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Element imaging aims to provide quantitative data on multi-element distributions from major to trace
elements with high lateral resolution. Here, we describe a control system for laser ablation inductively
coupled plasma time-of-flight mass spectrometry (LA-ICP-TOFMS) imaging with complex integration of
translational stage, laser, and mass spectrometer data acquisition which was tested on glass and mineral
samples. In particular, besides single pulse imaging at a laser repetition rate of 100 Hz using a 5 pm laser
spot size, a hole drilling imaging approach provided higher pixel sensitivity and lower limits of detection
(<1 mg kg~* for most heavy elements) while maintaining the same lateral resolution. An optional surface
cleaning pulse can be applied without additional recording of data. Furthermore, the ablation area can
be adapted to specific object structures of interest and leads to significant shorter imaging times.
Triggering the data acquisition for every ablation position led to binned pixel data in relation to the
sample position. This simplifies the data evaluation and allows a more automated image generation. The
approach presented in this study enables flexible adjustments of distinct ablation modes to a specific
analytical task and provides the basis for fully automated element imaging. To test the applicability of our
approach, two complex geological samples containing crystalline solids were imaged to gain insights
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Accepted 23rd July 2020 into the distribution of trace elements that occur typically in the low mg kg™~ range. We show that both

. single pulse and hole drilling ablation modes allow the determination of a large number of trace
DOI: 10.1039/d0ja00238k elements. However, the hole drilling mode shows a superior sensitivity per pixel, which in turn provides

rsc.li/jaas more detailed information about the formation of geological samples.
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Introduction

Element distribution within minerals has long been identified
as a property of crystalline solids which depends on a gamut of
physical and chemical factors. These include the pressure and
temperature of crystallization, the diffusion coefficients of the
elements within the given solid, and the chemical composition
of the silicate melt, rock, or fluid from which the mineral
forms." Since the first pioneering studies on the actual
measurements of element distribution in minerals, a consider-
able amount of work focused on the definition of some key
processes that control element distribution in minerals, such as
the solid/melt partition coefficients of elements in magmatic
minerals [e.g., ref. 2 and 3], the temperature and pressure of
element distribution in magmatic minerals prior to volcanic
eruptions [e.g., ref. 4, and references therein], and the element
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distribution of coexisting minerals during metamorphism [e.g.,
ref. 5] to name a few. Most of these studies were conducted
using bulk analyses of individual minerals by ancillary mass
spectrometric techniques, or with spot analyses carried out via
electron probe micro analysis. The broad range of small-scale
processes revealed with these methods lead to the use of
element distribution within minerals as monitors of larger-
scale, more general geological processes.

Technical advances in the determination of major and trace
element distributions in key rock minerals improved the defi-
nition of the large-scale geological processes significantly. For
instance, refined definition of growth conditions and stability
intervals of the garnets and zircons groups of silicate minerals
allowed improved constraints on rock metamorphic processes®’
and the discrimination of the genesis of ore minerals in
economic deposits.® These advances demonstrated invariably
that high resolution techniques are at the heart of detailed
investigations of geological samples. This calls for high spatial
resolution, which is essential to distinguish small geometrical
features within samples, and for a combination of high sensi-
tivity with low limits of detection (LOD), and simultaneous
multi-element detection capability from major to trace
elements.
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Since the advent of laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS),>** methods were developed to
determine the bulk composition of particular phases by spot
analysis," the element distribution in one dimension (line
scan),””™” of two-dimensional areas,'*** and even spatial spread
(3D).%*2* The recent revival of ICP-TOFMS and low dispersion
laser ablation cells have led to a rise of interest in fast, multi-
element, and high spatial resolution LA-ICP-MS imaging for
geological samples.”***?¢® ICP-TOFMS mass analyzers provide
quasi-simultaneous detection of the full mass spectrum with
fast acquisition rate.”” Altogether, small laser spot sizes,
different ablation cells and fast, simultaneous multi-element
detection with ICP-TOFMS offer a unique and promising
combination to tackle the analytical challenges of element
imaging.

