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Laser ablation inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-ToF-MS) was used to generate

quantitative elemental images of a mineralogically and texturally complex fault rock of the Northem Apennines of ltaly
(Zuccale Fault, eastern Island of Elba). Using LA-ICP-ToF-MS combined with a low-dispersion LA cell, we were able to
generate large format (4 mm x 2 mm), high-resolution (5 pm), high dynamic range (1 10° pg g™') and quantitative

multi-elemental two-dimensional compositional maps within a data acquisition time of a few hours. To quantify element

mass fractions across the heterogeneous sample of the Zuccale Fault, we used a 100% species-mass normalisation

approach that took into account different mineral phases across the specimen. To assign mineral phase directly from
LA-ICP-ToF-MS data, we exploited the segregation of sulfur and calcium between distinct phases to threshold element
images and develop mineral-phase-specific masks. Moreover, we demonstrate agreement between elemental mass
fractions determined by LA-ICP-ToF-MS imaging with 100% normalisation quantification and conventional LA-ICP-MS
analysis with intemal standard element-based quantification. Finally, we discuss how this elemental imaging provides

unique insights into the genesis of the Zuccale Fault.

Keywords: low angle faults, Zuccale fault, cataclasites, laser ablation inductively coupled plasma time of flight mass

spectrometry, element imaging.

After decades of developments and applications, laser
ablation inductively coupled plasma mass spectrometry (LA
ICP MS) is one of the most established analytical techniques
for Earth Science research (Heinrich et al 2003, Pettke et al
2012, Syhester and Jackson 2016). Specifically, two
dimensional (and sometimes three dimensional) elemental
mapping of frace, minor and major element mass fractions
by LAICP MS allows unique insights info geological pro
cesses and mineral properties (Woodhead et al 2007,
Large et al. 2009, Ulrich et al. 2009, Ubide et al. 2015,
Petrus et al. 2017).

Recently, high resolution (< 10 pm) LA ICP MS based

elemental imaging has emerged as a promising method

for the simultaneous determination of quantitative maps of
major, minor and frace elements in solid samples,
including  biological tissues and geological samples
(Gundlach Graham and Ginther 2016, Van Malderen
et al. 2016). This trend towards high resolution LA ICP MS
elemental imaging has been supported by recent
developments in low dispersion transport of laser ablated
aerosols (Wang et al 2013, Douglas et al 2015, Van
Malderen et al 2015). In particular, the combination of
ICP ToF MS  with low dispersion LA enables improved
limits of detection compared with previous LA ICP ToF MS
setups and offers benefits of simultaneous full spectrum
detection (Schilling ef al. 2007) and improved speed of
LAICPMS  with  more

analysis  compared  with



conventional scanning based mass ono|ysers (Heinrich

et al 2003).

Elemental imaging by shot resolved LA ICP ToF MS has
been described in several publications (Giesen et al 2014,
Burger et al. 2015, 2017, Gundlach Graham et al 2015,
Bussweiler et al. 2017, Van Malderen et al. 2017), and for
interested readers, details of the instrumental set up, data
acquisition strategy and advantages and capabilities of the
method are provided therein. Briefly, in pulsed resolved LA
ICP ToF MS imaging, the aerosol generated from each LA
shot is transported from the LA site to the ICP through a LA
‘tube cell’ designed to transport aerosol particle clouds with
minimal dispersion (Wang et al 2013). The sample is
scanned undemeath the pulsed laser, and individual
transient signals correlated with each LA spot are assigned
to laser position. In this way, two dimensional elemental
infensity images, which have dimensions equal to number of
LA shots per line by the number of lines, are generated.
Transient peaks from single LA shots have peak widths of less
than 50 ms at full width 1% maximum. This low dispersion
transport of ablated aerosols into the ICP eliminates pulse to
pu|se mixing (Woodhead et al. 2007, van Elteren et al.
201 3), which is @ common cause of image b|Urring and can
limit lateral resolution (van Elteren and Vanhaecke 2016).
While the transport of very short LA generofed aerosol
packets is advantageous for obtaining high lateral resolu-
tion, improved speed of analysis and improved signal to
noise rafios, accurate multi isotope/element measurement of
these fast transient signals requires simultaneous mass
analysis at high temporal resolution (Leach and Hieffie
2002). Currently, the only mass analyser design with
sufficient full mass spectrum acquisition speed is ToF.

