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er-induced and ICP-induced
elemental fractionation using laser ablation-ICP-
TOFMS†

D. Käser, a T. Van Acker, b J. Koch, a B. Hattendorf a and D. Günther *a

The composition of laser-generated aerosols produced during single spot ablation was analyzed via

inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-TOFMS) and compared with that

of the same material deposited on the sample surface. Differences between the signals recorded from

single spot ablation and the subsequent deposit analysis enabled studying and exploring non-

stoichiometric processes at the ablation site. These measurements allowed for the determination of the

transport efficiencies of the elements present in NIST SRM 610, which were element-specific and always

higher than 85%. A mass balance of 238U+/232Th+ signal intensity ratios allowed the differentiation of

laser-induced and ICP-induced elemental fractionation using only LA-ICP-TOFMS data, without the

need for the off-line analysis of the collected material. All phenomena reported herein were studied

using a range of parameters for single spot ablation including different laser fluences (7.4–25 J cm−2)

and number of pulses per spot (100–600 pulses). The method presented here provides direct access to

important parameters that influence the accuracy of quantitative analysis using LA-ICPMS, such as the

amount and composition of the deposited material around the crater and information about the

aforementioned transport efficiencies of individual elements. In addition, the proposed analysis and

calculation procedure allowed to distinguish between laser- and ICP-induced elemental fractionations

for different LA and ICPMS operating conditions. Knowledge about these parameters will help

understand the ablation behavior of different matrices and may therefore improve non-matrix matched

quantification using LA-ICPMS.
Introduction

The combination of laser ablation (LA) with inductively coupled
plasma mass spectrometry (ICPMS) has been rapidly accepted
as a new method for direct solid sample analysis with high
spatial resolution.1 The evaluation of LA-ICPMS for geological
applications, such as for the determination of rare-earth
elements in various minerals2 and U–Pb isotopic analysis for
the age determination of zircons,3 has demonstrated the capa-
bilities of the method. However, inter-element fractionation has
been a major limitation. Fryer et al.4 dened elemental frac-
tionation as the temporal change in an element's signal inten-
sity ratios relative to Ca during single spot ablation. Their
“fractionation indices” represent the signal intensity ratios of
the second half of a transient signal divided by the rst half of
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the signal over 4 minutes. This calculation procedure has also
been used over time to demonstrate improvements achievable
with new instrument developments.5 Fractionation effects were
particularly reduced using nanosecond (ns) lasers with wave-
lengths below 200 nm, 6,7 or a shorter pulse length in the
femtosecond (fs) range.8 The reduction in fractionation effects
was conrmed by comparing ns and fs laser ablation for craters
generated with 2400 pulses of single spot ablation. Values ob-
tained by fs-LA indicated lower signal variation over time;
however, elemental fractionation was still visible.5

While fractionation effects were shown to be reduced by
improving the laser ablation systems used, non-stoichiometric
detection and analysis still remained a challenge, with frac-
tionation indices deviating from 1 for various elements.4,5 These
studies indicated that the fractionation index describes
processes affecting the detection of element intensity ratios and
heavily depends on operating conditions. For example,
a comparison of fractionation indices for different crater aspect
ratios (i.e. depth-to-diameter ratio) and by varying the ablation
rates of individual laser ablation systems showed highly vari-
able fractionation effects.9

Another indicator that has been proposed for instrument
optimization is the 238U+/232Th+ signal intensity ratio, which
J. Anal. At. Spectrom.
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must be close to one for the NIST SRM 610 glass standard.10

