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Although in situ analysis by LA-ICP-MS is considered a rapid technique with minimal sample preparation and data
reduction, mapping areas of millimetres in size using a small beam (< 15 pm) can be fime consuming (several hours) when
a quadrupole ICP-MS is used. In addition, fully quantitative imaging using intermal standardisation by LA-ICP-MS is
challenging in samples with more than one mineral phase present due to varying ablation rates. A new protocol for the
quantification of multiple coexisting phases, mapped at a rate of about 12 mm? h™' and a resolution of 12 pm x 12 pm
per pixel, is presented. The protocol allows mapping of most atomic masses, ranging from 23Na to 238U, using a time-of-
flight mass spectrometer (ICP-ToF-MS, TOFWERK) connected to a 193 nm excimer laser. A fast-funnel device was successfully
used to increase the aerosol transport speed, reducing the time usually required for mapping by a factor of about ten
compared with a quadrupole ICP-MS. The lower limits of detection for mid and heavy masses are in the range 0.1-10 pg
g™, allowing determination of trace to ultra-trace elements. The presented protocol is intended to be a routine analytical tool

that can provide greater access to the spatial distribution of major and trace elements in geological materials.
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Chemical imaging/mapping at the micro- and nano-
scale is growing in popularity and has applications in many
fields, such as palaeontology (Pan et al 2019), Earth and
planetary sciences (Ubide et al 2015), biology (Theiner
et al 2021), environmental science (Moradi et al. 2010),
archaeology (Selih and van Elteren 201 1), and more. Micro-
scale chemical composition and variation of major and trace
elements in geological materials can record processes
involved in mineral formation, deformation, resorption,
mobility and alteration (Sylvester and Jackson 2016,
2017, Neff et ol 2020, Chew
et al 2021). The abundance of trace elements, and in

Raimondo et al

particular their spatial distribution in minerals, is widely used
to trace the source and evolution of ore—forming systems in
order to refine petrogenetic models and to develop indicator
minerals as tools for exploration of ore deposits (Smythe
et al 2008, Dupuis and Beaudoin 2011, Dare et al 2014,
Mao et al 2015, Duparc et al 2016, Aulbach et al 2021).

doi: 10.1111/ggr.12482

In the field of geology, electron probe microanalysis
(EPMA) and micro-XRF are non-desfructive methods exten-
sively used for high resolution (1-3 um beam) mapping of
geological samples but both have higher limits of detection
compared with LAICP-MS (Nadoll and Koenig 2011) and
are thus limited to major and minor elemental mapping. LA-
ICP-MS is the method of choice to reach sub pg g mass
fractions of a wide number of elements, and spot or line scan
analyses are commonly used for this purpose. Spot or line
scan analyses requires only seconds to minutes to acquire
data, thus many grains can be sampled in a single
specimen. However, this produces individual, spatially
isolated data or one-dimensional transects, covering a
limited portion of the studied minerals. To better reveal
spoﬁ0| dis’rribuﬁon, such as zoning in minerct|s, exsolution
and the distribution of elements among different minerals,
2D chemical mapping by LAICP-MS is typically carried out

by analysing a series of subsequent line scans (Zhou
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et al 2017, Duran et al. 2020) or a grid of spots (Kelly
et al 2017, Neff et al 2020). However, with current
instrumentation (discussed below), mapping using LAICP-
MS is time-consuming and is often restricted to small areas
(< 1 mm?) of the studied polished section.

The duty cycle of QICP-MS limits the data acquisition
rate to about 1 1o 6 cycles per second (1-6 pixels s™') under
common analytical conditions for mapping, thus limiting the
pixel production to this rate. Using a 10-pm beam, an area
of 1 mm? area (10,000 pixels) can take from 30 min up to
4 h (Lear et al. 2012, Lawley et al. 2020). Moreover, some
ablation cells have long wash-out times, which may result in
pixels representing mixed ablation sites. To avoid this
phenomenon, a reduced production rate is necessary
(Douglas et al 2015). Despite the low pixel production
rate, chemical mapping is popular and of growing demand
in geoscience as it can reveal incomparable information
(Gundlach-Graham and  Ginther 2016, Sylvester and
Jackson 2016).

Achieving fast quantitative chemical images at the micro-
scale for the routine determination of both major and trace
elements for a wide range of mineral matrices (silicates,
sulfides, oxides, phosphqtes) requires new LAICP-MS
instrumentation and protocols that fulfil essential require-
ments. These include: (1 ) a beam size smaller than the target
resolution, (2) a high repetition pulsing rate of the laser (3) a
rapid transfer of the aerosol to the ICP-MS to minimise pulse-
to-pulse mixing by using a two-volume or a low dispersion
ablation cell (Muller ef al. 2009, Fricker et al. 2011) or high
efficiency aerosol dispersion cells (Pisonero et al. 2006,
Wang et al 2013, Gundlach-Graham and Ginther 2016,
Van Malderen et al 2016), and (4) a rapid analysis of the
generated aerosol. The nature of ICP-ToF-MS allows for fast
acquisition (33,000 Hz) (Hendriks et al 2017) allowing for
the possibility of producing larger maps compared with
those generated with a quadrupole ICP-MS (Bussweiler
et al 2017, 2020, Neff et al 2020, Chew et al 2021,
Savard et al 2021, Van Acker et al 2021). The (quasi-)
simultaneous extraction of multiple ion packages in the ICP-
ToF-MS instrument allows nearly the full suite of the periodic
table to be determined without pre-selecting isotope
packages. Extracted ions are accelerated with the same
kinetic energy in a flight tube and the travel fime of the ions
vary as a function of their mass to charge ratio (m/g), with
lighter elements hitting the defector first (Myers et al. 1994,
Borovinskaya 2014). The microchannel plate detector allows
about 40,000 fimes frame detection of each extraction
(33,000 Hz) in the ICP-ToF-MS (TOFWERK, TOF-R). Based on
its speed only, ICP-ToF-MS has the capacity to produce up to
five orders of magnitude more pixels per second compared

with ICP-Q-MS. However, because each extraction involves
very few atoms, a number of ToF extractions must be
summed into each mass spectrum to reach a measurable
working signal, which also improves baseline characterisa-
tion and subtraction (Hendriks et al 2017). Cumulative
extraction also reduces the amount of data to handle. From
our experience, a minimum usable bundle of data can be
produced in 2 ms (500 Hz) by the summation of sixty-six

extractions.

Because large maps are likely to cover multiple phases,
a protocol to achieve fully quantitative determination of
major and frace elements of multi-phase samples is
necessary. Paul et al (2014) proposed an approach based
on mineral identification using different strategies, after
which, an internal standardisation (IS) method is applied
(Longerich et al 1996). A selected element at a fixed mass
fraction, determined by microprobe analysis or by assuming
stoichiometry values, is fixed for each identified phase. Then,
a calibration material is assigned for each phase, again
relying on user selection. However, there are several
limitations using the internal standardisation method for
mapping: a risk of false mineral identification or mineral
zonation affecting the interal reference value. Lastly, the
mass fraction of the element can be significantly different
from stoichiometry since solid solution is common in nature
and widespread in composition. Deriving chemistry from the
theoretical stoichiometry for these cases may thus lead to
false results, loss of information and could render false
zonation from homogenously distributed elements. The
alternative, acquiring microprobe analyses for multiple
phoses, is fime consuming and expensive. For those reasons,
mineral identification from LAICP-MS maps can be a useful
informative tool but undoubtedly presents risks when used to
achieve quantitative mass fractions. An alternative method,
which we use in this study, is based on the normalisation of
the sum of elements in their oxide form (Liu et ol 2008, Selih
and van Elteren 2011), except for minerals with no oxygen
such as sulfide, to minimise mistakes in mineral identification
and to avoid determining a fixed value for an internal
standard for each mineral.

Taking into consideration the requirements above, we
have developed a new analytical protocol for fast chemical
mapping of all atomic masses, ranging between 2*Na to
238, using a time-offlight mass spectrometer (ICP-ToF-MS,
TOFWERK) attached to an 193 nm Excimer laser, equipped
with a fost response funnel, that allows quantitative
measurement of multiple mineral phases over large areas.
The high-resolution maps (12 pm per pixel) are produced at
rate of 5 min mm™2. Since mapping by LAICP-ToF-MS is quite

recent and under o|eve|opmenf (Burger et al 2017,
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Bussweiler et al 2017, Ubide et al 2019, Neff et al 2020,
Rubatto et al 2020, Sugiono et al 2022), we detail the
optimal analytical parameters required for high-resolution
mapping of |c1rge areas of thin sections as well as
demonstrate that its performance (limits of detection, quality
control) is suitable for laser ablation work for various

geological applications.

