UNIVERSITY OF LEEDS

This is a repository copy of Atom probe tomography analysis of the reference zircon gj-1:
An interlaboratory study.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/137226/

Version: Accepted Version

Article:

Exertier, F, La Fontaine, A, Corcoran, C et al. (23 more authors) (2018) Atom probe
tomography analysis of the reference zircon gj-1: An interlaboratory study. Chemical
Geology, 495. pp. 27-35. ISSN 0009-2541

https://doi.org/10.1016/j.chemge0.2018.07.031

© 2018 Elsevier B.V. Licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Atom probe tomography analysis of the reference Zircon GJ-1: around-
robin experiment

A. La Fontainé?", F. Exertiet?, C. Corcorad, S. Piazold* E. Belousovj Z. Peng, B.
Gaulf, D. W. Saxe$, D. Fougerouse S M. Reddy, S. Pedrazziri P. A. J. Bagdt M. P.
Moody?, B. Langelie?, D.E. Moset’, G.A. Bottory, F. Voget!, G.B. ThomsoH, P.T.
Blanchard? A.N. Chiaramont?, D.A. Reinharéf, K.P. Ricé3, D. Schreibéf, K.
Kruska“4W. Jing*, J. M. Cairney?

1School of Aerospace, Mechanical, Mechatronic Engineetimiyersity of Sydney, NSW
2006, Australia

2Australian Centre for Microscopy and Microanalysis, Ursitgrof Sydney, NSW 2006,
Australia

3australian Research Council and Centre of Excellenc€dwe to Crust Fluid Systems /
GEMOC, Department of Earth and Planetary Sciences, Maequaiversity, NSW 2109,
Australia

“School of Earth and Environment, University of Leeds, UK

*Max-Planck-Institut fur Eisenforschung GmbH, Max-Pla&tkalRe 1, 40237 Dusseldorf,
Germany

®Geoscience Atom Probe, Advanced Resource Charadmmi§acility, John de Laeter
Centre, Curtin University, WA, 6102, Australia

'Department of Materials Science and Metallurgy, Universit¢ambridge, Cambridge CB3
OF3, UK

8Department of Materials Science, University of Oxford kB&oad, Oxford, OX1 3PH, UK
*Department of Materials Science and Engineering, andd@am&entre for Electron
Microscopy, McMaster University, 1280 Main Street West, iHtam ON, L8S 4M1, Canada
YDepartment of Earth Sciences, University of Western @ntat51 Richmond Street,
London, ON, N6A 5B7, Canada

"Dpepartment of Metallurgical & Materials Engineering, Unsigr of Alabama, Tuscaloosa,
AL 35401

12National Institute of Standards and Technology, NIST Boulde®. Departement of
commerce

13CAMECA Instruments, Inc., 5470 Nobel Dr, Madison, WI 53711

pacific Northwest National LaboratqiyISIN J4-55 Richland, WA 99352 USA

*corresponding author: A. La Fontaine, alex.lafontainednsy.edu.au
ABSTRACT

In recent years, atom probe tomography (APT) has beesasiogly used to study minerals,
and in particular Zircons. The mineral Zircon (ZrSiCeljdeally suited for geochronology by
utilising the UTh-Pb isotope systems, and trace element compositiorssarvidely used to
constrain petrogenetic processel®wever, while standard geoanalytical techniques provide
information at micron scale lengths, the unique combinaifochemical/isotopic sensitivity
and spatial resolution of APT allows compositional measares at the nanoscale. This round

robin study is aimed at understanding the reproducibility®»T Alata across research facilities



and assessing the role of different aspects of the @tobe workflow on reproducibility. This
is essential to allow correct evaluation of APT resalhd full utilization of this emerging
technique within the geoscience community. In this study,sangles from the same GJ-1/87
grain were sent to nine APT institutes in Europe, USA, CanadaAustralia. Each institute
conducted three different rounds of APT anadyssing () unconstrained analysis parameters,
[1] pre-defined analysis parameters, andldiglata analysis exercise. Data such as the measured
composition, acquisition parameters, or mass spectrumigreatifications, were recorded and
analyzed. We observe a significant variation in th@sueed composition across this round
robin study as well as the number of trace elementsifigeintThese differences are thought to
directly result from the user’s choice of peak identification, ranging and background correction
model. The type of instrument does not seem to be eattiéictor.