High lateral resolution can be achieved by a small laser
ablation spot size. Imaging has been achieved at sub-cellular
resolution using a laser spot size of =1 pm.****® In some
cases, simple laser scan distance in relation to the data acqui-
sition frequency was misunderstood as lateral resolution(e.g.
ref. 30) However, while sensitivities still need to be sufficient to
yield signals for individual laser pulses, smaller pixel sizes were
also accomplished with overlapping scans and signal
deconvolution.**

To achieve high data acquisition speed while maintaining
the lateral resolution, low dispersion ablation cells have to be
used to transport the aerosol in a dense plume without pulse-to-
pulse aerosol mixing into the ICP-MS.* Shorter signal durations
increase the signal-to-noise ratio and allows a faster data
acquisition. In recent years, signal duration of <10 ms (full
width at 1% of the maximum, FW0.01M) for LA-ICP-MS imaging
were achieved.?***?”?® These ablation cells deliver signal dura-
tions between 4 and 9 ms (FW0.01M). As an early benchmark,
Tanner and Giinther® achieved signal durations in the range of
1-3 ms for an in-torch ablation approach, although without the
capability to perform imaging experiments. Similar short
signals were most recently reported by Van Malderen et al.>® for
imaging applications.

As noted earlier by Paul et al.,* software development for LA-
ICP-MS imaging is lagging behind compared to other imaging
techniques. A detailed discussion of this issue can be found in
a review by Weiskirchen et al.*' Until now, the major focus was
on software solutions for data analysis.***® Nevertheless, the
more LA-ICP-TOFMS imaging becomes routine, the more need
there is for an automation of the data acquisition process. In
addition, there is hitherto mostly unused potential for utilizing
the capabilities of low dispersion ablation cells in combination
with LA-ICP-TOFMS for convenient data acquisition and pro-
cessing, which can support different aims for imaging beyond
mere line scan approaches. For instance, in contrast to quad-
rupole MS and sector field MS, TOFMS provides complete mass
spectra and the full information on isotope signals can be
accessed for each laser pulse. Once data is stored in bins rep-
resenting each ablation position the cumbersome isolation and
sectioning of the signals can be avoided, accelerates data pro-
cessing® and offers exceptional opportunities for data analysis,
e.g. phase specific pixel clustering and thereby improved
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quantitative data even for small-size sample features.”>>*
Moreover, continuous line scans with overlapping laser spots
distort spatial information since the ablated material from
individual laser pulses originate from different depths along the
scan direction. The TOFMS timing can be adjusted so that data
for a single or multiple laser pulses directed at the same sample
position without sample stage movement can be stored in
a single data bin. Hence, software which integrates control of
sample translation stage, laser, and ICP-TOFMS is required to
further foster LA-ICP-TOFMS imaging with different ablation
modes fitting to different study requirements.

Here, we present an integral control system for flexible LA-
ICP-TOFMS imaging and show how such a system can be
applied to the determination of element distributions in
geological samples. We report a leap towards LA-ICP-TOFMS
imaging automation and applied different ablation modes by
synchronization of translational stage, the laser, and mass
spectrometer data acquisition with a custom-built imaging
control system. In particular, the setup enables to perform
a single pulse imaging mode with high scanning speeds or
a hole drilling imaging mode that provides lower LODs. In the
former case, laser pulses are applied in quick succession in an
edge-to-edge raster over the area of interest. For analysis of
elements at lower mass fractions, multiple laser pulses per
sample position were applied and thereby the pixel LOD
improved while the same lateral resolution was maintained.
Due to synchronized and selective triggering in both modes,
data is stored for each pixel individually, which assist analysis,
data processing, and image generation. The application of these
imaging modes to two geological samples demonstrate that
they can be employed strategically for the analysis of mineral
samples.

Experimental
Instrumentation

For all studies, an argon-fluoride (ArF) excimer LA system
(193 nm, GeoLas C, Lambda Physik, Goettingen, Germany) in
combination with a modified” low dispersion ablation cell
based on the tube cell design®**® was coupled to an ICP-TOFMS
instrument (icpTOF2R, Tofwerk AG, Switzerland) where the
vacuum pump was replaced by an UNO 065 D pump (Pfeiffer,
Asslar, Germany). LA was carried out in a helium atmosphere*®
(99.999%, PanGas AG, Dagmersellen, Switzerland) and a stream
of argon gas (99.996%, PanGas AG, Dagmersellen, Switzerland)
served as the carrier gas. The piezo-electrically driven xyz
translational stage (1 nm scan resolution, SmarAct GmbH,
Oldenburg, Germany), the laser and the TOFMS data acquisi-
tion were triggered using the custom-built imaging control
system, which allows an integrated control of these three
devices.