This is because both elements are present in a very similar
concentration in the reference material and have almost equal
ionization energies and only a small mass difference. Sensitivity
ratios higher than one can be attributed to incomplete aerosol
vaporization, which also affects elemental fractionation in LA-
ICPMS.11 Incomplete vaporization, atomization and ionization
of laser-generated particles are considered less severe for abla-
tion in helium with 193 nm LA in comparison with 266 nm in
argon.12 Using the latter, it has been shown that 150 nm is
a critical size, above which the laser-generated aerosol particles
of NIST SRM 610 show incomplete ionization.13 The previously
observed decrease in fractionation effects while using a nano-
second 193 nm laser was then related to smaller particles and
narrower particle size distribution of the aerosol generated.14 A
better understanding of the conditions affecting these frac-
tionation effects has helped establish the use of shorter wave-
length lasers15 and minimize ICP-induced fractionation by
adjusting the 238U+/232Th+ signal intensity ratio to their
concentration ratio.10

Minimizing elemental fractionation is key to applications
such as U–Pb geochronology, where elemental fractionation
limits the precision and accuracy of mineral dating.15 For these
studies, specic attention must be paid to the sensitivity ratios
of U/Th and Pb/U.16 In this context, the aspect ratio of the crater
affects the signal of uranium, whereas, lead undergoes constant
material loss, independent of the crater size.17 Material losses
on the sample surface also lead to non-stoichiometric compo-
sition with variations in the Pb/U and Pb/Th ratios of the
deposits surrounding the ablation craters.16 This is in general
agreement with the preliminary analyses of the surface
condensate reported by Eggins et al.,7 demonstrating an
enrichment in volatile elements compared to more refractory
ones.

ICP-related fractionation effects have, however, never been
clearly distinguished from laser-induced fractionation. It has
been shown that the aerosol produced by the laser ablation of
brass differs in composition from the bulk material.18 Together
with the fact that the composition of the depositedmaterial also
differs from the bulk composition of the analyzed samples,7,16

this implies that elemental fractionation occurs even during the
sampling process. In order to distinguish ICP-related and laser-
ablation-dependent elemental fractionation, a better under-
standing of fractionation that occurs during laser ablation
sampling is necessary. By analyzing the composition of the
aerosol generated during single spot ablation and the deposited
material under identical ICPMS operating conditions, the
degree of fractionation at the ablation site can be evaluated.

This study thus employs single spot ablation of the NIST
SRM 610 glass standard, followed by re-ablation of the entire
deposit around the crater, based on a low-uence sampling
approach (#1 J cm−2). Signals monitored during single spot
ablation and the ablation of the deposits were recorded under
identical ICPMS operating conditions. This approach enabled
mass balance calculations to determine individual transport
efficiencies of all monitored isotopes. By using ICP-TOFMS, the
signal intensity ratios of the isotopes of interest could be
J. Anal. At. Spectrom.
monitored quasi-simultaneously, allowing a comprehensive
description of the composition and spatial distribution of the
deposits. These experiments were carried out under various
ablation conditions and by varying the laser uence, number of
pulses and crater diameter to investigate their impact on the
amount and composition of the individual materials trans-
ported and deposited during laser ablation.

Using this experimental setup, we were able to show that
laser-induced fractionation reproduces the pattern of fraction-
ation indices published by Fryer in 1995.4 The Laser-Induced
Fractionation Indices (LIFI) introduced here indicate that
even though the fractionation effects can be reduced signi-
cantly, they are associated with laser–matter interactions. The
results allow us to distinguish laser-induced and ICP-induced
fractionations. Both sources of fractionation can be isolated
based on the relative element abundance determined in the
deposits and the initial spot.
Experimental details
Instrumentation

A homogenized laser beam generated by an argon-uoride (ArF)
excimer laser system (193 nm, GeoLas C, Lambda Physik, Ger-
many) was used to ablate the samples placed in an in-house
developed modied parallel-ow ablation cell (MPFAC).19 This
low-dispersion ablation cell provided short washout times (<200
ms) even for larger spot sizes, which enabled signal monitoring
during single spot ablation, as well as mapping the spatial
distribution of the deposits surrounding the crater. Similar to
the study that rst described this ablation cell design,20 ablation
was carried out in helium (99.999%, Linde Gas Schweiz AG,
Switzerland), and argon (99.999%, Linde Gas Schweiz AG,
Switzerland) was added above the ablation site. The ion signals
were acquired using an ICP-TOFMS instrument (icpTOF 2R,
TOFWERK AG, Switzerland). Daily optimization of the oper-
ating conditions was carried out by maximizing the signal
intensity of 238U+ while maintaining a 238U+/232Th+ signal
intensity ratio close to 1 during the ablation of a NIST SRM 610
glass standard. The optimization aimed to achieve complete
vaporization and atomization of the sample and was performed
by ablating a line scan known to produce a greater fraction of
larger aerosol particles (Table 1).11