Materials and methods

Instruments and settings

Analytical parameters are summarised in Table 1 and
are as follows. A RESOlution 193 nm ArF-Excimer laser
ablation system (Applied Spectra, California), used in this
study, was attached to an ICP-ToF-MS (Model TOFR,
TOFWERK, Thun, Switzerland) built on a ThermoElemental
iCap ICP-Q-MS and recently installed at LabMaTer (Uni-
versité du Québec & Chicoutimi, UQAC). The laser system wass
equipped with a large S-155 Laurin Technic double-volume
ablation cell and controlled by GeoStar software (Norris
Scientific). A rotating slit device was used to shape the laser
beam info a rectangular of 12 x 6 pm (length x width) to
produce high-resolution chemical maps in this study (see
Figure S1 in supplementary material for more details about
ablation mode and beam shape). Data were acquired in
line-scan mode (overlapping mode) with a fluence of 6 J cm™,
a pulsing rate of 120 Hz, and a beam displacement speed
set o 360 um s, In addition, a small-volume fast-response
funnel (FRF) device (Norris Scientific and Laurin Technic) was
attached to the laser to ensure rapid transfer of the ablated
aerosol out of the ablation cell and through the transfer tubing
to the ICP-ToF-MS. The mapping production rate was 30
pixels s, allowing an area of 10 mm? to be mapped in 45
min. The fast-response funnel works under positive pressure
(~ 25 kPa) and the S-155 ablation cell was flooded with
1000 ml min™! of helium mixed with 400 ml min™! of argon in
the FRF cup. An additional 300 ml min™" auxiliary argon flux
was injected info the gas mixture at the torch of the ICP-ToF-
MS. To avoid defector saturation and reduce background
noise (H,O%, 'O+, 80+, NI, '2C*), a low-mass cut-off
was applied using ThermoElemental QCell technology by
setting the collision/reaction cell (CRC) mass and bias
voltages to +230.5 V and +0.97 V respectively. Although,
Burger et al (2019), demonstrated that the injection of Hy
and He into the reaction/collision cell can noticeably reduce
‘Ot and B°ArAr* inferferences and improve selenium
detection, no reaction/collision gas nor any N was added
to the gas mixture in our experiment. After testing different
optional gas mixtures (No/Hy/He) in our system, it was
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Table 1.
List of analytical parameters used for the LA-ICP-ToF
mass spectrometry

Parameter Value
Beam size 6 um X 12 pm
Pulsing 120 Hz
Fluence 6Jem?
Displacement speed 360 pm s

He flow (cell) 1000 ml min™'
Argon (cell) 400 ml min”'
Argon (additional) 300 ml min™’'
CRC additional gas None

CRC mass voltage +230.5V
CRC bias voltage +0.97 V
Cumulative extractions (ToF) 1100
Scanning time 333 ms
Wash-out fime (FWO.01M) 44 ms
Wash-out time (FWO0.03M) 333 ms

Notch filter mass 40, 56, 63, 80
Pixel production rate 30 pixels s
Mapping size 2 mm x 5 mm
Mapped area 10 mm?

Total time 46 min

Total pixels 70140

107Ag, 27A|, 75AS, 197AU’ ]3730,
209Bi, 44CG, ]”Cd, IAOCe, 59Co’
53CI’, 133CS, 65CU, 163Dyl ]bbEr,
153EU, 56Fe, 7]GCI, ]57Gd, 73@6,
]78Hf, 202Hg, ]bsHO, 115|n, ]93|I’,
3‘?Kl 139LQ, ]75|.U, 24ng 55Mn,
95MO, 23N0, 93Nb, 146Nd’ 60Ni,
]8905, 3]P, 208Pb, ]OSPd, ]4]Pr’
]95PT, SSRb, ]BSRe, ]O3Rh, ]O]RU,
345, 12]Sb, 77Se, 285i, 147Sm, HBSn,
885[‘, 181T0, 159Tb’ 125Te’ 232Th,
47Ti, 205T|: 169Tm, 238U, 51\/, ]82W,
89Y, ]72Yb, 662[1, QOZr

Isotope selection

concluded that the benefits of reducing polyatomic interfer-
ences were less than the formation of polyatomic MH* and
oxides that formed when adding any gas. Four notch filters
are available on the instrument and are RF-only quadrupole
to which four auxiliary RF frequencies can be applied to
selectively attenuate ions of specific m/z in ICP-ToF-MS
(Hendriks et al. 2017). The RF filters were set to reduce signal
on masses “CAr, SAAr, *®Fe and ©*Cu and avoid defector
saturation while onc1|ysing Fe-sulfides, Fe-oxides, cho|copyrite,
and the reference material (RM) MASS-1 (Fe-Cu-Zn sulfide).

The instrument tuning was achieved with NIST SRM 610
glass and GSE-1G (USGS basaltic glass), and the formation
of interferences was verified on the mean ion detection of the
mapped sample (HN99-46) using the TofDAQ Viewer
software (TOFWERK). Oxide and hydroxide interferences
were  monitored  from  2*®ThO*/?*?Th*  and
249ThOH*/2%2Th* and were < 1%. Double-charged spe-
cies were monitored from '4'Pr?*/'41Prt and
181762%/181Ta* and were < 0.5%. Background on the
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gos blank was ~ T Mcps (~ 31 ions per extraction) on the
enfire mass spectrum, dominated by peck and tailing on
masses 18 (H,O), 28 (Sit), 36 (Art), 32 (O,1), 56 (ArOY)
and 54 (ArN). Using the 12 x 6 pm beam, total cps were
about 1.5 Mcps and 3.0 Mcps on NIST SRM 612 and NIST
SRM 610 respectively with a resolution from ~ 2500 (m/
Am) on 228U to ~ 2000 (m/Am) on **Na. Isotope precision
was assessed from '*3Eu/">'Eu on NIST SRM 610 over a
10-s infegrafion period and was 4.4% RSD. Sensitivity on
heovy and mid masses (238U and 165Ho) was similar, about
160 cps per pug g and 150 cps per ug g respectively,
and much lower for light masses being at 0.7 cps per pg g’]
(*8Si). A tofal of 107 isotopes from sixty-six elements were
treated. Multiple isotopes were acquired for many elements,
thus noticeably increasing the quality control of potential
interferences. In the interests of brevity, concentrations from a
single selected isotope per element (sixty-six in total, Table 1)
are presented here but complete data sets are available
upon request. To help evaluate the quality control of minerals
from the studied sample (HN99-46), SEM analyses were
conducted at I0S Services Géoscientifiques (Canada) using
a Zeiss Sigma 300 VP field emission scanning electron
microscope (FE-SEM) equipped with two Oxford Instruments
170 mm? Ultim-Max EDS-SDD. The acceleration voltage
was set to 20 kV and an aperture of 30 pm at high current
was used to obtain sufficient counts in the EDS detectors with
a dead time lower than 40%.