Element imaging

Typical LA and ICP operating conditions are provided in Table
1. For all experiments, a homogenized, circular laser beam was
focused onto the sample surface. LA and the TOFMS data

This journal is © The Royal Society of Chemistry 2020
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Table 1 Typical LA and ICP operating parameters

Laser fluence 15] cm™?

Laser spot diameter 5 pm

Ablation gas flow (He) 1.25-1.45 L min ™"
Carrier gas flow (Ar) 0.7-0.9 L min™*
Auxiliary gas flow (Ar) 0.8 L min~*

Cooling gas flow (Ar) 16 L min™"

RF power 1400-1550 W

Notch filter 4OAr, *°Ar,", *°Fe’, 7°As”
#2rh 28Ut 0.9-1.1

ThO'/Th* <1%

acquisition were synchronized using the external imaging
control system. The data acquisition was triggered for every
ablation position. 9-10 data points were measured containing
each the full mass spectrum for each laser sampling position.
To generate consecutive line scans in single pulse (SP) mode,
a laser repetition rate of 100 Hz and a continuous translational
sample moving speed of 500 um s~ ' were applied, leading to an
edge-to-edge placement of the ablation spots. The overlapping
line scan (OL) mode was carried out using a laser repetition rate
of 100 Hz and a continuous translational sample moving speed
of 20 pm s~ '. This led to 25 laser pulses per 5 um sample
movement. Consecutive lines were aligned edge-to-edge. For the
hole drilling (HD) mode, 25 laser pulses were fired on the same
sample position before the sample was moved to the next
position. The signal of 25 laser pulses was summed and dis-
played as a square pixel of 5 ym x 5 um for the OL and HD
mode. In the hole drilling mode with cleaning pulse (CP + HD),

Imaging Mode

Top view

Cross section

Hole drilling
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a cleaning pulse was employed at each sample position prior to
the start of the hole drilling. There was no ICP-MS data recorded
for the cleaning pulse. The triggering pattern and the corre-
sponding TOFMS data acquired of the four ablation modes SP,
OL, HD, and CP + HD are illustrated in Fig. 1. The imaging of
the minerals ilvaite, hedenbergite, quartz and the analysis of
the corresponding external reference material were conducted
with additional notch filters for the major elements *°Fe and
7’As to avoid detector saturation. Gas blank signals were
acquired as separate files.

Software development

The software for the imaging control system was written
considering the possibility of flexible adaptation and develop-
ment. Due to its popularity in the scientific communities, its
cross-platform compatibility, and the large library ecosystem
available, Python 3 (https://python.com) was chosen as the
main development language and wxPython (https://
wxpython.org) was selected as graphical user interface library
with multi-platform compatibility. Furthermore, the software
(=4000 lines of code) was written in modules so that the
hardware interfacing parts and the measurement routines can
be exchanged or adapted independently from one another
without the need to rewrite other parts.

The laser system was controlled using two separate communi-
cation channels. Using an ASCII protocol over a serial interface
(RS-232) all parameters of the laser system are controlled (high
voltage, power supply mode, discharge voltage, internal or external
triggering mode, readout of status, and error messages). The linear
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Fig.1 Comparison of the ablation modes employed in this study for the acquisition of three pixels. The three modes to the right ablate more
material. The acquired TOFMS data was binned for each pixel into different data sections, indicated as grey shadings in the bottom line. The
signals resulting from cleaning pulses schematically shown are not recorded. Based on the longer integration duration in the OL mode, TOFMS
trigger signals were intentionally left out to sum the signal of multiple laser pulses in one bin.
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piezo-electrical actuators of the sample translation stage were
controlled via a MCS 3-axis controller (SmarAct, Oldenburg, Ger-
many) using the integrated USB port with a proprietary binary
protocol. A Python C Foreign Function Interface (CFFI) wrapper
around the supplied C library was written for integration into the
main program. For triggering the laser and TOFMS, a micro-
controller (Arduino Uno, Arduino AG, Switzerland) was used and
placed in-between. This avoids additional jitter of the trigger
signals and ensures sufficient task frequency stability. Commu-
nication with the trigger controller was implemented using an
ASCII based serial protocol.

The imaging software dovetails different hardware compo-
nents for LA-ICP-TOFMS imaging experiments, namely control
of the movement of the sample translation stage, triggering of
laser pulses, and ICP-TOFMS data acquisition in a highly
coordinated manner. It further allows for different ablation
modes based on specific parameters set by the user, which
included laser spot size, laser pulse frequency, and size
dimensions of the region of interest (ROI), while the latter may
be divided into subsections. Additional parameters included
the application of cleaning pulses and time delays.