The mass fractions and isotope abundance values used in
the data evaluation of NIST SRM 610 were obtained from the
GeoReM Database.21,22
Signal evaluation

All data processing steps were performed using in-house-
written R-scripts in the RStudio environment.23,24 For single
spot ablation experiments, the background signal was recorded
for 45 s without laser ring, followed by the transient ablation
signal. Ablation was carried out on a freshly polished surface
wiped with isopropanol. The background signals in all experi-
ments were corrected for dri by linear interpolation of the
signals recorded at the beginning of the subsequent measure-
ments. The ion signals recorded during single spot ablation
This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the operating conditions of the laser and ICPMS used for single spot ablation and deposit analysis (imaging)

Laser ablation ICP-TOFMS

Spot ablation Imaging
Repetition rate 10 Hz 5 Hz Make-up gas ow rate (Ar) 0.7–0.8 L min−1

Spot size 24–44 mm 32 mm Carrier gas ow rate (He) 1.3–1.4 L min−1

Step size — 10 mm Sampling depth 3.2–4.5 mm
Fluence 7.4–25 J cm−2 #1 J cm−2

Plasma power 1550 W
Image size Auxiliary gas ow rate 0.8 L min−1

Raster size/mm 1000 × 1000 (44 mm craters) Plasma gas ow rate 16 L min−1

500 × 500 (24 mm craters)
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were summed for the entire ablation period. Sensitivity driwas
also corrected by linear interpolation of the signals of NIST SRM
610 measured using a raster scan (20 × 20 spots, 1 laser pulse/
spot) at the start and the end of each sequence. For the deposits
(Fig. 1), the uence was lowered to 1 J cm−2 (low-uence
imaging) to reduce the signal contribution from co-ablation,
i.e. mass removal of the pristine glass substrate material
below the deposits. Lower uences were tested but were found
to be insufficient to remove the deposited material entirely.
Instead of re-mobilizing, the deposit appeared to melt on the
sample surface and could not be removed by mechanical
wiping.

The area considered for signal integration from the deposits
was adjusted to a region of interest (ROI) where the deposition
was visible using light microscopy. The signals recorded for
each line scan were corrected for co-ablation using the average
value obtained from the same line upstream of the carrier gas
ow in the ROI to avoid potential contributions from deposits
caused by gas dynamics. Despite the use of a lower uence in
the imaging experiments, co-ablation occurred especially for
the more volatile elements in NIST SRM 610 (e.g. Pb). In
particular, in experiments with a low amount of deposited
material (low pulse number and uence), the correction
required for co-ablation can thus be substantial and may affect
the results.
Fig. 1 Light microscopy images of 600-pulses craters of 44 mm diamete
(right) deposit removal. With low-fluence imaging analysis, a limited amo
substantial modification of the sample surface was observed.

This journal is © The Royal Society of Chemistry 2025
Theoretical considerations

The approach proposed here for the characterization of laser-
induced fractionation relies on a set of assumptions. One
basic assumption is that the number (N) of isotopes (i) present
in the aerosol generated from single spot ablation (N(i)A) plus
the isotopes deposited on the sample surface (N(i)D) corre-
sponds to the total number of isotopes present in the ablated
volume (N(i)tot).