In this study, we follow the route outlined in Burger et al.
(2017) for elemental imaging of heterogeneous geological
samples with more emphasis on data processing. We report
on a previously undocumented, mineralogically and chem-
ically complex rock from the core of an upper crustal, low
0ng|e Fault (Zuccale Fault, northemn Apennines). This specific
sample is a cataclasite because it formed during infense
rock wearing during which a foliated texture formed due to
deformation driven crystallisation. The sample hosts Pb Zn Fe
sulfides, ferroan dolomite, ochraceous oxides (FeO > 50%
m/m) and amorphous silica. We document the chemical
composition of this mineral assemblage by combining
scanning electron microscopy energy dispersive X ray spec-
troscopy (SEM EDS), transmission electron microscopy (TEM)
and LAICP ToF MS elemental imaging with supporting
analysis by hole drilling LA ICP ToF MS. We demonstrate
that LA ICP ToF MS imaging portrays the spatial distribution

of an unprecedented number of major, minor and trace

chemical components of the fault rock (e.g, SiOs Al,Og,
FeO, Pb, Zn, Sb, Ga, In, Ag). Importantly, the high fidelity of
these elemental images allows for straightforward spatial
comparison beftween the quantitative element distribution
and the sample texture as observed by optical microscopy.
In many cases, element distributions effectively portray rock
texture, which provides critical insighfs into the rock formation
processes. Further, we also demonstrate an approach to
ascertain mineral and phase information directly from LA
ICP ToF MS images in order to accurately quantify element
mass fractions within a challenging multiphase geological

specimen.

Geological setting and studied sample

The studied sample is from the Island of Elba of the
northern Tyrrhenian Sea (Figure 1), which consists of a stack
of sedimentary and metamorphic tectonic units intruded by a
variety of magmatic rocks of complex origin (Keller and
Coward 1996, Poli and Peccerillo 2016). The somp|e is
from the Zuccale Fault, which is a gently east dipping fault
whose geometry and structural features were interpreted as
indicative of normal fouhing (Keller and Coward 1996,
Collettini and Holdsworth 2004). The fault was likely active
during and after the emplacement of the skarn ore bodies of
eastern Elba (6.4 5.3 Ma, Tanelli et al. 2001). Specifically,
the rock section studied here is from the westemn sector of the
Calamita Peninsula (Figure 1), which is the place where the
Zuccale fault occurs mainly as a foliated cataclasite with
minor secondary dolomite replacement (cf Musumeci et al.
2015). The sampled level of the fault corresponds rock unit
4’ of Smith and Faulkner (2010) and corresponds to the
fault core.

The sample (PF12) is a foliated cataclasite in which thin
sulfide bands made of sphalerite and minor galena
alternate with dolomite bands, amorphous silica and an
ochraceous phase (Figure 2a ¢). Chalcopyrite occurs as
blebs or anhedral inclusions within sphalerite. Dolomite
makes about 20 25% v/v of the entire sample, while the
sulfides have an overall modal abundance of about 10% v/
v. The ochraceous phase (either opaque or with a deep red
interference colours in transmitted light) appears as an
aggregate of anhedral crystals that can hardly be disfin-
guished from each other. The ochraceous phase as a whole
has a modal abundance of about 40% v/v.

With a modal abundance of 10 15% v/v, amorphous
silica is closely associated with the ochraceous phase and
has a distinct fendency to form roundish aggregates (clumps,
Figure 2c) with a diameter between ~ 30 and 300 um. The
optical properties of the clumps are those of an amorphous
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Figure 1. Tectonic sketch map of the Island of Elba with locations of main tectonic structures (modified after

Musumeci et al. 2015). The tectonic units listed in the legend are reported following their order in the structural pile,

that is, the shallowest is listed on top and the deepest at bottom. Thick lines mark the tectonic contacts between the

rock sequences. Note the location of the Zuccale fault in the eastern side of the island, and the position of the

collected sample marked by the white square.

phase, as confirmed by TEM diffraction patterns (Figure 2e,
see below). Minor mineralogical constituents of PF12 are
euhedral quartz and rutile.

Experimental procedure

Scanning electron microscopy (SEM) and X-ray
energy dispersive analysis

The SEM EDS analyses were performed atthe Department
of Biology, Geology and Environment of University of Bologna

using a Phillips 515 system equipped with an EDAX DX4.

Single spot EDX analyses were performed at 15 kV acceler-
ating voltage and 2 nA beam current for 100 live second
counting time. Concentrations of major chemical components
were calculated on an anhydrous basis with ZAF corrections
and using natural silicates and oxides for calibration.