The specific use of the ICP-TOFMS data for imaging, the data
structure, the data acquisition and the need of dividing the
analyzed areas into subsection are described in detail in the
ESL7 In brief, the different dimensions of the TOFMS data are
used to trigger the TOFMS data acquisition for individual pixels
and accordingly store data separately and avoid part of the
previous cumbersome data processing.>»* Since the software
prompts triggers and controls for the sample translation stage,
laser, and data acquisition independently, flexible stage move-
ments and ablation modes are available. Irrespective of ablation
mode and sample movement, the imaging control system
enables to acquire the full mass spectrum and a transient signal
for each sample position results in one pixel. Additionally, the
distinct transient signal acquisition allowed to monitor element
variations as a function of ablation depth. Notably, the core
software and procedures are vendor agnostic and not limited to
the LA-ICP-TOFMS hardware employed in this study.

Other laser systems or ICP-MS can be employed in the
imaging control system whenever an external trigger input is
available to which the trigger board can be connected. Addi-
tional development effort has to be made only if data commu-
nication with the laser or ICP-MS is necessary. Successful
experiments have been conducted using an EX5 laser (GAM
LASER, Inc., Orlando, USA) as well as the CyTOF system (Flu-
idigm, San Francisco, USA). Every stage system which supports
a minimal set of features (mainly setting position and move-
ment speed) and has a programming interface which can be
called from Python, can be integrated. The “TEMAimaging”
software of the imaging control system is provided under an
open-source license (http://doi.org/10.5905/ethz-1007-269) and
is hosted at https://github.com/ethz-tema/TEMAimaging.

Samples

Two geological samples RM2 and RM3, collected from the
historic Torre di Rio Fe-ore deposit of the Island of Elba (Italy),
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were used for this study. They consist of well-crystallized silicate
assemblages showing significant size and morphological vari-
ations at very small scales (crystal sizes: from few cm to 10 pm or
less), which were considered to be well suited to test different
ablation modes. The two samples have been collected from the
same ore body (excavation front) at a distance of about 35 m
from each other, and all geological evidence indicate coeval
formation of the mineral assemblages as a result of a hydro-
thermal event. This in turn suggests consistent mineral
compositions in the two samples.

The sample RM3 is an aggregate of ilvaite (formula: CaFe;-
Si,Og(OH)), hedenbergite (formula: CaFeSi,O¢) and pyrite
(formula: FeS,). The other sample RM2 is an aggregate of crys-
tallized ilvaite and quartz (formula: SiO,). Prior to our study, the
mineralogical and chemical compositions of the two samples
have been determined using ancillary optical and electron
probe microanalytical techniques (ESI Fig. S17). The NIST SRM
610 was used as external reference.*>*°

Data processing and analysis

The binned TOFMS spectra were summed for each pixel using
an in-house written script compiled on Python. The peak shape
of the isotopes in the mass spectrum was adjusted according to
Burger et al.>® Furthermore, the baseline was subtracted, the
mass calibration was adjusted and the isotope intensities were
integrated using the data analysis package “Tofware” (version
2.5.11 http://www.tofwerk.com/tofware) running in “Igor Pro”
(Wavemetrics, OR, USA), which allowed to obtain isotope
intensities for individual pixels. Average gas blank signal
intensities were subtracted and quantification of element mass
fractions in the samples were performed for each pixel based on
100% mass normalization® for 62 elements using NIST SRM
610 as an external reference material and assuming that all
elements are present as oxides and all subsections were
combined using another in-house written Python script.

The TOFMS data structure of “bufs” and “writes” was used as
a relative coordinate system to create quantified element
distribution maps (ESIf). Data processing was automated for
both Python scripts. LODs were calculated and plotted accord-
ing to Poisson counting statistics®>*® using an in-house written
script running on R.**%

The TOFMS data acquisition is conducted without loss of
information on mineral composition, and the simultaneous
detection using a TOFMS allows measuring an extensive mass
range (m/z 23-238) in a given mineral without preselection of
elements of interest. In order to carry out data analysis and
interpretation, the determined element mass fractions can be
exported as comma-separated values from the data analysis
software and used with other software packages such as
XMapTool.*

Results and discussion

The features of the software control system enable customized
adaptation of the LA-ICP-TOFMS imaging experiment to the
requirements of the sample and analytical challenge. Although

This journal is © The Royal Society of Chemistry 2020
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other modes can be implemented, we studied two distinct
ablation modes in greater detail. The results are discussed on
mineral samples.