Pixel production rate

The effective wash-out fime using specific analytical
parameters and instrument set-up was evaluated to optimise
the pixel production rate. Both transport speed and efficiency
of the aerosol from the ablated site to the ICP-MS are
essential to achieve fast mapping ot the micrometre level
(Van Malderen et al. 2015, 2016). The wash-out time, which
is defined as the time required for the ablated aerosol to be
swept out of the ablation cell and through the transfer tubing
(Gundlach-Graham and  Gunther 2016), is commonly
expressed as the fime required to reach 1% of the
remaining sign0| (99% wash-out) and noted as full-width
at 1% maximum (FWO.01M), compored with its reference
maximum peak intensity after a single laser shot (see
Figure 1a). As a rule of thumb, the faster the wash-out, the
higher the pixel production rate can be achieved when
coupled to a fast measurement instrument such as ICP-ToF-
MS. A longer wash-out time than the pixel production rate
may result in undesirable toi|ing (memory) effects on the
images when running continuous line scan analyses to
produce maps. On the other hand, a lower pixel production
rate would not take full advantage of the high speed of
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Figure 1. (a) Wash-out of the fast response funnel
(Norris Scientific and Laurin Technic) as tested at
LabMaTer, mean of thirty individual laser pulses on
NIST SRM 610, for U, Th, Ho, Pb and Si, usinga 12 x 6
um beam, 6 J cm2. (b) 30 Hz laser pulsing on GSE-1G:
Mean 288, 165Ho, 2°8pPb, 232Th and 238U of response
wash-out using a 12 pm x 6 pm beam on GSE-1G.
Peak was resolved to FW0.03M level (+97% wash-
out). (c) Simulation of pulsing oscillation. The blue line
is the actual response of a single pulse (data from
Figure 2). The orange line is the simulation of the
actual wash-out efficiency of the fast-response funnel
at 120 Hz laser frequency at 2 ms reading interval, and
the grey line is the theoretical moving average from
four laser pulse (33.3 ms) integrations showing a
negligible variation of 1.0% RSD (2s).

ICP-ToF-MS. “Small volume dispersion cells” have been
recently improved to decrease the wash-out time to
milliseconds (Van Acker et al 2021, Van Malderen
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et al 2016), and are referred to as “fast-response-funnels”
(FRF). The per{ormance of the Norris Scientific/Laurin Technic
FRF used on our laser system was evaluated to optimise the
pulsing rate and the beam displacement. The wash-out
efficiency greatly depends on the design of the funnel
(Gundlach-Graham and Gunther 2016, Van Malderen
et al 2016). The effective wash-out time also varies
according to: (1) the total amount of aerosol generated by
the sing|e—pu|se laser, (2) the nature of the elements (vo|c1ﬁ|e
versus non-volatile), (3) the isofopic abundance, (4) the mass
fraction of the element and (5) the sensitivity of the instrument
at the measured mass. For instance, Burger et al (2017)
reported a FWO.01M achieved after 100 ms when using a
44 pm beam while it was reduced down to < 10 ms when
using a 5 pm beam. Comparing wash-out times without
using identical analytical parameters, materials and instru-
ment settings is thus meaningless and only serves as a crude
indicator of the cell potential.

Without the use of the fast-response funnel, the wash-out
time of the 5-155 cell (Laurin Technic) used in this work was
measured at about 420 ms to reach FWO.0TM, while it was
about ten times faster when using the fast-response funnel
(Norris Scientific and Laurin Technic). Using the analytical
conditions of the present work (Table 1), we find wash-out
times of about 38 ms at FWOOIM and 56 ms at
FWO.001M based on an average of the signal from 228U,
232Th, 2OSPb, 19544 and 28Si from ThirTy individual |ou|ses on
NIST SRM 610 (Figure 1a). As shown on Figure 1a, about 6
ms was necessary before the signal reaches the maximum
peok This 6 ms “ramp” should also be considered; thus, the
whole event is 44 ms and the ideal acquisition frequency
would be 1/0.044 s (= 23 pixels s'). Our results show that
a production rate of about 30 pixels per second would be
realistic considering that the ablation cell could be washed
out to FWO.03M at about that frequency. To verify the
efficiency of the fast response funnel, a sequence of 30 Hz
pulsing was carried out on GSE-1G. The wash-out between
each pulse was about 97% for GSE-1G (FWO.03M,
Figure 1b), confirming that a pixel production rate of 30
Hz would be suited to minimise the risk of producing artefact
tailing from the wash-out and optimising the production rate.

To produce pixels of square shape, both the stage
translation and data production rate must be synchronised
with the pixel target production rate, here established at 30
Hz. The data acquisiion was thus set to 30 Hz by the
infegration of 1100 extractions (33,000 Hz instrument
frequency extractions / 30 Hz target frequency pixel
production) for a total of 33.33 ms of cumulative integration
time for each point of data. The pixel width was defermined
by the beam vertical |ength, here 12 pm, thus the stage

displacement speed was fixed to 360 um s (30 Hz x 12
pm = 360 pm s™).

While a pulsing effect from the combined oscillating
aerosol flow and scan period of sequential quadrupole ICP-
MS measurement may lead to aliasing (pulsed / frequency)
error (Hattendorf et al 2019, Norris et al 2021), this
undesirable effect is partially resolved by the simultaneous
acquisition nature of ICP-ToF-MS. However, signal pulsing
could occur from the oscillating aerosol flow, thus a quasi-
stationary mass flow to the ICP-MS should minimise this effect
(Hattendort et al. 2019, Norris et al. 2021). The constancy of
the material flow was optimised by using a pulse frequency
of 120 Hz on the laser. At this rate, a pulse occurs each 8.3
ms leading to o wash-out of about 16% (FW0.84M)
between pulses. Consequently, aerosol clouds from the
pulses are mixed and no obvious pulsing effect was
observed. A simulation was carried out using a 120 Hz
pulse rate (Figure 1¢) of the laser based on the measured
wash-out of a frue single fest run on NIST SRM 610
(Figure 1a). It shows that an oscillation of the signal is present
when averaging the integrated signal summed over four
pulses of the laser; however, the theoretical relative deviation
on the mean is negligible at 1.0% (2s). The analysed
material generated from the equivalent of four laser pulses is
thus accumulated over the 33.3 ms integration period of the
ICP-ToF-MS, producing individual pixels with minimum
potential for the pulsing effect. The cumulative pulses also
improve the signal to noise ratio and reduce the
measurement uncertainty compared with pulse-to-pulse

mode (Neff et al 2020, van Elteren et al 2021).

Calibration material

Best practice in LAICP-MS recommends the use of
matrix-matched reference materials (RI\/\) for the primary
calibration (Longerich et al 1996, Sanborm and Tel-
mer 2003, Danyushevsky et al 2011, Sylvester and
Jackson 2016) or as secondary calibrants to account for
matrix effects (Gilbert et al 2013, Thompson et al 2021q,
b). A total of six reference materials were used for the new
multi-phase calibration method to allow quantification of a
wide range of minerals (silicates, oxides, sulfides, phosphates
and carbonates). The main block of calibration consisted of
three glasses (NIST SRM 610, GSE-1G, GSD-1G) and two
sulfides (MASS-1 and UQAC-FeS-1). UQAC-FeS-1 is a nano-
powdered pressed pellet developed at LabMaTer (Savard
etal 2018) of a natural Fe(Ni-Cu)-sulfide from ng|cmo| nickel
mine (Katinniq, Quebec) and doped with chalcophile
elements, inc|uo|ing PGE, fused in a carbon crucible and then
crushed o a nano-powder and pressed into pellets of 13 mm
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diameter using a technique described in Garbe-Schénberg
and Muller (2014). A natural apatite from Durango
(Lyons 1988, Chew et al. 2016) was also used for the specific
calibration of P because the glasses used for calibration only
contain a few pg g of P. As underlined by Cook et al (2016),
NIST SRM 610 is best suited for silicates, while GSE-1G and
GSD-1G were used with success as calibrants (primary/
secondary) and for quality control of Fe-oxides, (Savard
et al. 2012, Dare et al. 2014, Duran et al. 2020), chromite
(Arguin etal 2016), ilmenite (Thompson etal 2021b), olivine
(Batanova et al 2019), garmet (Guilmette et al. 2018) and
sulfides (Duran etal 2019, Lawley etal 2020).NISTSRM 610
can also be used for carbonates, such as otoliths (Lazartigues
et al. 2014, Jochum et al 2019, Thompson et al. 2021a).
Finally, MASS-1 and UQAC-FeS-1 are both suited for LAICP-
MS analysis of sulfide minerals (Wilson et al. 2002, Danyush-
evsky et al 2011, Duran et al 2019, Lawley et al 2020,
Andronikov et al. 2021). Calibration using a variety of matrix
RMs has the advantage of producing an extended coverage
of the elements because no single reference material can
cover dll (see online supporting information Table S1). For
example, S, Te, Se, Pt, Pd, Os, Ir, Au are noticeably present in
higher mass fractions and are better characterised by the
sulfide RM compared with the glass RM.