Transmission electron microscopy
High magnification imaging and selected area diffrac-

tion experiments were carried out at the Department of
Physics and Astronomy of the University of Bologna using a

Phillips M40QT Transmission Electron Microscope. Fine
grained powders of the two studied samples were collected
with a sharp tungsten carbide tip in areas where petro-
graphic evidence for amorphous silica was gathered (i.e, in
areas where ‘silica clumps’ or aggregates of amorphous
silica were most abundant, see below). This powder was
then deposited by evaporation of distiled water on lacy
carbon films (200 mesh) supported by copper grids. Typical
accelerating voltage for TEM diffraction experiments was
80 kV, and imaging magpnification in the 80000 100000
range (camera constant: 800).

LA-ICP-ToF-MS imaging

Elemental imaging was performed on a commercially
available ICP ToF MS instrument (icp ToF; ToFWERK AG,
Thun, Switzerland) combined with an argon fluoride (ArF)
excimer LA system (193 nm, Geolas C; Lambda Physik,
Géttingen, Germany) and the low dispersion LA ‘ube’ cell
(Gundlach Graham et al 2015). Laser ablation was con-
ducted in a helium atmosphere (99.999%; PanGas AG,
Dagmersellen, Switzerland), and ablated aerosols were
carried to the ICP MS in a stream of argon gas (99.996%;
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Figure 2. Textural and mineralogical characteristics of the Zuccale fault rock sample PF12. (a) Petrographic

micrograph of the sample with region imaged by LA-ICP-ToF-MS outlined by rectangle. (b) Reflected light

photomicrograph of a thin galena-sphalerite cataclasite level mantled by the Fe-Mg ochraceous phase and very

irregular aggregates of carbonate and amorphous silica. There is a textural contrast between the linear fabric of the

sulfide vein and mantling ochraceous layer, and the roundish fabric made by the silica and carbonate aggregates.

(c) Association between a typical clumpy, rosette-like aggregate of amorphous silica with quartz, rutile, anhedral

galena and Mg-Fe ochraceous phase (BE-SEM image). (d) TEM photomicrographs of shards of amorphous silica. (e)

Selected-area TEM diffraction pattern of the silica of sample PF12. Note the occurrence of broad and diffuse

diffraction halos, which systematically decrease their intensity from the centre of the pattern. Such evidence,

combined with the simultaneous lack of diffraction spots, shows that the analysed phase is truly amorphous.

PanGas AG). The gas dynamics of the LA tube cell allowed
for low dispersion transfer of ablated aerosol into the ICP,
such that single shot LA signals were between 10 and
50 ms (full width at 1% maximum) in duration. Differences in
ablated aerosol transients were evident when ablating
diverse matrices; as ablation yield changes with matrix, so
does transient duration.

As reported in Table ST, low dispersion aerosol transport
with the tube cell required fairly high gas flow rates into the
injector (1.7 | min™" He, 0.84 | min™" Ar). These gas flow
rates are typical of our low dispersion LA system (Gundlach
Graham et al. 2015, Burger et al. 2017) and promote low
dispersion aerosol transport to facilitate opfimum pulse to
pulse separation of ablated signals and thus improve lateral
resolution. However, it should be mentioned that, because
low dispersion aerosol transport preserves high instanta-
neous concentration of ablated aerosols into the plasma, it
could be difficult to measure of high mass matrix elements
for which ToF MS has higher sensitivity. In particular, in the
current sfudy, we found that ablation of go|eno in the PF12
sample caused detector saturation of Pb isotope signals
even with 5pum LA spot diameter. To avoid defector

saturation by Pb isotopes, the transmission of ions centred
on m/z 215 was attenuated using the RF notch filter. These
nofch seftings were chosen fo sufficiently attenuate Pb
isotope signals while minimising attenuation of other analyte
signals of interest, that is, ' ”Au”. In Figure S1, the attenuation
of selected isotopes by the notch filter is presented. As seen,
notching high mass Pb isofopes attenuates a broad m/z
range, with signal attenuation of 10% sfill apparent at m/z
165. The effect of the notch setting is also apparent in signal
ratios, such as 2327h160/232Th and  2%8U/%%?Th ratios,
which are both artificially high due to the band pass of the
notch filter (Table S1). While we addressed intense Pb
isotope signals here via attenuation by RF notch filter, a
second possibility would have been to temporally stretch the
ablated aerosol signals, albeit with a loss in imaging speed
or lateral resolution. For elemental imaging of heavy metal
matrices such as galena, compromises must be made with
the LA ICP ToF MS systems between absolute sensitivity or
speed of analysis and lateral resolution.

To generate the rectangular grid of LA spot locations
used fo generate elemental images, we scanned the sample
underneath a pulsed laser beam so that adjacent circular LA



spofs were lined up edge to edge both across each line
scan between consecutive line scans. Laser shot resolved
and complete elemental mass spectra were obtained with
the ToF mass analyser at a time resolution of 2 ms. At this
mass spectral acquisition speed and a LA frequency of
20 Hz, signals from consecutive LA events were well
separated  as shown in Figure 3, signal infensity from
individual ablation events decreases by up to four orders of
magnitude within the 50 ms between laser shots. ICP ToF
MS data were collected continuously and not synchronised
with the LA events. Typical LA and ICP operation conditions
are listed in Table S1.