Single pulse mode

For SP imaging, the procedure followed mainly a line-scan
protocol used previously.****?¢ The translation stage moved
the sample at constant speed along multiple lines while the
laser is continuously triggered. This resulted in a rectangular
array of edge-to-edge ablation spots of a single ablation layer.
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Opposite to the previous protocol, with each laser pulse the
imaging control system triggered the ICP-TOFMS to acquire
data for a time duration sufficient for the aerosol signal of each
individual pulse. The employment of the low dispersion abla-
tion cell in conjunction with the high time resolution of the ICP-
TOFMS enabled laser pulse rates of 100 Hz while pulse-to-pulse
signal separation of FW0.01M is maintained.

As an example, we used this mode to image the ilvaite-
hedenbergite assemblage of sample RM3 (Fig. 2). Sample RM3
was imaged over an area of 3000 um x 3000 um using the SP
mode. The data was acquired in 36 subsections, each one
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Fig. 2 Element imaging of an ilvaite (llv)-hedenbergite (Hed) assemblage of sample RM3 generated with the SP mode. The panels include
a representative selection of major (a—c), minor (d and e) and trace elements (f—i) of these two minerals, whose lateral distribution identify distinct
crystalline morphologies and compositions. Si (a) is mostly homogeneously distributed within the two minerals, but this is not the case for most
major, minor, and trace elements. llvaite shows measurable mass fractions of a set of major (AL, Mn), minor (Sn) and trace elements (e.g., In and
Dy). However, they are inhomogeneously distributed within the crystal. Notice that the irregular areas having low Al, Sn, and In mass fractions are
the mirror image of those showing high Mn mass fractions. This is probably due to the coupled substitutions of these elements in the crystal
structure. The aggregate of hedenbergite crystals shows the occurrence of irregular patches having consistently high Al (b), Mn (c), Na (d) and Rb
(f) mass fractions indicate the presence of distinct — previously unidentified phases. Also, Sb (h) is inhomogeneously distributed within
hedenbergite.
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covering an area of 500 um x 500 pm (100 x 100 pixel). 18
subsections were acquired automatically and consecutively, and
every subsection was triggered in addition to the triggering of
each pixel. Reference material NIST SRM 610 was measured for
external calibration at the start, after 18 subsections, and after
36 subsections, respectively. The second half of the image (18
subsections) was also acquired automatically. The 36 subsec-
tions were combined during the data processing stage.

The measurement time of the area of 3000 um x 3000 um
was 77 min, resulting in an acquisition speed of approx. 7 mm?
h™' at 5 um lateral resolution. Considering some communica-
tion overhead and the stage movement to the next line start
position the effective pixel acquisition rate was 78 pixel per s.

The mass fractions of the majority of rare earth elements
(REESs) in the ilvaite crystal such as Sc, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Tm, Yb and Lu were below the LOD. For some REEs
such as Y, Dy, Ho, and Er at least small areas containing
elevated mass fractions were detected. This shows that while the
SP mode cannot provide LODs that are sufficiently low to
measure complete distribution maps, but it has ability to
determine the distribution of a broad range of components,
from major to trace elements which can be well suited for a fast
screening of samples.

Hole drilling mode at 100 Hz

With this ablation mode, a larger sample volume is removed per
sampling position following a HD approach without losing
lateral resolution.”” This is feasible for samples in which
multiple pulses per position do not cause total sample
consumption (i.e., geological thin sections in contrast to bio-
logical thin-tissue sections) and for which the lateral distribu-
tion of elements into depth can be assumed similar. However,
the time resolution of ICP-TOFMS also allows to monitor
changes into depth. To this end, multiple laser pulses without
stage movement were applied to the same sample position
before the stage was moved to the next neighboring position. In
addition, the ICP-TOFMS was triggered for data acquisition
once per position for a prolonged time span to acquire not data
for individual laser pulses, but a transient signal for multiple
pulses without the inherent need to resolve individual signals
(Fig. 3). The HD ablation mode in combination with the pre-
sented software control approach was already applied success-
fully to gain insights into other geological processes.*®

The ablation depth per laser pulse depends largely on the
sample composition and is in most cases significantly smaller
than 1 pm (e.g. NIST SRM 610 = 0.2 um per pulse at 15 ]
cm %)% The burst of 25 laser pulses per sample position
resulted in surface sampling diameter of 5 pm and a depth of
approximately 5 um. A larger number of laser pulses per posi-
tion leads in total to a higher signal intensity per pixel, and
therefore to higher pixel sensitivity while maintaining the
lateral resolution. The number of laser pulses and time dura-
tion for data acquisition can be adjusted for different laser spot
sizes or sample composition.