Quality control reference material (QCRM)

In addition to the six RMs used for calibration, sixteen
QCRMs were analysed to extend the evaluation of the
accuracy of the new calibration protocol for a wide variety of
matrices. These include three glasses (G-Probe-15, NIST SRM
612 and NIST SRM 614), a synthefic sulfide doped with PGE
and Au (PO-727, Memorial University), a series of natural
minerals (see Table S1 for details) and a series of nano-powder
pressed pellets prepared at LabMaTer using a Planetary Mill
and following the method of Garbe-Schénberg and
Mller (2014). These comprise powders of a high purity
concentrate of natural apatite (UQAC-APA-1) from Lac-&-Paul
Ti-P deposit (Arianne Phosphate, Quebed), an ilmenite-rich
sand (AMIS-0454), a natural otolith (in-house RM under
deve|opment) and three sulfides (PTC-1b and CCu-le from
CCRMP; UQAC-FeS-5, an in-house RM under development at
LabMaTer (Savard et al 2018)). A full description of reference
materials is provided in Table S1 and the measurement results
for the quality control RMs are given in Table S2.

Data reduction
Post-acquisition data processing of ToF data required

two steps. The raw data (h5 format) were first treated in
Tofware software (TOFWERK) to select isotopes, refine the

peak (shape, position, width) and proceed to baseline
subtraction (Hendriks et al 2017). The modified h5 files were
then loaded in IOLITE v4 software (Paton et al. 2011) where
a new data reduction scheme, the “3D Trace Elements” (3D-
TE-DRS) was, in par, developed in cooperation with the
IOLITE team during this study in order fo convert the raw data
to quantitative multi-mineral maps. The 3D-TE-DRS can
combine multiple RMs and produce blocks of calibration
over time. The normalisation to 100% weight method was
used, which has been proven to work well for RM synthetic
g|osses (qunon et al 2008, Liu et al 2008). For the
calibration, the median of common isotopes of each RM
were normalised to GSE-1G and the linear sensitivity were
all forced to the origin.

In the new 3D-TE-DRS, each individually acquired datum
(pixel) in the map can be attributed to a mineral phase
based on the signal detection in the instrument from user-
selected elements and using threshold or gap limits (< or >
larger or less than) from as many elements as necessary. For
example, sulfide and apatite can be easily identified using
the detection threshold signal (> x cps) of 3*S and 3'P
respectively, whereas differentiating silicate phases, such as
amphibole and pyroxene, will require different threshold or
gaps from the same elements. Minor elements can also be
of help to refine the identification. An appropriate element
oxide form is then applied based on the phase attribution.
When a sulfide is recognised, oxygen is excluded from the
normalisation. Also, as Fe occurs in various oxidation states,
such as Fe?* in ilmenite, Fe3* in haemdtite and a
combination of Fe** and Fe* in magnetite (equivalent of
~ Fe304), the appropriate oxide conversion is applied
according to mineral identification based on the chemical
criteria set by the users. Finally, an appropriate sum for the
normalisation is applied to each identified phase and can
differ from 100% to compensate for any major component
that cannot be detected by LAICP-MS, such as CO,, OH,
HoO and the halogens (F, Cl, Br, I). For most anhydrous or
volatile-free minerals, the normalisation will be forced to
100%, while calcite, which contains 44% COs,, normal-
isation was forced to 56%. Having the flexibility to adjust the
normalisation protocol for each identified pixel is only now
possible using the new IOLITE 3D-TE-DRS.

Analysed sample

To demonstrate the versatility of the new mapping
protocol, a sample (HN99-46, Figure 2) of magmatic Fe-Ti-P
mineralisation from the Critical Zone of Septlles layered
infrusion, Quebec, Canada (Nabil 2003, Tollari et al. 2008)
containing a diversity of mineral phases (oxides, phosphate,

6 © 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the
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Figure 2. Reflected light images of Fe-Ti-P mineralisation (sample HN99-46, 100 um thick section) from Sept-lles

layered intrusion, Quebec. (a) Mapped area (2 mm x 5 mm) showing a late-stage vein cross-cutting the igneous

assemblage of apatite, ilmenite and titanomagnetite. (b) Close-up image of the pyrite grain in late-stage serpentine

vein showing complex mineral relations (yellow dashed box from 5a). (¢, d) Complex network of micro-veins cross-

cutting resulting in alteration of magnetite (type-B). (e) SEM images of titanomagnetite: unaltered “Type-A” with

distinctive ilmenite exsolution lamellae and few inclusions, “Type-B” alteration of titanomagnetite hosting

inclusions of chlorite and serpentine of < 15 pm in size. Apatite (apa), calcite (cal), serpentine (srp), pyrite (py),

titanomagnetite (mgt), chlorite (chl).

sulfide, carbonate and silicates) was used to produce a
2 mm X 5 mm map. The mineralised sample is dominated
by igneous apatite, coarse-grained ilmenite, and fitanomag-
netite (type-A) containing very fine exsolution of ilmenite
(Figure 2e). In order to demonstrate the high-resolution of the
new mapping protocol, the 2 mm x 5 mm mapped area
was chosen to include fine-scaled features, such as a late-
stage vein of serpentine with calcite and pyrite (Figure 2a). A
close-up image of pyrite in the mapped area is provided in
Figure 2b. Thinner veinlets of serpentine and magnetite
(Figure 2c, d) also cross-cut titanomagnetite and apatite.
Titanomagnetite, near this late-stage vein, is partially altered
(ype-B) and contains small inclusions (< 15 pm) of
serpentine and chlorite as identified by SEM. The H,O
content (20%) of serpentine in the vein was calculated using

SEM andlysis (at IOS Services Geoscientifiques, Chicoutimi)

and the normalisation was therefore forced to 80%.

Results and discussion

Since this is one of the first applications of laser ablation
mapping of geological samples using ICP-ToF-MS, empha-
sis is placed on evaluating the method performance and
figures of merit regarding limits of detection and quality of
the data. In addition fo using "external” reference materials
to evaluate the quality of the data, fully quantitative data
extracted from the mapped area of the different phases is

directly compared with data obtained by tradiional means
from previous work (by LAICP-MS, EPMA) and this study
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(SEM anallysis). The partitioning behaviour of trace elements
for the minerals also supports the evaluation. The advan-
tages and limits of the method are highlighted by the
analytical capabilities in the geochemical context of the

project presented here.

Limits of detection

Both a lower limit of defection (LLoD) and an upper limit
of defection (ULoD) specific to the method must be
calculated because of the limited linearity of ICP-ToF-MS.
The peak tailing effect on adjacent masses, combined with
overlapping peak shapes and stray ions, produce a mass-
spectral baseline that requires post-acquisition peak fitting
and baseline subtraction (Figure 3). This ICP-ToF-MS
baseline is known to have negative effects on the sensitivity
and the stability of the signal for important elements in
geology, such as B, li and K (Hendrks et ol 2017,
Gundlach-Graham et al. 2018). In addition, opprooching
defector saturation affects the linearity of the instrument
(Hendriks et al 2017) and can occur in two different ways:
(1) the signal on a single mass exceeds 10 Mcps (> 300
ions detection per extraction) and (2) the signal of the entire
mass spectrum exceeds 30 Mcps (> 900 ions detection per
extraction). Reducing the sensitivity of the lightmass elements
(**Na to about 7As) significantly increases their lower limits
of defection (LLoD), but since many minerals of inferest are
composed of light mass atoms as major components (calcite,
magnetite, pyrite, apatite, etc), working with higher LLoD in
this mass range has only a moderate negative impact on the

results.

1006400

100691

mV

10062

100603 L
I

1oeae] bl

Baseline

aaaaaaa

R EE R

Atomic mass

Figure 3. Example of an ICP-ToF-MS$ baseline and

peak (from a cumulated spectrum).