N(i)A + N(i)D = N(i)tot (1)

This assumption also implies negligible transport losses in
comparison with the deposit losses, which was already sug-
gested when helium was initially introduced as ablation envi-
ronment.7 Transport losses in the tubing between the LA cell
and the ICP unit were also considered insignicant because
aerosol throughput is independent of tubing length.25 In addi-
tion, no signicant differences in transport efficiency have been
reported between different cell designs. Therefore, we did not
consider further losses in the ablation cell and its ttings to the
tubing.26 Nevertheless, the ablation cell used in this study was
optimized to minimize aerosol dispersion using high velocity
but still laminar gas ows,20 making substantial losses down-
stream of the ablation site highly unlikely. Similarly, the
material losses on the crater walls are not considered as these
r formed in helium using a fluence of 20 J cm−2 before (left) and after
unt of material can still be observed in the vicinity of the crater, but no

J. Anal. At. Spectrom.
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particles are observed only on the upper part of craters with
extreme depth-to-diameter ratios.9

Another assumption is that the material removed from the
crater represents the exact composition of the sample, i.e.,
stoichiometric, which allows the expansion of eqn (1) to isotope
number ratios, as presented in eqn (2), for isotopes x and y in
relation to their concentration (c) ratio.

NðxÞA þNðxÞD
NðyÞA þNðyÞD

¼ NðxÞtot
NðyÞtot

¼ cðxÞ
cðyÞ (2)

The respective number of atoms, however, cannot be detec-
ted directly because the element-specic ion yields27 and mass-
dependent transmission28 manifest in the ICPMS mass spectra.
The number of ions (I) detected is thus always lower than the
number of atoms delivered to the ICP. This is accounted for by
introducing the isotope-specic factor P, as shown in eqn (3):

N(i) × P(i) = I(i) (3)

Assuming that factor P(i) is equal for both single spot abla-
tion and deposits analysis (under the same ICPMS conditions),
these equations allow the estimation of the transport efficiency
(TE(i)) for each isotope from the measured signals:

TEðiÞ ¼ NðiÞA
NðiÞA þNðiÞD

¼ PðiÞ � IðiÞA
PðiÞ � �

IðiÞA þ IðiÞD
�

¼ IðiÞA
IðiÞA þ IðiÞD

(4)

Notably, the P factors cancel out since they are assumed
identical for the single spot and deposit ablation experiments,
and the temporal dri was corrected by bracketing. As the only
losses considered here are for the deposits next to the ablation
site, the relative portion of the material deposited for a given
isotope can also be expressed as “deposit fraction” (DF(i)),
which is dened similarly to the TE.

DFðiÞ ¼ NðiÞD
NðiÞA þNðiÞD

¼ IðiÞD
IðiÞA þ IðiÞD

¼ 1� TEðiÞ (5)

The laser-induced fractionation index (LIFI) then represents
the relative degree of preferential deposition of the elements
and can be dened as the ratio of DFs for any combination of
isotopes x relative to a reference isotope y:

LIFIðyÞ ¼ NðxÞD
NðxÞA þNðxÞD

� NðyÞA þNðyÞD
NðyÞD

¼ DFðxÞ
DFðyÞ (6)

As shown by the equations above, element-specic sensitivity
cannot be derived directly, but the relative factors can be calcu-
lated using eqn (1)–(3) for isotopes x and y, as shown in eqn (7).

PðxÞ
PðyÞ ¼

IðxÞA þ IðxÞD
NðxÞA þNðxÞD

� NðyÞA þNðyÞD
IðyÞA þ IðyÞD

¼ IðxÞA þ IðxÞD
IðyÞA þ IðyÞD

� cðyÞ
cðxÞ (7)
J. Anal. At. Spectrom.
This expression resembles the absolute sensitivity ratio for
the isotopes as it includes the entire ablated material and not
just the transported fraction.
Results and discussion
Impact of the laser uence

To evaluate the effect of laser uence on the degree of sample
deposition and transport efficiency, craters of 44 mm diameter
were ablated using laser uences ranging from 7.4 to 25 J cm−2

by applying 600 pulses in total for each experiment. Single spot
ablation was followed by sweeping the deposits from the sample
surface using the low-uence imaging approach across a square
ROI of 1 mm2 around the crater. Increasing the laser uence led
to larger areas of sample material deposition, which can be
observed based on the 232Th+ signal intensity maps displayed in
Fig. 2. This observation agrees with the ndings of Eggins et al.,7

who reported that material deposition reduced at lower laser
uences.