We applied this approach to the ilvaite-quartz assemblage of
sample RM2 (Fig. 4). This sample was imaged over an area of
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Fig. 3 Full mass spectrum (a) and transient signal (b) are acquired for
each sample position. As an example, the signal of a hole drilling
imaging measurement of one sample position on ilvaite is displayed
(Fig. 4, x = 670 um, y = 395 pm). The transient signal shows homog-
enous distribution of the elements Ca, Fe, In, and Tb in depth. Due to
the lower data acquisition rate for the hole drilling mode, transient
signals from individual laser pulses are not distinguishable here
(compare with ESI).

600 pm x 1300 pm. The data was acquired in two subsections of
600 pm x 650 pm (120 x 130 pixel). The measurement of
reference material NIST SRM 610 was carried out for external
calibration at the beginning and at the end of each subsection
acquisition. The two subsections were combined later on,
during the data processing stage.

The 600 pm x 1300 pm area measured of sample RM2 took
213 min, resulted in an acquisition speed of approx. 0.22 mm?
h™" at 5 um lateral resolution. Considering some communica-
tion overhead and the stage movement to the next line start
position, the effective pixel acquisition rate was 2.4 pixel per s.
Further development of the HD imaging procedure allowed to
speed up the effective pixel acquisition rate to 2.9-3.0 pixel per s
which was subsequently used for imaging of a shape adapted
ablation area. 250 ms per sample position are required for 25
laser pulses at 100 Hz and signal detection. In addition, after
firing 25 laser pulses the imaging control system required an
average of 80-90 ms to move the stage to the next sample
position and to receive the feedback. Compared to the SP mode,
the HD mode was 27 times slower.

According to the different applications it is important to note
that despite of the slower speed of the HD mode, its lower LOD
allowed the determination of trace elements which occur typi-
cally in the low mg kg™ range. The HD mode enabled quanti-
fication of most of the REEs, as well as areas containing elevated
mass fractions of Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Pb, Th and U which enhance the understanding of
the crystal formation processes as reported in [e.g., ref. 60 and

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Elementimaging of the ilvaite (llv)—quartz (Qtz) assemblage of sample RM2 generated with HD mode. The panels include a representative
selection of major (a and b), minor (c—e) and trace elements (f-1) of these two minerals, whose lateral distributions mark a distinct crystalline
texture. Similar to what is displayed for RM3 (Fig. 2), also this sample shows a homogeneous distribution of Si (a), but this is not the case for most
major, minor, and trace elements. Within ilvaite, a large number of elements (AL, Mn, Sn, In, REEs, others not shown) mark bands of high and low
mass fractions in the elongated prisms that may be 5-10 pm in width. In contrast, quartz does not show a systematic distribution of minor and
trace elements with the exception for Al (b), alkali metals (c and f), and Sb (h).

61]. Eu was the only REE whose mass fraction was below the
LOD (0.4 mg kg™ ).

Comparison of ablation modes

A comparison of the distinct ablation modes is given in Fig. 5,
which was constructed by merging areas next to each other of
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Fig.5 Quantified maps of Fe and In of an ilvaite—quartz assemblage of
sample RM2 comparing the ablation modes SP (a), HD (b), CP + HD (c),
and OL (d). Notice that this sample area analyzed is smaller compared
to the imaging displayed in Fig. 2 and 4.

This journal is © The Royal Society of Chemistry 2020

sample RM2 analyzed by SP, HD, CP + HD, and OL. In addition
to imaging speed, the pixel sensitivity, expressed as accumula-
tive counts per unit mass fraction, is a key parameter that can be
effectively used to compare different ablation modes due to its
impact on image quality and LODs. Summing the signal of 25
laser pulses for HD signal intensity and therefore the pixel
sensitivity increased when compared to SP mode. On the other
hand, gas blank intensities increased as well due to the longer
integration time for the HD mode. However, most of the heavy
elements showed low gas blank signals and the LODs for most
elements were 10-20 times lower in comparison to the SP mode
(Fig. 6 and ESI Table S17). Therefore, the HD mode allowed the
quantification of REEs traces at lower mass fractions. Due to the
numerical aperture of the objective, and to the changes of
sample surface after the first laser pulse®® 25 times higher
sensitivities were not achieved when summing the signal for 25
laser pulses using the HD mode.

