during elemental mapping
for the best possible localized quantification of selected elements in a
murrina (Fig. 1). We used a murrina because of reproducible mapping
areas and the fact that concentrations can be conveniently validated via
the sum normalization approach and SEM-EDXS.

3.1. Volume-corrected calibration

To perform ablation volume-corrected quantification of elements in
a sample (S) by 2D LA-ICP-MS mapping, we not only measure the signal
intensity Ag; (in cps), but also the volume ablated (Vs;) (in pm3) per
pixel i (see Fig. 2). A number of n calibrants (Cn) with known mass
concentrations Ccnmass (in g g_l) and densities D¢, (in g em™3) are

Calibrant (C) Data processing
LA-ICP-MS Profilometry C1 c2 c3
.. EREENE AN EEEEEE HEEEEN
i T D HEEEEN
i [N = B
-] “===. l‘l=ll-ll =====g
Aci  Aai  Aai Vai Vai Vas l‘ Y J
Sample (S)
LA-ICP-MS Profilometry

ASJ vS,r

Cs01i = (As;/Vs )/m

Fig. 2. Principle of the ablation volume-aided calibration approach based on LA-ICP-MS and profilometry measurements, and using calibrants (C1, C2 and C3) with
equal densities (Dg; = D¢z = Dcs), yielding a sample map with pixels i showing mass per volume concentrations Cg,yop;.
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Fig. 3. Surface morphology of the ablated section of the murrina (Fig. 1, insert)
measured by optical profilometry and shown as a 2D-greyscale image (A)
showcasing the actual depth ablated with 10 shots with further detailing in the
orange rectangle (B), and along the orange dashed line (C). The zero-levels
correspond to the pristine, unablated murrina surface.

applied for external standardization; when measured similarly as the
sample, the average calibrant signal intensities Acy, per pixel (in cps) and
the average calibrant volumes ablated V¢, per pixel (in pm?®) yield a
calibration graph as presented in Fig. 2. Here the average volume con-
centrations ccnye1 Of the calibrants (in pg em™3) are given by ccnmass-Den
and the slope of the calibration graph by m (linear regression, forced
through zero). The unknown volume concentrations cg,y,; in pixel i of

low NN high

i
3

i
. s
Mass concentration (% mim)
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the sample (in pg cm3) are given by (Ag,i/Vs,)/m. Most often it is un-
likely that cgyo1i can be converted into csmass,i as local densities in the
sample need to be known, implying that this approach generally cal-
culates the elemental concentrations in pixels of the sample map as mass
per volume concentrations. By recording pixels of calibrants and sam-
ples similarly (pixel width = scanning speed SS x acquisition time AT;
pixel height = distance between line scans L), their area is uniform, and
correction based on ablation volume becomes an ablation depth
correction. When a sample has a flat, smooth surface prior to ablation, it
suffices to merely measure the post-ablation surface, but when this is not
the case both the pre- and post-ablation need to be measured to reliably
construct the locally ablated volume [28].

3.2. Surface morphology

Due to the fact that the murrina has a flat and polished surface, it
suffices to only measure the post-ablation surface topography. Fig. 3A
shows the grayscale post-ablation topography map of an ablated section
of the murrina, indicating a significant difference in ablation rate be-
tween the white and transparent areas. Fig. 3B and C detail the 3D
surface depth in the area framed by the orange rectangle and the line
scan depth along the orange dashed line in Fig. 3A, respectively. The
ablated section has consistent ablation depths for the white (dark grey in
Fig. 3A) and transparent (light grey in Fig. 3A) areas, being 1.98 and
1.25 pm, respectively. A potential reason for better ablation character-
istics of the white area is that it contains a significant amount of Pb (31.1
% m/m, SEM-EDXS, Table 2), making it much softer for ablation but also
denser than the transparent area which is primarily silica (75.3 % m/m,
SiO4 calculated from SEM-EDXS, Table 2). The post-ablation surface
topography was also measured for NIST SRM 610 and NIST SRM 612
(data not shown), which are commonly used as matrix-matched stan-
dards for LA-ICP-MS calibration of glass samples. The ablated areas of
NIST SRM 610 and NIST SRM 612 have a consistent ablation depth of
1.10 and 1.30 pm, respectively, using the same LA-ICP-MS operational
settings as for the murrina sample. An image with isometric projection
(Fig. S1) is added for better portrayal of the differences in laser ablation
of the measured area in Fig. 3.

3.3. Volume-corrected surface quantification of major, minor and trace
elements in the murrina

We selected major, minor and trace elements (Si, Na, Al, Ca, K, As, Pb
and Ba) for measurement in selected locations of the murrina (Fig. 1)
using optimized LA-ICP-MS conditions (Table 1) to minimize aliasing
and elemental fractionation. Fig. 4A and 5A show the not volume-
corrected maps (in % m/m) for Si and As obtained by direct two point
calibration with the NIST SRM glasses 610 and 612. Fig. 4B and 5B show
the volume-corrected maps (converted to % m/m via measured den-
sities) for Si and As based on volume correction using the surface

:

4

E

o
i

=]
1

e Conpniional calibeation
Volume. aided cabbraton

Fig. 4. LA-ICP-MS concentration map of Si in a section of the murrina (Fig. 1, insert) using conventional, not volume-corrected calibration (A) and volume-corrected
calibration (B); the not-volume-corrected concentrations and corrected concentrations (in % m/m) along the dashed lines in A and B are shown in C.
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Fig. 5. LA-ICP-MS concentration map of As in a section of the murrina (Fig. 1, insert) using conventional, not volume-corrected calibration (A) and volume-corrected
calibration (B); the not-volume-corrected concentrations and corrected concentrations (in % m/m) along the dashed lines in A and B are shown in C.
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Fig. 6. Comparing the concentrations (with 95 % confidence limits) of eight
elements obtained by the volume-corrected calibration approach and the not
volume-corrected calibration approach in the transparent and white areas of
the murrina.

topography maps in Fig. 3. Fig. 4C and 5C show the concentration
profiles along the dashed lines for Si and As.