Based on these maps, the signal intensities corrected for co-
ablation were integrated across the respective ROIs to deter-
mine the deposited material fraction. As illustrated in Fig. 3, the
232Th+ and 238U+ signal intensities increased for both single
spot and deposit ablation with increasing laser uences.
However, the deposit signals at uences higher than 15 J cm−2

increased more steeply, while the slope of the signal from single
spot ablation continuously decreased with increasing uences.

Based on these data, the transport efficiencies of Pb, Th and
U were calculated. As displayed in Fig. 4, the transport effi-
ciencies of all elements decreased with increasing uence and
their losses increased with their volatility. The TEs calculated
from these experiments were in the order Th > U > Pb, with
values between 99% and 95% for Th, 99% and 93% for U and
95% to 90% for Pb.

As seen in Fig. 3, the change in signal intensity with
increasing uence was not equal for all investigated isotopes.
While Th exhibited a relatively stronger increase than U during
single spot ablation, its ion signals from the deposits were
always lower. The corresponding intensity ratios 238U+/232Th+

and 208Pb+/238U+ are listed in Table 2. The variability was
smaller for the single spot ablation experiments, but
a decreasing trend of 238U+/232Th+ signal intensity ratio was
observed at higher uence, while only a minute increase was
observed for 208Pb+/238U+. The ion signals from deposit abla-
tion, however, indicated a substantial decrease in both ratios.
The deposit signals revealed a trend towards the expected
concentration ratios of the isotopes (z1.01 for 238U+/232Th+ and
z 0.49 for 208Pb+/238U+),21,22 along with the depletion of the
more volatile element with increasing uence, as shown in
Table 2. As for the single spot ablation experiments, on the
other hand, there was no unique trend with respect to element
volatility. While U/Th decreased continuously and reached
a value below the concentration ratio of the isotopes, the Pb/U
ratio remained almost stable (or rather appeared to increase)
with uence and was always higher than the concentration ratio
in NIST SRM 610.
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 232Th+ raw signal intensity maps of 600-pulses craters of 44 mm diameter ablated using different fluences.
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Impact of the crater aspect ratio

In a second set of experiments, ion signals from single spot
ablation and deposit imaging were recorded for LA with an
increasing number of laser pulses (100–600 pulses) at the lowest
uence (7.4 J cm−2). The deposits were again analyzed using the
low-uence imaging approach. As illustrated in Fig. 5, the ion
signal intensities showed a similar trend to that of increasing
uence. The ion counts obtained from the single spot ablation
experiments increased sub-proportional to the number of pul-
ses applied, while the ion counts from the deposits increased
Fig. 3 232Th+ and 238U+ signal intensities measured during 600-pulses si
and deposit removal near the corresponding craters (right).

This journal is © The Royal Society of Chemistry 2025
almost linearly until 300 pulses. In particular, the 238U+ ion
signals increased less steeply above 300 pulses. In contrast to
the experiments carried out with varying laser uences,
however, the change in the respective TEs (Fig. S1†) was
substantially smaller, indicating a decrease in the overall
ablated volume.