For the same element the pixel sensitivity and consequently
the LOD largely depended on the amount of material ablated as
laser ablation rates varied depending on the composition of the

J. Anal. At. Spectrom., 2020, 35, 2255-2266 | 2261
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Fig. 6 Pixel LODs for the ablation modes HD, OL and SP using NIST
SRM 610 according to Table S1.1 The notch filter was applied at m/z 56
and m/z 75 leading to higher LODs for elements with close m/z
isotopes such as Mn, Fe, Ga, Ge, As, and Se. Data points of OL are
covered by them of HD as the LODs for HD and OL are similar.

material of interest.” To compare the ablation rate of NIST SRM
610, ilvaite, hedenbergite, and quartz the >°Si pixel sensitivity
was used. The composition of each mineral was calculated
based on its stoichiometric formula. The pixel sensitivity for
ilvaite and hedenbergite was in a range of £15% compared to
NIST SRM 610. Therefore, we assumed a similar ablation rate
for ilvaite, hedenbergite and NIST SRM 610 as well as similar
LODs. However, the pixel sensitivity for quartz was in average
60-70% lower than that of NIST SRM 610 resulting in approxi-
mately three times higher LODs compared to NIST SRM 610.
This is assumed to be caused by a three times lower ablation
rate of quartz.

The lower LODs obtained from the HD mode allowed
measuring the composition of different minerals in great detail.
For example, HD applied to ilvaite permitted to detect the
distribution of In, whereas the SP mode creates a blurred
distribution to the point that the edges of the ilvaite crystals
were barely visible (LOD In: SP 4 mg kg™ !, HD 0.3 mg kg™ ', OL
0.3 mg kg™ ).

The HD mode can also be used with an additional cleaning
pulse (CP + HD) at each sampling position prior to hole drilling
and data acquisition, which is specifically important when
crossing phases or when re-deposition of ablated material
occurs.” To this end, a single cleaning pulse was applied by
triggering the laser without ICP-TOFMS data acquisition. For
this sample, an influence of surface contamination and the
resulting element map was not observed. The CP + HD mode
allowed an effective acquisition speed of 1.9-2.0 pixel per s.
Further optimization of the CP + HD imaging procedure similar
to the improvements in the HD mode allowed to speed up the
effective pixel acquisition speed to 2.8-2.9 pixel per s.

The imaging control system allows also an overlapping line
scan (OL) mode where each laser pulse can be acquired sepa-
rately or as reported here summing the signal of 25 laser pulses
to lower the LOD. The OL mode delivered LODs that were
indistinguishable from those of the HD mode (Fig. 6) and an
effective acquisition speed of 3.8-3.9 pixel per s, but was
different in the effective resolution compared to the HD mode.
The resolution of the OL mode in the line scan direction was
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slightly lower than that of the HD mode. This was caused by the
overlap of the ablation spots of consecutive pixels. However, we
stress that no data deconvolution was applied in our maps.**

Geological information

Samples RM2 and RM3 show relatively homogeneous optical
properties and homogeneous compositions in terms of major
element mass fractions. However, elemental imaging of a large
number of elements captures unexpected compositional
features at the scale of individual crystals and whole sample. In
the RM3 sample analyzed by the SP mode (Fig. 2), the coupled
variations in mass fraction of major, minor, and trace elements
within ilvaite suggest a complex crystallization history. This
evidence alone represents a relevant set of compositional
information, which constrains mineral formation to a great
extent. Thus, the inhomogeneous distribution of Al, Sn, In, and
in part REEs in the ilvaite crystal is the mirror image of that of
Mn (Fig. 2), which indicates that the texture visible today for
RM3 must have formed after a two-step crystallization event.
The first step formed the relatively high mass fractions of Al, Sn,
and In in the crystal, while the second step caused the coupled
Mn enrichment and Al-Sn-In depletion as a result of micro-
fracturing, dissolution, and recrystallization of the previous
crystal.®® The relatively fast ablation involved by the SP mode
onto the RM3 sample cannot provide LODs that are sufficiently
low to determine the mass fractions of the entire set of trace and
ultra-trace elements as most REEs. Hence, the SP mode proves
being a fast screening method to highlight the key composi-
tional and textural features of geological samples.