Respectively, both for the not-volume corrected data (in % m/m) and
the volume-corrected data (converted to % m/m via measured den-
sities). For the other six elements the respective maps are given in
Figs. S2-S7 (Supporting information). The not volume-corrected Si map
shows higher concentrations in the white area than in the transparent
area, whereas for the volume-corrected Si maps the results are reversed.
This suggests that the higher not volume-corrected Si concentrations in
the white area are not due to an actual higher concentration, but are
merely the effect of a higher mass ablated per laser shot, and thus a
better representation of the actual volume concentration. This corre-
sponds well with the high concentration of lead (31.0 % m/m, Table 2)
in the white area, making the glass softer and easier to ablate. Conse-
quently, there is less silicon on the expense of lead, therefore making the
not volume-corrected maps questionable with regard to Si content.
Similar to Si, in the not volume-corrected map also more As was found in
the white area than in the transparent area. However, when normalized
on volume, the differences between the two areas in the corrected maps
become significantly smaller.

As seen from the surface morphology data (Fig. 3), different ablation
rate characteristics are found for different glass areas within the mur-
rina. This significantly affects the elemental concentrations in 2D LA-
ICP-MS maps when conventional calibration is performed. We

postulate that for precise quantification the volume-correction calibra-
tion approach corrects for inter- and intra-sample ablation rate differ-
ences, and yields more accurate data when the transport efficiencies and
matrix sensitivities are the same.

3.4. Validation of the volume-corrected calibration approach

The volume-aided calibration approach highlighted above was
validated by comparing concentrations of all eight elements in the white
and transparent areas on the murrina by LA-ICP-MS with sum normal-
ization calibration and SEM-EDXS analysis. After conversion of the
volume concentration data via local densities to mass concentrations,
validation of the ablation volume-corrected concentrations becomes
feasible. Table 2 summarizes the results for all elements. The average
concentrations obtained with the volume-aided calibration method are
in good agreement with the LA-ICP-MS sum normalization and SEM-
EDXS data.

However, from Fig. 6 it can be seen how the not volume-corrected
data deviated significantly from the volume-corrected data, especially
in the white area. The white area showcased a larger ablated volume
(see Fig. 3) and higher densities compared to the transparent area and
the NIST SRM glass standards, leading to higher signals due to larger
amounts of ablated material entering the ICP-MS, and thus resulting in
overestimation of the concentrations.

On the other hand, there is not much difference between the con-
ventional, not volume-corrected data and the volume-corrected data for
the transparent area, because the glass of the transparent area shows
similar characteristics, i.e., ablation depth and density, as the NIST SRM
610 and 612 standards. This is an additional proof that exact matrix-
matched standards are needed for determination of the correct con-
centrations by LA-ICP-MS, and confirms our hypothesis that for reliable
quantification in 2D LA-ICP-MS mapping, volume-corrected elemental
maps are the way forward, especially in cases where matrix-matching is
problematic. Although the sum normalization approach seems the best
and most convenient of all of the approaches, and might be the method
of choice aiming for the most accurate results, glass is a rare example
where the sum normalization can be used. For a more complex polished
geological thin section sample we demonstrate (see Figs. S8 and S9,
Supporting information) that considerable ablation rate differences exist
within the sample, which may be dealt with by ablation volume
normalization, most likely leading to improved quantification data,
despite uncertainties in transport efficiencies and relative matrix sensi-
tivities which exist for other calibration approaches as well.

4. Conclusions

Calibration has long been the Achilles’ heel in LA-ICP-MS quantifi-
cation as elemental fractionation, instrumental drift, and fluctuation, as
well matrix-dependent ablation rates, all have to be considered in the
calibration process. In this work, we have focused on investigating
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(local) ablation rate differences in a decorative glass (murrina) and
calibration standards upon measurement of major, minor and trace el-
ements, and correcting for them using the ablated volume per pixel.
Validation with complementary techniques has shown that conven-
tional, not-volume calibration with supposedly appropriate standards
may yield inaccurate quantification data. Furthermore, we have shown
that 2D LA-ICP-MS mapping of a more complex geological sample with
different phases shows ablation rate differences within the sample which
can be mitigated by volume normalization of the individual pixel
intensities.

This is especially relevant for “hard” (geological, metallurgical, etc.)
samples which cannot be sectioned into very thin cross-sections as in the
case of biosamples. Consequently, the resulting concentrations may
have to be reported in m/V units (ug cm ™) as intra-sample densities are
mostly unknown. Further research is being conducted to demonstrate
that this technique indeed delivers superior quantification data for
diverse matrices. Summarizing we can say that neglecting the actual
volumes ablated may result in potentially inaccurate LA-ICP-MS data
when significant variations in ablation rates are found between samples
and standards within and across matrices.
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