The LLoD were calculated on the baseline instead of the
gas blank, since this represents more realistic values for ICP-
ToF-spectrometry, as  demonstrated by  Thompson
et al (2020). The ULoD were estimated from the sensitivity
(ions per extraction per pg g') of each element, assuming
saturation occurs on individual peaks at 300 ions detection
per extraction. For light masses ranging between #Na and
75As, detector saturation should not be possib|e under the
analytical conditions used here. However, for heavy masses,
noficedb|y 238U, 232Th, 205T|, 181Tc1, QogBi, 751y and 169Tm,
saturation could occur between 5-10% m/m. The broad
detector saturation, which can occur from the whole
spectrum at 30 Mcps, was not considered in the estimation
of the UloD. Both LloD and UloD, using analytical
parameters used for mapping (12 um x 6 pm beam), are
provided (Table S3) and are summarised in Figure 4. The
LoD for elements < 85 amu (**Na to #°Rb) generally
range from 15-350 ug g, with the highest LLoD at 2500
ng g (*S). LoD for elements > 85(Rb) masses generally
range between 0.15 to 5 pg g, with the lower values
ranging between 0.11 and 0.15 pg g™! for U, Th, Tl and Ta.
This significant difference in LLoD between the light masses
and mid-heavy masses is due, in par, to the reduced
sensitivity applied by the low-mass cut-off sefting on the
Qcell. The negative impact of the higher LLoD for light
masses is minimal for many minerals, whereas elements of
mid-heavy masses (REE and most transition metals) com-
monly occur as minor to ultra-trace mass fractions and thus
require much lower LLoD. Low levels of U and Th (< 0.12 pg
g"') can potentially be measured in a very small volume of
sample. We evaluated that each laser pulse was removing

Range limits of detection (12 x 6 pm beam)

1000000

100000 - \ 4 -
— 10000 /
‘: 1000} ULoD LLoD
‘%1’ 100} /
- 10
1
0.1

Andlytes

Figure 4. The range of limits of detection (Upper LoD
(ULoD) and Lower LoD (LLoD)) provides an estimation of
the workable mass fractions of the presented mapping
protocol using a 12 um x 6 pm beam (rectangle) as
calculated from the baseline of the ICP-ToF-MS. The
upper limit of detection (ULoD) being higher than
100% m/m for amu < 75, detector saturation should
not occur for those low atomic number ("light")

elements.
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about 0.1 pm of material, and the integration of four laser
pulses (12 x 6 pm beam) used to produce each pixel of
data would thus remove a volume of about 28.8 pm® of
material. Assuming a density of a mineral being about 3.5 g
cm’>, the integrated mass sample per pixel equivalent is 1
x 107" g (100 pg) and the total amount of U and Th
potentially defected in this sample is 1.2 x 1077 g (0012
fg), which is about two orders of mdgnitude lower that the
limits of detection reported elsewhere based on a test
portion of 4 Hg of material (Macholdt et al 2014).

The effective linear dynamic range for light masses for
the method are as low as three to four orders of magnitude,
whereas it is generally six orders of magnitude for the mid
and heavy masses. These observations are in good
agreement with previously reported performance of the
ICP-ToF-MS (Bleiner et al. 2000, Tanner and Ginther 2008,
Hendriks et al 2017). As a consequence, the defermination
of frace elements (< 10 pg g') in the light mass range
(< ®Rb, with the exception of Ga) is not possible with the
instrument settings used. Also, the defector saturation can be,
in some cases, a limiting factor in terms of flexibility in
mapping analysis of multiple mineral phases. Minerals with
maijor elements having multiple isofopes of high abundance,
such as Pb (208, 207 and 206), would make it impossible
to 'notch’ all three main isotopes and thus would make the
analysis of minerals, such as galena (PbS), impossible as
saturation is expected to occur at about 11% m/m,
comparable to an experiment conducted by Gundlach-
Graham et al (2018) using a 5 pm beam. The same issue is

expected fo occur for platinum-group minerals and alloys,

and REE-rich phases. On the other hand, the analysis of
minerals for which major elements are mono-isotopic or are
dominated by a single isotope, such as uraninite (UO,) with
238 (natural abundance of 99.3%), pyroch|ore [((Na,
Ca)oNbyO4(OH,F] with mono-isotopic 7>Nb and arseno-
pyrite (FeAsS), might be possible if the notch on %3¢y is
switched to 238U, 7*Nb or 7>As respectively. This implies that
these minerals could be analysed only under specific notch

filter tuning.

LLoD comparison with LA-ICP-Q-MS

Compared with single-quadrupole ICP-MS, time-of-flight
spectrometers have lower sensitivity in solution mode
(Hendriks et al 2017). To compare the LLoD with ICP-Q-
MS (see results in Figure 5), the laser was attached to an
Agilent 7900 ICP-Q-MS using the same laser settings.
However, the fast-funnel was not used since the wash-out
time is too fast for the acquisition time of the ICP-Q-MS. A
total of fifty-five isotopes were pre-selected and a dwell time
of 5 ms was set to each mass for a fotal sweep time of
0.377s per cycle. “*Ca was used as the internal standard
element and the LLoD as obtained from the USGS basaltic
glass GSE-1G was used for the comparison, thus data are
missing for *4S, 7”Se and the PGE. Except for 28Si, which has
comparable LLoD in both instruments, the LA-ICP-ToF-MS
LLoD are typically higher for the light masses by a factor of
about 10 to 1000 (Figure 5), in agreement with Hendriks
et al (2017). For elements with heavier masses (between
19%Ag and '7°PY) the LoD are only 10x higher by ToF

10000

= LoD(Q-MS)

LoD (ToF- glasses only)
— 1000

& LLoD ToF-MS / LLoD Q-MS

100

)
LLoD (ToF/Q-MS)

ot bttt -0
0'01«5 N © O e} o ®© o0 ®© O Qa 0.01
) — C = T C T T =) )
2835238888285 20E8C82¢E8
QRINPITBOTIRTESTaoIBEErods ol

~ AR o o\

Figure 5. LLoD comparison between LA-ICP-ToF-MS with a fast funnel (light grey bars) and LA-ICP-Q-MS without the
fast funnel (dark grey bars) from GSE-1G (USGS). The axis on the left shows the LLoD pg g' ranges and the axis on

the right compares the LLoD from ICP-ToF-MS and ICP-Q-MS as proportions (black squares).
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compared with quadrupole and for masses 2°°Tl to 238U

the LLoD are 5% higher by ToF-MS. The detailed data are
provided in Table S3.

It should be noted however that acquiring data in such
conditions by ICP-Q-MS would not be possible for mapping.
The sweep time of ICP-Q-MS, being 0.377 s, would limit the
pixel production rate to less than 3 pixels s'. With a
displacement speed of 360 um s™!, each pixel would have
been about 120 pm wide. To produce a 12-pm wide pixel,
the beam displacement speed should be set to 36 pm s™
instead of 360 um s™'. In doing so, the cumulated pulses
would have been forty instead of four to produce one pixel.
Assuming that the ablation rate is about 0.1 to 0.3 pm per
pulse, cumulating forty pulses would have produced a laser
trench of about 4 to 12 um depth. At such a depth, the
angle of ablation would be very steep and the material
ejection from the plume at the impact site would be oblique
(Conde et al. 2004). Therefore, a true effective comparison
between ICP-Q-MS and ICP-ToF-MS is not possible as the
trade-off of the apparent lower sensitivity of the ICP-ToF-MS is
counterbalanced by the effective, fast data acquisition.

Quality control

Reference materials: Comparisons of results for refer-
ence materials with working values are shown in Figures 6, 7
and 8, and the stafistics are provided in Table 2. Mass
fractions below LoD were removed and the data set
comprised 605 measurement results, averaged from two
measurements from a total of twenty-two reference materials.
Defailed results are provided in Table S2. Analytical
conditions were the same for the RMs as for the mapping
experiment (Table 1). It should be noted that some onc1|yses
were as short as 0.5 to 2.5 s because the speed of beam
displacement (360 pm s") covered rapidly the small grains
(< 1 mm) of natural minerals, such as the Madagascar
apatite, Laflamme PO-727 sulfide, chromite CHR-M1a, R-10
rutile, and the I\/\ongohon Olivine (sh11-2). Furthermore, the
natural minerals may have heferogeneities, thus resulting in
large uncertainties in the working values (Eggins and
Shelley 2002, Danyushevsky et al 2011, Gilbert
et al 2013, Batanova et al 2019, Thompson
et al 2021a) and/or there could be low confidence in the
working values resulting from challenging elements and
matrices. Therefore, we propose a simplified approach in
order to track systematic problems that could increase the

risk of false measurement on the unknown samples.