Following baseline subtraction and mass peak integra-
fion, LA pulse resolved ICP ToF MS data were segmented
offine with o custom writen MATLAB (version R2015¢;
MathWorks, Natick, MA, USA) program to generate infe-
grated pixel specific intensities; MATLAB scripts are available
from the author upon request. Detailed evaluation on the
impact of baseline subtraction on abundance sensitivity
performance and accuracy of quantification for LA ICP ToF
MS can be found elsewhere (Burger et al. 2017, Hendriks
et al 2017). Figure 3 provides representative data and a
schematic of the LA ICP ToF MS elemental image generation
approach. A laser spot diameter of 5 um was used to
image the thin section with adequate resolution to visualise
rock texture and separate individual phases. An area of
4 x 2 mm was imaged fo produce 800 x 400 pixel
images for each mass channel. To keep data file size
manageable, the complete elemental image was acquired
in forty subsections of 4000 x 50 pm (10 rows of 800
spots), which were stitched together during data processing.
The sing|e shot limits of detection (LODs) obtained for LA
reference material GSE 2G with a 5 um spot diameter are
provided in Figure S2; for quantified images, pixels with
mass fractions below these LODs are colour coded in black.

In order fo translate pixel intensity images into quantified
elemental images, a 100% mass normalisation quantifica-
tion strategy (Gratuze 1999, Liu et al 2008) based on the
stoichiometry of the oxide, carbonate and sulfide forms of
each element was implemented. In this strategy, the signals
from the reference material, GSE 2G, were first used to
defermine elemental sensitivities, that is, counts pixe|']
mass-fraction”.  Elemental mass fractions were  then

determined according to @  conventional  external
calibration approach for LA ICP MS (longerich et al
1996). This quantification is described by Equation (1),
where R is the response of each isotope i in counts per LA
shot, ¢ is the mass fraction of the element represented by
isofope i reference refers to the reference material,
subscript sample refers to the sample and IS denotes the

infernal standard element.

C/',reference R\S,rsference

isample
R/’,reference

C =S

€S sample
isample X C
IS reference

(M

R\S,scmp\e

The reference material used was GSE 2G, and the sum
of all isotope signals was used as the internal standard (IS);
an arbifrary mass fraction of 1T was used for the G sample in
the initial mass fraction determination for each element in
each image pixel.

Ci,reference il C\S,scmp\e

i sample R n n
i reference Z R. E c
i,sample i,reference
il il

(2)

n
Z Ri,reference
X

G =S

isample

To correct for the presence of oxide, carbonate and
sulfide groups, a correction factor, K; was opp|ied at each
pixel depending on its composition as oxide, carbonate or
sulfide (see Results and Discussion section for detail on how
phase was assigned for each pixel). The 100% normalised
mass fraction of each element i was calculated by multipli-
cation of the originally determined mass fraction by the
100% normalisation correction factor. A list of the isotopes
used for 100% quantification and the correction factors used
is supplied in Table S2.

n

-1
Ci sample,100%norm = Cisample X E (C/}somple X Ki,species))

il
3)
Spot analysis by hole-drilling LA-ICP-ToF-MS

Spot analyses of a selected silica phase of the previously
imaged and repolished sample were performed by con-
ventional hole drilling LA ICP MS experiments (Hattendorf
and Giinther 2014). For this analysis, the extemal reference
sample, NIST SRM 610, was ablated in duplicate before
and after ablation of the rock sample to determine isotope
sensitivities and correct for instrument drift. Typical LA and
ICP MS operation conditions are listed in Table S3. Quan-
tification of element mass fractions was performed by an
infernal standardisation approach (Longerich et al. 1996)
with 27Si as intemal standard using the data reduction
software SILLS (Guillong et al. 2008). Silicon mass fraction of
this phase was determined externally by SEM EDS analysis.
Preferred values for elemental mass fractions in NIST SRM
610 were taken from the GeoReM database (Jochum and
Nohl 2008). Prior to analysis in SILLS, the mass spectral
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Figure 3. Data acquisition and analysis strategy for high-resolution LA-ICP-ToF-MS imaging. For element-image
acquisition, ICP-ToF-MS data are collected continuously while sequential line scans of LA shots are performed at a
frequency of 20 Hz. Each ICP-ToF-MS file is composed of ablated signal from 10 consecutive lines, that is, data from
8000 laser shots. The entire image is recorded in forty ICP-ToF-MS files, each with data for ten lines. In (a), total-ion
line scan data from ten lines of PF12 image are shown; 400 line scans each composed of 800 LA events compose
the elemental images of PF12. (b) Zoom-in of LA-ICP-ToF-MS data from the 2015t line scan of the elemental images
shows the multi-elemental/isotopic ToF-MS data obtained from each 5-pm LA shot (only select isotope signals are
shown). (c) Zoom-in on 2 s (i.e., forty LA shots) of ICP-ToF-MS time traces of isotopes of two major elements, Zn and
Pb, plotted on a log;o(intensity) scale. As seen, 2°°Pb signal decreases by almost four decades between ablation
events; ¢®Zn signal shows more carry-over between ablation events, but signal decline is still over three orders of
magnitude. Signals from each LA event were integrated across 50 ms to determine the signal intensities in each
pixel. Images with signals from the two most intense ToF-MS mass channels (°®Zn* and 2°Pb*) are shown with
pixels from lines 201 210 of the elemental images highlighted.