The signal intensity ratios (Table 3) in the 600-pulses
experiment were generally comparable to the values obtained
with 7.4 J cm−2 in the previous experiment (Table 2).
However, the data generated with the same conditions
ngle spot ablation at different fluences between 7.4 and 25 J cm−2 (left)

J. Anal. At. Spectrom.
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Fig. 4 Transport efficiencies obtained as a function of the fluence for 208Pb+, 232Th+ and 238U+.
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(600 pulses, 7.4 J cm−2) differed between the experiments,
highly likely because of the different operating conditions of the
instrument, as the experiments were carried out on different
days. During single spot ablation, the 238U+/232Th+ signal
intensity ratios were lower than the ones obtained in the uence
variation experiment and dropped to values below the concen-
tration ratio. The 208Pb+/238U+ signal intensity ratios, on the
other hand, were higher than those observed in the uence
variation experiment and showed a steeper increase with the
number of pulses. The intensity ratio, in this case, was also
always higher than the concentration ratio. Moreover, the
intensity ratios of 238U+/232Th+ in the deposits were higher than
the concentration ratio and dropped below this value as the
number of pulses increased. The 208Pb+/238U+ intensity ratio was
always substantially higher than the concentration ratio of 0.49
and showed a decreasing trend when the number of pulses was
increased beyond 200. At a lower number of laser pulses, we
assume that the signals were affected to a greater extent by co-
ablation correction and were, therefore, not considered.

To investigate the effect of the depth-to-diameter ratio of the
crater in more detail, the same experiment was repeated for
Table 2 208Pb+/238U+ and 238U+/232Th+ elemental ratios of the mean
signals measured for single spot ablation and deposit analyses of a 44
mm diameter crater using 600 pulses with different fluences

Fluence

238U+/232Th+ 208Pb+/238U+

Single spot
ablation

Deposit
removal

Single spot
ablation

Deposit
removal

7.4 J cm−2 1.06 1.22 0.67 3.06
11.5 J cm−2 1.02 1.28 0.67 2.20
15 J cm−2 0.99 1.17 0.67 1.61
20 J cm−2 0.98 1.11 0.68 1.10
25 J cm−2 0.96 1.12 0.68 0.94

J. Anal. At. Spectrom.
craters with a diameter of 24 mm (Table S1†). The intensity ratios
obtained from single spot ablation were lower and less variable
for 238U+/232Th+, while the 208Pb+/238U+ intensity ratios were
more than 10% higher and increased notably with increasing
crater depth. Notably, the signal intensity ratios were similar to
those obtained for a crater diameter of 44 mm with twice the
number of laser pulses, which would hence have a similar
depth-to-diameter ratio. The ratios obtained from deposit
analyses exhibited a greater scattering, which can be attributed
to the comparably low amount of the deposited material. The
enrichment of the more volatile element in the deposits,
however, appeared to be more pronounced in this case.

The 88Sr+/43Ca+ and 139La+/140Ce+ intensity ratios were also
evaluated in detail (Table S2†), which indicated that Sr and Ca
experienced very similar fractionation trends, only little varia-
tion between different crater aspect ratios and even between the
single spot ablation and deposit analyses. The ratios, however,
differed substantially from their concentration ratio because of
the mass discrimination in ICP-TOFMS. The measured
139La+/140Ce+ signal intensity ratios, alternatively, demonstrated
the relative enrichment of Ce in both deposits and single spot
ablation in comparison with the corresponding concentration
ratio. The enrichment decreased in both cases as the aspect
ratio of the crater increased and was more pronounced in the
deposits, in general. These observations are consistent with the
additional +4 oxidation state of Ce and its higher volatility
compared to La.29,30

The three previous experiments indicate common trends in
the measured intensity ratios of 238U+/232Th+ and 208Pb+/238U+

when the aspect ratio of the laser-generated crater increases,
either using higher pulse energies for the same number of
pulses or by applying more laser pulses of the same uence. For
208Pb+/238U+, this is in good agreement with all previous reports
on elemental fractionation, that is, the intensity ratio obtained
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ja00173k


Fig. 5 232Th+ (red) and 238U+ (blue) signals obtained during single spot ablation (left) and deposit removal (right) for craters of different depths
formed using a fluence of 7.4 J cm−2 and a spot size of 44 mm diameter.
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from single spot ablation generally increases with increasing
crater aspect ratios.16 The corresponding decrease observed for
238U+/232Th+ also agrees with previous observations and can be
attributed to a change in the particle size distribution, that is,
a greater fraction of smaller particles are formed from deeper
craters, as suggested by Kuhn et al.14