In Figure 6, the results from the analysed RMs are
compared with theirworking values according to the following
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7 10 e
2 10t "' g
= e
9
T 10r L) +25% ARD
2 0 Ir (GSE-1G) g r# -25% ARD
L ’ /
=2 Pt (GSE-1G) g ( - *55(&//0 :;g
] I (GSD-1G) g ] -50%
R ' e Glass RMs
) Sn (GP-15 Syenite glass) = = = w
100} '
T
R
107 . L n L s N N
101 100 10! 102 103 104 105 106

Measured mass fraction (ug g')

108} (b) Natural RMs

= 10°f ) o@ ®
g? 10th +25% ARD . G'?O
= -25% ARD 8
S 2z Ao Ca (MongOI)
T 10°| r( log D0 Th (Madagascar Apatite)
> é}K (Ilmenite AMIS-454)
2 402 [Natural RMs ‘2%‘ 'Si (Magnetite BC-28)
< © 000 o la (Olivine MongOL Sh11-2)
5 6y, Q8 (APA-Mad)
2 10'f s
% | Sh (R10) © Sn (Magnetite BC-28)
100 270 <Fl’b (Durango Apatite)
1 071 _ L L L L L L L
10" 100 10 102 108 104 10° 108

Measured mass fraction (ug g')
10} (c) Sulfide RMs

= 105 AZ&
o +25% ARD Pt

2 40¢l [25%ARD e i

3 +50% ARD R

2 q0e| |50%ARD Lﬁ%ﬂ'

> Sulfide RMs >

.g') 1027 A & & & & o, >

=<

; 10"} Pt(PTC-10) AHg (Sulfide CCu-1e)

P
Au (PYC.“’é Sadl
U (CCu-te)
0 [ -
10 bz J"ARh (Sulfide PTC-1b)
107 L 71 (Sulfide UQAC-FeS-1)

10" 10° 107 102 10° 104 10° 108
Measured mass fraction (ug g')

Figure 6. Quality control for all reference materials
using the new mapping protocol (12 um x 6 pm beam,
360 um s7'). Comparison of the working values and
measured values for (a) glass RMs, (b) natural RMs and
(c) sulfide RMs. Some element outliers are identified on
the graphs, more details are provided in the discussion
section and the complete data set is provided in
Table S2.

three categories: glass RMs, natural RMs and sulfide RMs. For
each datum (i), an absolute relative difference (ARD%) was
calculated by comparing measured values (m;) with their
working value (WV) from the following equation:

WV,

m;

ARD:' —1‘x1oo (1)

For clarity and simplification, each datum is subdivided
into three classes based on their ARD(%): data with less than
25% ARD are considered as acceptable. This threshold is
based on the relative uncertainties (U) of both the reference
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Figure 7. Quality assessment of reference materials (RM) for the three types (glass, natural and sulfide) as a function
of atomic mass. The dotted lines are 25% and 50% ARD.
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Figure 8. Comparison of the measured absolute relative difference (ARD%) with working values in the reference
materials (RMs). The dotted lines are 25% and 50% ARD.

material and the analytical uncertainties which were trivially between 25% and 50% of ARD to the working values. The
estimated at 15% and 20% (RSD%) respectively for all RMs, data mostly plot close to the accepted values (Figure 6),
and cumulated by the equation Ugudge,2 = (Ugn? + however, users should be aware that the occurrence of low-
UMeqsuremen,2). A second level was set for data ranging quality results is possible. Finally, data with > 50% ARD of
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Table 2.

Compilation of the quality control reference mate-
rials (RMs), comparing the absolute relative differ-
ence (ARD%) from the working values (WV) of a
total of 605 results from twenty-two reference
materials analysed using the new mapping
protocol

Glass RMs| Natural | Sulfide Total
RMs RMs
TOTAL data 294 152 159 605
< 25% ARD 268 87 107 462
with WV
Proportion 91% 57% 67% 76%
25% to 50% 21 27 34 82
ARD with
WV
Proportion 7% 18% 21% 14%
> 50% ARD 5 37 18 60
with WV
Proportion 2% 24% 11% 10%

See Table S1 for the list of reference materials.

the working values are flagged as “potentially problematic”
and were investigated to find if any bias or systematic
problems occurred during data acquisition.

From the overall data set (n = 605), 76% are within
< 25% ARD, 14% are between 25% to 50% ARD and only
10% are > 50% ARD (Table 2), which is encouraging and
suggests that the new mapping protocol produce near-
quantitative measurements that are fit for purpose for most
geological contexts. From the overall data quality assessment
displayed in Figures 6, 7 and 8, no systematic problems were
found regarding matrices, atomic mass or mass fraction level.
The atomic masses with the most problems (> 50% ARD) are
typically between 185 (Re) and 208 (Pb) which include PGE,
Au, W, while masses ranging close to REE are for most < 50%
ARD. Both major and minor elements (> 1000 pg g™') for the
most part had < 25% ARD (Figure 8).

The complex interactions in LAICP-MS (volatility, con-
densoﬁon, transport, ionisation, efc.) in addition to the level of
characterisation and inhomogeneous distribution of the
elements in the RM may provide some explanation. Our
data suggest that fractionation could differ in the mafic
versus felsic nature of the glasses from this experiment, and
thus more invesfigation would be needed to better
understand the complexity of multiple matrix-induced
fractionation. Extensive tesfing of the new fast-funnel would
also be required to evaluate its impact independently on the
presented results. A recent study demonstrated that the fine
tuning of laser focus on the surface could be another factor

contributing to fractionation (Huang et al 2021), and using

a small beam, such as in the present work, is likely to be
affected by this parameter and could contribute to the
quality of some data. Improving the quality of the data
would be profitable, but while homogeneous and well-
characterised RMs are mostly limited to glasses, it will remain
challenging to achieve. Users should be warned that despite
the overall good quality, the data should still be interprefed
with caution. This highlights a problem commonly raised
about the lack of good quality matrix-matched reference
materials for the calibration and quality control of LAJICP-MS
onc1|ysis, which is noticeable for sulfide minerals (GUnTher
and Hattendorf 2005, Fernéndez et al. 2007, Danyushevsky
et al 2011, Yuan et al 2012, Feng et al 2018, Sio
et al 2019, Phyo et al 2020, Steenstra et al 2020).
Discussing each occurrence of potential problematic mea-
surement is beyond the scope of this work and more
detailed assessment of the quality control of the results for the
glass, natural and sulfide reference materials is provided in
online supporting information Appendix S1.

New mapping protocol: An example

Figure 9 presents mineral identification based on
chemical criteria using the new 3D-TE-DRS (IOLITE) of the
mapped area of the sample HN99-46 (Figure 2a). The
image is composed of 70,140 pixels of 12 pm and the
modal abundance of mineral phases was calculated from
the pixels identified by the 3D-TE-DRS (IOLITE) and reported
in Table 3. Some features of the sample are not readily
visible on the reflected light photomicrograph (Figure 2),
such as calcite in the serpentine vein, the fine ilmenite
exsolution lamellae in titanomagnetite and the difficult
distinction between fitatnomagnetite and ilmenite. However,
the phase identification (Figure 9) highlights their presence
and thus can help to support petrographic observation.

Figure 10 presents RGB images produced in IOLITE v4
software of the distribution of major elements, highlighting
fine-scale details of a serpentine veinlet (20-50 pm wide)
using Si-Al (Figure 10a) and Mg (Figure 10b), as well as
some ilmenite exsolution lamellae (5-10 pm wide) in
titanomagnetite using Ti (Figure 10b). The ilmenite exsolution
lamellae cannot be considered as 100% resolved because
the beam used was 12 pm. They were however detected,
which is another good example of the fine spatial resolution
of the method using the fast-response-funnel (Norris Scientific
and Laurin Technic). Figures 10a, b highlight a chemical
change of Mg and Si in the micro-veinlets of serpentine
when hosted by different minerals. Iron oxide is present in the
serpentine vein where fitanomagnetite is the host mineral,
whereas serpentine mostly fills the vein when apatite is the

12 © 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the
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Pyrite
~ Calcite
Serpentine
Apatite
limenite

Magnetite

Figure 9. Mineral identification based on chemical criteria, using the new data reduction scheme (IOLITE, 3D-TE-

DRS). The map size is 2 mm x 5 mm, pixel resolution is 12 pum, total acquisition time was 46 min.

host mineral. The chemical changes recorded by the new
mapping protocol agree with the pefrographic observations
(Figure 2) and is another demonstration of the reso|ving
power of the new protocol. Figure 10c highlights the relation
between S, Mn and Ca. Calcium is present in both apatite
and calcite, while Mn is enriched in calcite and present as
well in ilmenite and magnetite respectively.