peaks in each ToF MS spectrum were baseline subtracted
and then integrated using Tofware software (Tofware,
ToFWERK AG, run on IGOR Pro, ver. 6.3.6.4; WaveMetrics,
Inc, Porfland, OR, USA). Integrofecl ToF MS peok signa|s
were extracted as isotope specific signal time traces for
quantification in SILLS.

Results and discussion

Phase-specific 100% normadlisation quantitative
elemental imaging by LA-ICP-ToF-MS

As shown in Figure 2, the PF12 sample is extremely
heterogeneous: its mineral assemblage is represented by
omorphous silica, an Mg Fe rich ‘ochraceous’ phose, car-
bonate (e, dolomite), spho|erite and ga|eno. The fault rock
is also fexturally heterogeneous, which poses a challenge for
quantitative LA ICP ToF MS imaging. Indeed, no single
element is present at known mass fractions across an
individual line scan and even the major elements show a
broad mass fraction variation. Due to the absence of a
suitable internal standard, we chose to employ 100% mass
normalisation quantification strategy.

To date, the quantification of multiphase heterogeneous
geological samples has been achieved through the use of
reference materials combined with secondary methods to
provide internal standard mass fractions of the sample (Paul
et al 2014). These researchers applied (among other
mineral segmentation approaches) principle component
analysis to identify and assign different phases within @
multiphase sample imaged by LA ICP MS. They quantified
elements within these phases using different reference
materials and internal standards depending on the phase’s

composition.

While 100% normalisation quantification has been
demonstrated to produce accurate LA ICP MS analysis of
materials of known and constant matrix stoichiometry
(Tabersky et al 2013), only a few publications (Gundlach
Graham et al. 2015, Burger et al. 2017) report 100%
mass normalised quantification across o heterogeneous
material. Mass quantification by 100% normalisation is
particularly well suited for ToF MS  because complete
element detecfion ensures all measurable elements are
accounted for in the normalisation calculation (Leach and
Hieftie 2001). However, with ICP ToF MS, some geologically
significant elements, such as lithium, boron, carbon, oxygen
or sulfur, are difficult or impossible to measure due to
background species and reduced sensitivity for low masses.
An accurate 100% normalisation approach must, therefore,
include the known major element stoichiometries of the

sample at the position from which each LA ICP MS signal
was obtained. In the studied sample, the three most
predominant phases are oxide, carbonate and sulfide,
which have anionic components of O%, CO3 or S,
respectively. Clearly, the anionic component of a phase’s
molecular structure offen makes up a large fraction of the
total mass ablated and inaccurate assignment of major
element stoichiometries will adversely affect quantification.
For instance, in the Zuccale Fault rock, iron exists as FeO,
FeCO3 and FeS within the ochraceous phase, carbonate
and sphalerite, respectively. If all Fe signals were quantified
as FeO, but a particular phase actually was composed of
FeCOj3, then the iron mass fraction in that phase would be
quantified as about 30% too high; likewise, the spuriously
elevated normalisation factor would cause systematic over

estimation of mass fractions for all other elements.