Notably, the measurements were carried out aer optimizing
the He carrier gas and Ar make-up gas ows in combination
with the sampling depth to ensure a 238U+/232Th+ sensitivity
ratio near 1 for single pulse ablation, i.e. always ablating the
pristine surface of a NIST SRM 610 glass standard, which led to
a substantial fraction of large particles in the aerosol. This was
done to ensure that particles of all sizes could be efficiently
vaporized in the ICP. As the crater aspect ratio increased during
the experiments, the particle size distribution during single
spot ablation changed to smaller average sizes,14 and the earlier
vaporization of 238U+ vs. 232Th+ led to a stronger loss by diffusion
within the ICP. At the same time, however, the deposits formed
from craters with a higher aspect ratio were found to be
Table 3 238U+/232Th+ and 208Pb+/238U+ ratios measured for single
spot ablation and deposit analysis of 44 mm craters formed using
a fluence of 7.4 J cm−2

Crater depth

238U+/232Th+ 208Pb+/238U+

Single spot
ablation

Deposit
removal

Single spot
ablation

Deposit
removal

100 pulses 1.03 2.46 0.69 4.04
200 pulses 0.98 1.42 0.70 4.57
300 pulses 0.94 1.13 0.71 4.69
400 pulses 0.91 1.05 0.73 4.24
500 pulses 0.90 0.94 0.75 4.12
600 pulses 0.89 0.95 0.77 4.16

This journal is © The Royal Society of Chemistry 2025
increasingly depleted in U relative to Th even though they were
all ablated from the sample surface directly, regardless of the
crater aspect ratio. Yet, all 238U+/232Th+ intensity ratios deter-
mined for deposits from craters with the lowest aspect ratio
were substantially higher than the concentration ratio. This
implies an enrichment of Th vs. U in the aerosol transported to
the ICP from the ablation site during single spot ablation. Based
on this reasoning, the measured 208Pb+/238U+ intensity ratios
imply that an even stronger enrichment of the more volatile
element Pb occurred in the deposited material. While the
intensity ratios recorded during single spot ablation were
higher by 30–50% than the isotope concentration ratios in NIST
SRM 610, as listed in Table 3, the deposits exhibited 8.5 to 9.5-
fold higher values at low laser uences, which decreased to
approximately 2-fold at the highest uence used.

Laser-induced fractionation

The results from the previous experiments imply that two
independent fractionation processes happen during LA-ICPMS
analyses. The mass-balance-based Laser-Induced Fraction-
ation Indices (LIFI in eqn (6)) were thus used to assess the
magnitude of elemental fractionation occurring specically at
the ablation site. The LIFI were determined for a broad range of
isotopes using 88Sr+ as the reference isotope. This enabled
a direct comparison with the fractionation indices dened by
Fryer et al.4 Instead of using Ca as the reference element, we
opted for Sr because of its higher sensitivity in ICP-TOFMS and
similar fractionation behavior (Table S2 and Fig. S2†). The LIFI
obtained from experiments with increasing uences and pulse
numbers are displayed in Fig. 6. In all cases, distinctly higher
values were observed for elements characterized by relatively
low condensation temperatures.29 The magnitude of the LIFI
was, however, strongly affected by the laser ablation conditions
used. They were found to be substantially close to 1 even for the
J. Anal. At. Spectrom.
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Fig. 6 Laser-induced fractionation indices normalized to 88Sr for craters generated with different fluences and 600 pulses (top) and with 7.4 J
cm−2 and an increasing number of pulses (bottom).

Fig. 7 Comparison of the laser-induced fractionation indices normalized to 88Sr after optimization for 238U+/232Th+ signal intensity ratios near 1
(depth and fluence) or 1.75.
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volatile elements when higher laser uences were applied. Both
experiments led to lower LIFI values as the crater aspect ratio
increased, but at this stage, it is not clear as to howmuch this is
affected by the laser uence alone and will be a topic of further
investigations.