Quality control of major elements in the sample: The
IOLITE “Inspector” (Petrus et al. 2017, Chew et al. 2021) is an
elegant tool for the integration of a selected area and was
used on the mineral phases to extract major and trace
element mass fractions. A comparison of the extracted
mineral data from the map with values from EPMA
measurement (Nabil 2003, Tollari et al. 2008, Méric 2011),
SEM analysis (I0S Service Géoscientifiques) and stoichiom-
etry is provided in Table 4. There is consensus for all analytical
techniques and sfoichiometry for the major element mass
fractions in apatite, calcite, iimenite, and pyrite. The presence
of minor components of MgO, FeO and MnQO in calcite and
MgO in ilmenite is also supported by EPMA/SEM. The Fe
form used in magnefite was Fe3O4 from the empirical
formula Fe3+2Fe2+O4 corresponding to the theoretical
presence of FeO (31% m/m) and FeyOs (69% m/m)
(webmineral.com). The analysis of magnetite and serpentine

Table 3.

Modal proportion of mineral abundance in sample
HN99-46 based on mineral pixel identification
using 3D-TE-DRS (IOLITE)

Figure 10. RGB maps of major elements of sample
HN99-46. The map is 2 x 5 mm, scale baris 1 mm. (a)
Si (red), Ti (green) and Al (blue); (b) Fe (red), Mg (green)
and P (blue); (c) S (red), Mn (green) and Ca (blue).

are good examp|es to demonstrate that fixing the mass
fraction of an intferal standard based on stoichiometry could
lead to bias of all measured elements. The measured Fe3O4
(87%) in the magnetite from sample HN99-46 is lower than

Phase n pixels Modal abundance the stoichiometry (100% Fe30,) because TiO, (8-12%),
Pyrite 2,807 4% MgO (0.9-1.2%) and Al,O3 (1.8-2.8%) are also present in
Apatite 14,117 20% the natural oxide, as determined in this work and confirmed
lImenite 10,744 15% .
Senpontine 26458 389 by EPMA and SEM (Table 4). The chemistry of what we
Magnefite 14226 20% identify as serpentine, does not match any mineral stoichi-
Calcite 1,494 2% ometry, being somewhere between antigorite (Mg,Fe®*)3S-
;Jr;idle"ﬁﬁed . ?zg 108.3% i205(OH),)  and  corrensite  ((Ca,Na,K)Mg,FeAlg(Si,
ofa A .0%

Al)gOo0(OH); gen(H20)) (Webmineral.com). The measured
© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the 13
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Table 4.

Comparison of fully quantitative results for major and minor elements extracted from the HN99-46 map
using the IOLITE inspector tool, with results determined by SEM (this study), EPMA (literature) for the same

sample and stoichiometry.

Mineral Source n F cl CO, MgO | Al,O; SiO, P,05
Apatite LA-ICP-ToF-MS 8 nd nd 0.20 4173
1s 0.03 0.34
SEM (I0S) 2 3.47 0.08 021 40.62
Nabil (2003) 3 373 0.09 42.63
Tollari et al. (2008) 10 3.80 0.09 0.12 43.30
Stoichiometry - 377 4222
Callcite LA-ICP-ToF-MS 4 nd 0.63
1s 0.37
SEM (I0S) 6 46.66 0.42
Stoichiometry 4397
Serpentine LA-ICP-ToF-MS 5 23.39 1.43 28.96
1s 0.14 0.05 017
SEM (I0S) 2 22.17 1.30 3426
Stoichiometry - 30.15 39.95
(Antigorite)
Stoichiometry - 16.42 1246 29.38
(Corrensite)
lImenite LA-ICP-ToF-MS 4 3.58 0.04 0.02
1s 0.28 001 0.02
SEM (I0S) 8 446 037 0.10
Nabil (2003) 3 234 0.07
Méric (2011) 4 3.53 0.02 0.02
Stoichiometry -
Magnetite (Type A) | LAIICP-ToF-MS 3 1.18 1.87 0.35
1s 0.14 018 028
SEM (I0S) 6 113 1.83 0.04
Nabil (2003) 3 0.90 275
Méric (2011) 3 1.15 2.58 0.04
Stoichiometry -
Mag-A w/ Exsol. LA-ICP-ToF-MS 4 1.48 1.87 0.11
1s 0.26 016 0.04
Magnetite (Type B) LA-ICP-ToF-MS 4 370 395 436
1s 0.89 1.20 1.23
SEM (IOS) 1 3.99 430 249
1s nd nd nd
Pyrite LA-ICP-ToF-MS 6
1s
Stoichiometry -
Biotite LA-ICP-ToF-MS 1 nd 17.94 11.99 w
Stoichiometry - 1.10 2324 11.76 41.58

maijor elements match closely to the SEM data, except that
SiO5 is lower by 20% relative and balanced by 18% relative
higher FeO. A matrix effect could exp|oin this difference, such
as the presence of water (assumed at 20% by EPMA) that
could affect the ablation and ionisation processes relative to
the free-HoO reference material. Using a matrix-matched
serpentine as secondary calibrant would be advised in the
future. The good overall agreement for the maijor elements
supports the data accuracy of the new mapping protocol (ie,

it is nearly fully quantitative).

Quantification of trace elements: Trace elements
cannot be measured by EPMA or SEM or compared

with stoichiometry, thus, a series of selected trace element
maps are provided and discussed in more details in
online supporting information for each main mineral
phase (see Figures S5 to S9). In summary, trace element
data that were extracted from the map using the inspector
tool compared well to LAICP-Q-MS values from previous
work on this thin section (Tollari et al. 2008, Méric 2011,
Kieffer et al. 2022). The distribution of the measured trace
elements are also supported by their partitioning behav-
iour for the minerals as reported in the literature
(Bédard 2001, Dare et al 2012, 2014, Milani
et al. 2017, Arguin et al. 2018, Duran et al. 2020). The

minimum mass fraction on the scale for each elemental

14 © 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the
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K,O CaO TiO, V5,03 MnO FeO Fe30, Fe S H,O Total
52.89 0.26 95.1
0.34 0.02
55.42 0.32 96.6
55.16 0.15 97.9
5328 0.15 96.9
55.60 97.8
52.85 1.40 0.39 553
047 0.34 0.12
50.90 125 0.83 534
56.03 56.0
006 022 0132 2506 nd 793
001 0.03 0.002 0.32
0125 21.99 nd 798
17.92 11.98 100.0
0.77 274 17.56 20.55 99.9
52.18 0.024 0.75 4298 99.6
1.48 0.002 001 1.90
52.11 0.48 0.79 42.30 100.6
50.90 0.77 4493 99.0
52.18 0.13 0.72 41.66 98.3
52.65 47.35 100.0
9.59 0.34 0.52 85.69 99.5
044 0.02 0.16 049
9.35 0.53 041 86.70 100.0
11.66 0.63 0.40 82.64 99.0
9.05 0.59 0.31 84.53 98.2
100.00 100.0
12.00 0.35 0.40 84.44 100.6
3.08 0.05 0.05 269
0.07 8.25 0.29 0.56 76.64 97.8
0.04 073 0.04 0.06 2.54
0.09 9.52 049 043 78.69 100.0
nd nd nd nd nd
49.07 50.48 99.6
0.58 015
46.55 5345 100.0
9.63 8.39 nd 758
10.86 8.29 3.64 99.4

map was fixed to their respective LLoD, thus removing any
pixel < LLoD.

Ablation yield and total effective yield (TEY): As
previously mentioned, internal standardisation or normal-
isation is necessary to correct for differences in ablation
yield to achieve fully-quantitative measurement (Jackson
et al. 1992, Jochum and Stoll 2008, Liu et al. 2008). The
overall signal response in certain phases such as iron oxide
is lower compared with more easily ablated phases, such
as sulfide and hydrated silicate (see Table 5 and
below). qualitative

discussions Semi-quantitative  or

approaches in LAICP-MS mapping are often based on
the raw signal and reported in terms of raw counts per
second (McCarron et al 2014, Ubide et al. 2015, Cook
et al 2016, Zhu et al 2016, Gourcerol et al 2018).
Although it can be very useful, this approach can still
represent a risk that can potentially lead to erroneous
results and interpretation, not only for the mass fraction
(semi-quonﬁtoﬁve) of the elements in each phose, but also
in the perception of their spatial distribution. It is thus
essential to underline the importance of tracking and apply
corrections regarding the ablation yield when no fixed
internal standard element can be used. This work supports

© 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the 15
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Table 5.