To assign element speciation and phase stoichiometry at
the single pixel level, we used single isotope intensities of
325" and *Ca* as indicators of pixels associated with the
sulfide and carbonate domains, respectively. In Figure 4, the
histograms for the 3?S* and **Ca™ are presented to show
how the threshold levels for the sulfide and carbonate
domains were chosen. Specifically, if 2S* signal was above
1254 counts, the sulfide domain was assigned to that pixel;
if #“Ca™ was above 132 counts, the carbonate domain was
assigned; and all other pixels were quantified as oxides. The
use of single isotope signals of 44Ca and *2S to divide pixels
info appropriate mineralogical domains is adequate for the
given specimen. However, we do not expect domain
segregation by thresholds of *“Ca and *°S signo|s to be
generally applicable for all other geological sample types.
Instead, for any given geological samples, characteristic
isotopes (based on stoichiometry of given mineral phases)
need to be identified to separate domains. Domain
assignment should also be independently identified by
combining petrographic documentation and prior geolog
ical knowledge. Full spectrum data available with LA ICP
ToF MS for each pixel is beneficial in discovering single
isotope or multi isotope signal combinations that can be
used to discriminate domains. In this regard, future work
towards automated domain separation using cluster anal
ysis, principle component analysis (Paul et al 2014) or
machine leaming approaches is an attractive direction.

In Figure 5, we present phase masks created for element
quantification overlaid with a microscope image of the PF12
sample; good agreement of the microscope image and LA
ICP MS signal assigned phases is apparent. In Figure 5d f,
the phase specific quantification of iron is presented fo
illustrate how the phase masks (ie, oxides, carbonates and
sulfide) were used to quantify each element throughout the
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Figure 4. (a) Histogram of 325" signals from all pixels in elemental image. A threshold of 1254 counts shows

separation between the sulfide domain and the background. The broad background arises from the isobaric overlap of

1602+

as well as a large number of mixed-domain LA events, in which ablation occurred at a domain edge and thus

ablated material from each of the adjoin domains. The multipeak structure of the histogram above the threshold is the

result of multiple sulfide domains, that is, ZnFeS (more counts) and PbS (fewer counts). (b) Histogram of #*Ca* single-

pixel signals with a threshold of 132 counts to separate the CaCO; phase from the oxide phase. Again, the broad

background histogram is largely attributed to mixed-domain LA events from ablation at domain borders.

elemental images. Important to note is that it is not actually
correct to define the composition of all pixels in the LA ICP MS
image as single phase; some LA spots are actually composed
of sample from more than one phase because the laser spot
is at the junction of two or more phases of the rock sample. For
pixels with isofope intensities higher than both the sulfide and
carbonate thresholds, the sulfide domain was ossigned. For
pixels with all isotopes below the sulfide and carbonate
thresholds (buf still a porTio| ablation of sulfide or carbonate),
quantification based on 100% normalisation to the sum of
oxides was performed. Partial ablation of phases clearly
leads to @ quonﬁficotion error; this effect is termed the
‘halo-effect in LA ICP MS imaging (van Elteren and
Vanhaecke 2016) because lower intensity pixels outline
features of the image. The impact of the halo effect on
image quality is dependent on the spot size or lateral
resolution of the LA and the size of the features imaged.
Strategies to deconvolute the contribution of each phase
from a single pixel would be of interest; however, poor ion
statistics  obtained from the small amount of material
ablated per laser shot combined with element redundancy
between phases makes such deconvo lution challenging.

Comparison of quantitative imaging and hole-
drilling data

To examine the accuracy of the 100% normalised
quantified element mass fractions obtained by imaging LA

ICP ToF MS we selected a smalll region (~ 200 x 300 pm)
of the PF12 sample that resides completely within the Si Al
oxide phase and performed conventional hole drilling LA
ICP MS analysis. For this analysis, a laser spot diameter of
44 pum and a laser repetition rate of 10 Hz were used, and
elements were quantified against reference material NIST
SRM 610 with 27Si as the internal standard; Si mass fraction
in this phase was defermined by Electron Microprobe

analysis.

In Figure 6, the average mass fraction determined
from five different hole drilling LAICP MS experiments is
plotted against the median mass fractions of elements in
image pixels across the identical region of the rock
sample. For hole drilling quantification, only the first 2.3 s
of each ablation was used for quantification because this
most c|ose|y matches the surface concentration of ele-
ments, as was defermined with elemental imaging. At
greater fime points along hole drilling experiments (ie,
deeper laser sampling position), large variation in isotopic
signals was obtained due to sample inhomogeneity at
depth. As shown in Figure 6, mass fractions determined by
hole drilling LA and LA imaging are generally correlated;
major outliers include Al (two times higher mass fraction in
hole o|ri||ing experimenfs), Zr and Cs. In the silica alumina
phase of the sample, Zr and Cs exist mostly in clumps of
localised high mass fractions; when the median  pixel
value of the LAICP ToF MS image area is calculated, the
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Figure 5. (a) White-light microscope photomicrograph of the ablated region of PF12 sample. (b) For 100%

normalisation to the sum of element species, masks for the carbonate, oxide and sulfide phases were generated

using pixel-intensity thresholds as discussed in Figure 4. (c) Carbonate, sulfide and oxide masks superimposed on

sample microscope image. (d f) Quantified images (% m/m) of iron species for each of the three domains. A

composite concentration image for iron mass fraction can be made by summing the three Fe-species-dependent

concentration images.