At rst glance, it can be surprising that more volatile
elements were enriched in the deposits and that their LIFI
decreased with increasing crater aspect ratios. This is because
their condensation is expected to occur at a later stage than that
for the refractory elements, and they would thus get more
diluted in the expanding plasma plume. However, Eggins et al.7
J. Anal. At. Spectrom.
have already proposed that vapor deposition is responsible for
the enrichment of more volatile elements in the vicinity of the
ablation crater, as observed here.
Impact of ICP operating conditions on elemental
fractionation

To investigate the extent of the dependence of elemental frac-
tionation on vaporization, atomization and ionization
processes that occur inside the ICP, a similar experiment was
carried out by adjusting the He carrier gas ow and sampling
depth of the ICP to maximize the sensitivity for uranium only.
This journal is © The Royal Society of Chemistry 2025
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This resulted in a 238U+/232Th+ signal intensity ratio of 1.75. The
LIFI obtained for the different elements aer the ablation
experiment using 7.4 J cm−2 and by applying 600 laser pulses
are presented in Fig. 7. A comparison with the previous values
obtained aer optimization for a 238U+/232Th+ signal intensity
ratio near 1 revealed a very similar pattern, yet the deviation
from 1 was smaller for the more volatile elements in this
experiment.

Evaluation of laser-induced fractionation is, therefore, only
possible when the ICP-induced fractionation is minimized and
not masking the laser-induced fractionation. In our experi-
ments, based on the composition measured during single spot
and deposit ablation, we found that laser- and ICP-induced
elemental fractionation have opposite effects. The 238U+/232Th+

signal intensity ratio of 1.75 instead of near 1 was caused by the
ICP because the aerosol from single spot analysis is depleted in
uranium, as indicated by the deposit analysis. By denition, the
LIFI is independent of ICPMS parameters. However, the distinct
variation in their values may be linked to the optimization of
ICP and related processes therein. Therefore, further investi-
gations are needed to better understand ICP-induced effects on
laser aerosols.

Conclusion

Elemental fractionation in LA-ICPMS, as reported previously,16

is considered a result of two distinct processes: one occurring at
the ablation site (laser-induced) and the other within the ICPMS
(ICP-induced). Analyses of single spots and the deposits
remaining near the crater were carried out using the same
ICPMS operating conditions. This approach enabled to estab-
lish a mass balance for the aerosol transported during crater
formation and the material deposited on the sample surface,
based on which the absolute transport efficiencies could be
calculated. They were the lowest for volatile elements but higher
than 85% for all evaluated elements.

A mathematical approach to assess inter-elemental variations
caused by the laser ablation process is proposed using a mass
balance approach for samples with known concentrations. This
method can describe the laser-induced fractionation and is inde-
pendent of isotope-specic sensitivities of the ICPMS instrument
used. The LIFI of the deposits obtained using this method, in fact,
closely resemble the element-specic pattern reported by Fryer
based on arbitrarily selected periods of the transient signal alone.4

However, the numeric values obtained by Fryer and the LIFI
determined in our study cannot be compared because of the
different experimental approaches and instrumentation.

Higher energy densities led to increasedmaterial deposition,
whose chemical composition was closer to that of the bulk
sample, which indicates that the extent of deposition is not
directly related to the magnitude of laser-induced fractionation.

Our ndings conrm that the aerosol is not only affected by
laser-induced fractionation but also fractionates within the ICP.
While the effects related to the ablation process highlight the
intrinsic nature of the fractionation process linked to laser-
matter interaction, ICP-induced fractionation can be mini-
mized by adjusting the ICPMS operating conditions for
This journal is © The Royal Society of Chemistry 2025
a 238U+/232Th+ sensitivity ratio of one. The lack of such an
optimization target can lead to signicant fractionation in the
ICP. However, the effects of ICP-induced fractionation are
currently not well comprehended and detailed studies must be
carried out.
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