The RM2 sample analyzed with the HD mode (Fig. 4) discloses
lateral distributions of major, minor, and trace elements that are
variable at the scale of 10 pm or less (1-2 pixels) and that were
captured for mass fraction differences in the order of few mg kg ™"
in neighboring areas of the crystals. This was shown by the rela-
tively subtle changes of Al, Mn, Sn, In, and REEs mass fractions
within ilvaite, which form alternating high and low mass fraction
bands of 5-10 um in width (Fig. 4). Notably, the distributions of Al,
Sb, and alkali metals mass fractions within the quartz of RM2
indicate also relatively subtle changes. There were also thin and
irregular bright bands within ilvaite corresponding to high Al, Mn,
Na, Sn, Rb, In, and Ce mass fractions.

In summary, the element distribution maps constructed
with the HD mode were able to capture multiple stages of
mineral growth in geological samples, with which the lateral
distribution of a large number of major, minor, and trace
elements could be determined at low LODs. This gamut of very
detailed compositional variations reflects the superior pixel
sensitivity of the HD approach, which provided deeper insights
into the crystallization histories of the solids.

Shape adapted ablation area

In most ablation experiments, a square or rectangle is not the
shape of the ROI that is actually intended to be studied in
a sample. Thus, the use of geometrically regular ablation
pattern leaves a significant portion of the measurement time
not effectively used. To overcome this limitation, an imaging

This journal is © The Royal Society of Chemistry 2020
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control software enabling a shape adapted sample ablation was
developed.

To determine the effective area for analysis, a photomicro-
graph of the ROI of the sample is recorded and the size of the
desired ablation area is measured in two orthogonal x-y direc-
tions. A black and white overlay is created using the photomi-
crograph. On a later step the actual ROI is dimensioned using
the overlay, and its image is extracted from the surrounding
area. Using the black and white overlay, the imaging control
software calculates the ablation positions of the identified area,
the laser spot size, and the image dimensions in the x and y
directions. The data evaluation program uses this virtual mask
to link the pixel data with the relative ablation positions, and
generates the element distribution maps (Fig. 7). The shape
adapted sample ablation was applied in a stepped sampling
mode, during which the sample stage movement is controlled
to enable precise positioning and is limited by the speed of the
stage moving and by the feedback cycle. Therefore, a compar-
ison was only made for the HD mode.

The ablation area fitted to the mineral shape enabled
a reduced data acquisition time in this example by a factor of 2
compared to what would have been necessary by the imaging of
a rectangular area of the same crystal in HD mode (605 pixels
compared to 1332 pixels). The presented imaging of shape
adapted ablation areas turned out particularly useful for small,
non-rectangular or non-circular and even vein-like ROI, which
could then be analyzed fit-to-shape.

The generation of composite spectra and further quantifi-
cation of elements based on those spectra, and specific mineral
assignments, are possible similar to the ‘inspector’ functional-
ities presented by Petrus et al. in the ‘Monocle’ interrogation
software tool.*

Conclusion

We report a combination of an attuned and automated,
software-controlled, customized imaging control system for LA-
ICP-TOFMS. The system allows adaptable ablation modes (via
single pulse or hole drilling (with and without cleaning of the
surface)) which significantly improves elemental imaging of
mineral samples. The various ablation modes provide access to
task-specific detection capabilities which is important for
accurate determination of major, minor, and trace element
distributions.

This journal is © The Royal Society of Chemistry 2020

Our data demonstrates that the single pulse ablation mode is
well suited for fast imaging of major, minor, and a limited set of
trace elements in mineral samples. Hole drilling imaging
provides an order of magnitude improved LODs for most
elements at constant lateral resolution. Therefore, the HD mode
provides a more representative sampling result and can be
considered as the method of choice for accurate quantification
of a large number of major to trace elements in minerals.
Furthermore, the fast data acquisition allows monitoring into
depth to reveal multi-phase sampling.

We show further that a significant time saving step for
elemental imaging could be the use of shape adapted ablation
areas, which reduce the effective ablated area and therefore the
duration of data acquisition. Triggering and binning of each
ablation position allows to link the pixel data with the relative
sample position and simplifies data evaluation and image
generation.
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