relatively few high concentration pixels have litfle influence
on this value, and the average mass fraction determined
by hole drilling LA experiments is higher. Elemental images
of Zr and Cs are provided in Figure S3. In the case of Al,
the difference between hole drilling and imaging exper
iments remains unclear: heterogeneity of the internal
standard (ie, Si) in the SiAl phase could cause mass
fraction discrepancies, or matrix mismatch between NIST
SRM 610 reference material and the Si Al phase of the

Zuccale Fault Rock sample might be problematic.

Nonetheless, in both hole drilling and imaging experi-
ments, Si and Al are the major elements, and 100% mass
normalisation ~ quantification allows for correlation  of
determined elemental mass fractions across at least five
orders of magnitude, which indicates that the 100% mass
normalisation quantification of each image pixel s
effective, even with the high lateral resolution of 5 pm.

Geological interpretation of compositional maps

The quantification approach described above provides
a set of compositional maps of major (Figure 7) and minor/
trace rock components (Figure 8). In Figure 7, components
are reported in units of per cent mass of their oxide forms,
except for Figures 7e, j, which are reported as per cent mass
sulfides. In Figure S4, we present the same element maps,
but as absolute elemental mass fractions pg g'] and plotted
as the logarithm on a false colour scale. It is important to
note that while these concentrations reflect the true mass
fractions of each element, they also provide direct informa-
tion on the mineralogical composition across the images.
Indeed, such information is allowed by the correspondence
between petrographic images (Figures 2a ¢ and 5a) and
single element compositional maps, which lead to an
accurate identification of the constituent minerals.
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data points are labelled with isotope used for quantification. Vertical error bars indicate + standard deviation and

horizontal error bars represent the first and third quartiles (i.e., 25% and 75%) of pixel concentrations.

Two considerations can be made from the inspection of
the compositional maps presented here. First, the spatial
distribution of major, minor and trace components can be
coupled with petrographic observations not only to identify the
minerg|ogicc1| composition of the rock, but also to determine
the chemical heterogeneity of individual phases within the
analysed area. For instance, the highest ranges of SiO5
(Figure 7a) and Al,O4 (Figure 7)) mass fractions in the
analysed area are found where the silica clumps occur. These
variations necessarily correspond to regions in which the silica
bulk composition is controlled by the relative substitutions of Si
and Al within structure of the amorphous solid. Thus, the

constructed maps identify Si and Al as the major components

of the amorphous silica clumps, but they allow also the
identification of a large number of minor and trace compo-
nents. In addition to Al,Os, our determinations show that
important minor and trace components of amorphous silica
are Zn (Figure 7, NaxO (Figure 7i), Ga (Figure 8b), Sn
(Figure 8g) and Sr (Figure 8e). Lead mass fraction (Figure 7i)
is consistently high within silica clumps (of the order of
thousands of pg g™') but the variations of its mass fractions are
independent from SiO» variations. Other minor/trace silica
components not shown in Figures 7 and 8 are K (< 32%
m/m), Mo (<1500 pngg’) W (<1500 ugg') Cr
(< 1000 pg g') Rb (< 300 pg g) and Cs (< 150 pg g™).
All these components show spatial distributions that are either
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irregu|or (K, Rb) or spotty (Mo, W) within the c|um|os, and none of

them occur exclusively within silica.

A second important consideration is that the composi-
tional maps allow a microtextural analysis that would
otherwise be difficult to carry out with other analytical
techniques. For instance, the thin and continuous composi-
tional banding displayed along the dolomite level by FeO
(Figure 7b), MgO (Figure 7g), MnO (Figure 7h) and Sr
(Figure 8e) corresponds to a primary compositional zoning
of dolomite. This banding  which is laterally confinuous s
shown in detail in Figure S5, where a uniform thickness of
40 50 pm can be evaluated for each individual band. Such
delicate and continuous banding demonstrates unequivo-
cally that the dolomite of the cataclasite formed as a result of
an undisturbed growth, rather than from a brittle deformation
event. Interestingly, the compositionally zoned dolomite is
crosscut by a dense network of veinlets that extends into the
adjacent sulfide levels. This network of thin veinlets provides
evidence for brittle fracturing and replacement postdating
the sulfide and dolomite precipitation in the cataclasite.