Total effective yield table (TEY) of different natural
minerals relative to Magnetite Type-A (from sample
HN99-46)

Mineral (sample HN99-46) Relative yield
Magnetite Type-A 1.00
Apatite 1.05
Magnetite Type-B 1.11
Magnefite Type-A w/Exsol 1.12
lImenite 118
Biotite 1.42
Calcite 1.67
Serpentine 229
Pyrite 4.54

the useful normalisation approach and highlights the risk of
potential error associated with mapping using semi-
quantitative analysis or raw counts to study elemental

distribution in the analysed samples.

The laser ablation yield is described as the amount of
material ablated (Jeffries et al 1995) and can be dffected
by the depth of ablation, the laser conditions (wavelength,
energy, beam size) in addition to the physical and chemical
properties of the ablated material (Koch et al 2008, Van
Malderen et al. 2016). The rate of ablated material can
significantly differ amongst different minerals and will have
an effect on the sensitivity, but a multitude of complex
interacting processes, such as transport and ionisation in the
plasma, are also involved in the defection of atomic
components (Van Malderen et al 2016). Consequently,
the term “ablation yield” is more appropriate to designate
the amount of ablated material, while we propose to use the
“total effective yield” (TEY) to include all accumulated causes
that influence the variation of sensitivity between the ablated
phases. To our knowledge, no detailed information is

available about the relative TEY between phases, although
this information can be easily extracted from a quantitative
analysis (map and reference materials). Using the IOLITE
caleulator tool (Petrus et al 2017), the TEY of mineral phases
using six major elements (Fe, Mg, Si, A, Ca and S) were
obtained by dividing the mass fraction (ug g']) with their net
count per seconds (ToF ions/extraction). The six major
elements provideol similar distributions of the TEY, with the
example of Fe plotted in Figure 11, illustrating that sulfide
clearly has a higher TEY than the other phases. Results
extracted from the ToF map using the inspector tool, along
with the six minerals from the sample are provided in
Table 5. The unaltered fitanomagnetite (Type-A) in the
mapped sample has the lowest TEY and was thus used as
the reference for relative comparison with other materials
(Table 5). The TEY of other oxides (chromite, ilmenite and
rutile) and apatite are comparable (< 1.18), while pyrite is
the mineral with the highest TEY (4.54) relative to
titanomagnetite Type-A An extended relative TEY table
comprising a total of thity-one samples, analysed in the
same condition as of the present work, and including
reference materials and other natural minerals is available in
Table S5. As underlined by Cook et al (2016), mass fraction
cannot be inferred across different phases from the raw
signal. An example of such an effect on the Fe and Ti
distribution is provided in Figure 12, where the normalised
mass fraction maps determined in this study are compared
with the raw signal maps. The raw signal map of Fe
(Figure 12a) suggests at first that Fe in the pyrite is much
higher than any other phases, whereas Fe is actually higher
in the magnetite phase, as shown on the quantitative map
(Figure 12b). On the other hand, the raw sign0| map of
titanium (Figure 12¢) is almost similar to the quantitative Ti

map (Figure 12d) because Ti is mainly present in ilmenite

and magnetite, and these two phases have comparable

TEYs (Table 5).

Figure 11. Distribution of the calculated “total effective yield” (TEY) for Fe in the sample HN99-46; (srp) serpentine,

(apa) apatite, (mag) magnetite, (ilm) ilmenite, (py) pyrite, (cal) calcite.

16 © 2023 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the
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Figure 12. Comparison of raw signal to normalised mass fraction in sample HN99-46. (a) Fe non-corrected raw

count detection, (b) Fe (ng g™') normalised quantitative, (c) Ti (non-corrected raw count detection) and (d) normalised

quantitative Ti (ung g™'). The Fe distribution differs significantly while Ti had quite similar distribution.

Conclusions

A new LAICP-MS protocol for the simultaneous
defermination of trace and major elements in multiple
minerals combining a 193 nm laser equipped with a fast-
funnel device and coupled to a fime-offlight mass
spectrometer is presented. The technique combined multiple
reference materials of varied matrices (sulfide, mafic-glasses,
felsic-glasses, natural apatite) to produce blocks of
calibration. The data were quantified using a recently
developed data reduction scheme in IOLITE v4 (3D-TE-DRS).
The protocol thus provides an extended coverage of the
elements and points foward best practice in LAICP-MS by
using (multiple) matrix-matched calibration materials. Min-
eral recognition is possible using the new IOLITE 3D-TE-DRS,
and appropriate conversion of oxide forms is applied and
correction for undetected components such as COs, F, C,
HoO is possible to achieve quantitative results by
personalised normalisation for contrasting minerals such
as sulfides, silicates and carbonates. The normalisation to
100% oxide approach avoids having to use extemal
determination of maijor elements, by for example electron
microprobe analysis, to use as internal standards. In
addition, we introduce the concept of “otal effective yield”
(TEY) and show that there can be significcmf difference
between some minerals, which emphasises the importance
of the normalisation approach to achieve quantitative
measurement. The technique has the advantage of
producing chemical images at a rate of 30 pixels s,
which is about ten times faster compared with methods for
quadrupole-MS. The analysis of multiple quality control
reference materials and a comparison of the analysed
minerals with other external sources (LAICP-MS, SEM,
EPMA) demonstrated that the quality of the data fit the

purpose. However, like any methods under development,
there is room for improvement. The proximity of limits of
detection, confidence on the working mass fractions of the
reference material used, possible fastfunnel induced
fractionation, or problems with the tuning of the ICP-ToF-
MS itself are to be improved but are beyond the scope of
this work. Consequently, users must be aware that
uncerainties can affect the measurement results. In
summary, the protocol offers efficiency and high analytical
speed for fine resolution chemical mapping of trace and
major elements over much larger areas than previously
available.
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Supporting information

The following supporting information may be found in
the online version of this article:

Figure S1. Sampling modes: (a) pulse-by-pulse and
vertical drilling modes using a round beam; (b, c) beams of
equal horizontal width and vertical length lead to over-
sampling areas; (d) a rectangular beam (height: length of

2:1).

Figure S2. Screen capture from IOLITE v4 3D-TE-DRS

showing examples of calibration using multiple reference
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materials (NIST SRM 610, GSD-1G, GSE-1G, MASS-1 and
UQAC-FeS-1).

Figure S3. Trace element associated with apatite from
sample HN99-46.

Figure S4. Mantle-normalised multi-element diagram for
apatite trace elements extracted from the new mapping
protocol (this work) and compared with previous laser work
on the same thin section (Tollari et al 2008, Kieffer
et al. 2022).

Figure S5. Trace element distribution associated with
iimenite (samp|e HNO99-46).

Figure S6. Trace elements preferentially hosted within
titanomagnetite in sample HN99-46.

Figure S7. Trace elements associated with pyrite in
sample HN99-46.

Figure S8. Close-up view of pyrite from the late-stage
vein in HN99-46 reveo|ing comp|ex Co, Ni, Cu, Pb and Tl

zonation.

Figure S9. Trace elements in HN99-46 that are highly
incompatible into the six major phases.

Appendix S1. Discussion of (1) ablation mode and
beam shape and (2) quality control. (3) Quantification of
trace elements in sample HN-99-46.

Table S1. List of reference materials used to calibrate

and monitor the new multi-phase mapping protocol.

Table S2. Measurement results for analysed reference
materials.

Table S3. Details results of lower limits of detection (LLoD),
upper limits of defection (ULoD), and LLoD comparison with
LA-Q-ICP-MS.

Table S4. Comparison of the measured trace elements in
ilmenite and  fitanomagnetite in sample HN99-46 with
previously published data (Méric 2011).

Table S5. Extended list of minerals and their total

effective yield (TEY) relative to the Type-A natural magnetite
(HN99-46).

This material is available from: http://onlinelibrarywiley.
com/doi/10.1111/ggr.12482/abstract (This link will take
you to the article abstract).
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