Other important observations can be made from the
inspection of the LA ICP ToF MS compositional maps. The
ochraceous phase is compositionally variable, and its
variability is generated by changes in SiO,, Al,O3, CaO
and MgO mass fractions rather than by significant variations
of FeO content. This is evident from a comparison between
the FeO map (Figure 7b) and those of SiO,, AlO3, CaO
and MgQO, which show that while FeO mass fraction is
consistently high and > 50% m/m within the veinlets (bright
areas of Figure 7b), those of all other components may vary
by orders of magnitude (e.g, MgQ). Such variations suggest
a mineral composition made of a mixed oxide/hydroxide
assemblage. Among the other major components, the
ochraceous phase hosts consistently high, but variable, mass
fractions of MnO (Figure 7h), Zn (Figure 7e), Pb (Figure 7j)
and Cu (Figure 8a). Among the frace components, this
phase shows extremely variable and spotty mass fractions of
Sn (Figure 8h), Sb (Figure 8i), Ba (Figure 8j), and of (not
shown) U (<300 ug g') and Th (< 100 ug g™'). The
highest In mass fraction of the analysed area (Figure 7g)
was determined in a portion of the ochraceous phase that is
enriched in Sn, Sb, Cd, Na,O and Co (not shown) in
addition to FeO, Zn, Pb and Cu. A similar association was
found in the portion of the analysed area with the highest

measured As mass fractions (Figure 8¢).

Similarly to what is shown for dolomite, sphalerite and
galena, which occur in the foliated portion of sample PF12,
show a range of textures and compositions. Sphalerite hosts
high but variable mass fractions of Cd (< 1% m/m), Cu

(< 1000 pg g'), Pb (< 1000 pg g™') and In (< 300 pg g
") in addition to Zn and Fe. Within galena, Pb, Sn and Sb are
uniformly distributed, but Ag is preferentially enriched at
crystal rims. Sphalerite is cut by a network of veinlets that
clearly control the replacement by a fine grained phase that
hosts a |orge number of elements, name|y Zn, Pb, Fe, Mg,
Cu, Sn, In, As, Sh, Ag, Cd, Ga, and variable quantities of Na,
Mn, Ba, Sr, Ni and REEs. Similar to what described for the
mixed oxide ochraceous phase, this replacing fine grained
phase cannot be explained by a single mineral, rather by a

mineralogically complex oxide assemblage.

The high mass fraction spots of TiO5 within the sample
(Figure 7d) are generated by relatively isolated, euhedral
rutile crystals within the fault rock (Figure 2a, b). These
euhedral crystals display a specific compositional and textural
feature, which is the association of Ti, Nb, Ta and W (Figure S6).
The exact spatial coincidence of these elements within
these crystals indicates that the formation of such Nb Ta W
rich rutile was an integral part of the cataclasite formation.

Conclusions

High resolution, quantitative LA ICP ToF MS  elemental
imaging proves fo be a very effective tool to determine the
chemical and mineralogical compositions of complex rock
samples. This new imaging capability has become possible
through recent technical developments in low dispersion LA
systems and advanced ICP ToF MS instrumentation. The
application of this imaging to the complex cataclasite
sample of the Zuccale Fault shows that large format, high
resolution images at lateral resolution of 5 um generate a
combination of major, minor and trace element distributions
of unprecedented geological utility. To obtain these mass
fraction maps, we used a phase specific 100% mass
normalisation quantification strategy that takes into account
the mass of major elements based on their molecular
stoichiometries when combined with oxide (0%), carbonate
(CO2) or sulfide (S*) anions characteristic of the identified
phases of each LA event. While this 100% mass normali-
sation quantification seems to perform adequately, it would
certainly be better to be able to direclly measure the
ablation yield of all major elements for improved quantifi-
cation accuracy. In particular, combination of LA with a
secondary approach, such as laserinduced breakdown
spectroscopy to measure oxygen, carbon and sulfur would
be advantageous (Chirinos et al 2014). In addition, @
limitation of ICP ToF MS remains limited sensitivity for geo-
logically important elements such as B, Li and K.

An important conclusion that can be drawn from our
data is that part of the mineral assemblage of the Zuccale



cataclasite could not form exclusively in a regime of britfle
deformation (Wearing), but from a mechanism of open
space filling (undisturbed growth) that is unexpected in faults.
This conclusion couples with the unexpected presence within
the cataclasite minerals of a suite of elements including As,
Sh, In and Ga, whose presence can be justified only by the
introduction from an external source, presumably @

hydrothermal fluid that was fluxed within the fault.

We anticipate a growth of popularity of high resolution,
quantitative LA ICP ToF MS elemental imaging in the years
to come in the scientific community. Such popularity will
hopefully lead to improved models for a broad spectrum of
geological applications.
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