Consequently, comparison of absolute trace element datraon using APT between
laboratories is only valid if the same workflow has beesuesd.
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1. INTRODUCTION

The accessory mineral zircon (Zrg)ds commonly used in geoscience as a geochronometer
utilising the UTh-Pb isotope systems and also as a trace element mdrtieris essentially
due to its ability to specifically incorporate very specifiace elements such as U and Th, but
exclude Pb during crystallization as well as the robustrfess lattice structure, composed of
isolated SiQ tetrahedra, which leads to refractory and weather-resistaperties. [2, 3] The
extremely slow diffusivity of solutes, even at high terapae, and the homogeneity of trace
element distribution, both contribute to ziréonse as drecording systeih [4-6]

Laser ablation inductively coupled mass spectrometry (LAMSPis commonly usedo
measurethe trace element composition in zircons because diigis chemical sensitivity,
despite a spatial resolution limited to ~1t [7] In the last decade, studies using advanced
electron microscopy, cathodoluminescence and secondargass spectrometry showed that
trace elements can be heterogeneously distributednwatidons at the micrometer and sub-
micrometer scale, principally in domains affected by chyststic deformationd8-14] Trace
element mobility is also observed in old zircons withhhUranium content due to radiation

damage[15] In order to better understand the processes responsitdeidh heterogeneities



and trace element mobilityhe geoscience community requires techniques that combine sub-
micrometer spatial resolution with high chemical sensjtiiror example, high-resolution ion
microprobe (nano-SIMS) can reach a lateral resolg®amall as to 50 nm while maintaining

a high chemical sensitivity, usually below 1 pp[h6-18] In parallel, atom probe tomography
(APT) has recently emerged as a technique providing thneerdional, subnanometer-scale
analysis of minerals witAunique combination of chemical/isotopic sensitivity and raamic
resolution. [19, 20] In recent yea®sPT has been increasingly applied to the stafljrace

element distribution in zircons. [21-25]

APT relies on the effect of an intense electritfigenerated at the tip of a 50-100 nm diameter
needle-shaped specimen biased to a high voltage, inrje o 3-11kV. As this electrostatic
field reaches a critical value in the range 0400 Vm™, the surface atoms are progressively
ionized and desorbed from the surface in a process knoWela®vaporation. Upon laser-
assisted field evaporation, the ions are acceleratey fawa the specimen and projected onto
a position-sensitive detector, with a magnification thatinely reaches £8. Field evaporation

is a thermally-assisted process, critically dependethi@amplitude of the electric field. Time-
control of the field evaporation process is gained by rsmpesing laser pulses to the DC
voltage, allowing for timesf-flight mass spectrometry with unrivalled spatial resotutio
Modern atom probe microscopes are of two main typeh,seine fitted with a reflectron lens,
which acts as an electrostatic mirror that modifiedlihbt path of ions having different kinetic

energies to improve the mass resolution, while maintainedeld-of-view. [26, 27]
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Figure 1: publications on atom probe applied to geological materials 20Q6-



After some early attempts [28, 29iprovements in APT instrumentation and specimen

preparation methods have supported a rising interest by tseigece community in recent

years [22-25, 30], as evidenced by the number of published dotzureported in

Figure 1| Hence, itis timely for the APT community to evaluate the reproducibitifythe

technigue on well-characterized, standard geologicalrraktdt has been widely reported that
the composition measured by APT is dependent on the analysditions, namely the base
temperature, the pulsing mode (high-voltage vs. laser)aske pulse energy, the amplitude of
the DC field, detection rate, the type of instrumemd detector used. [31-41]. In order to
monitor experimental biases and results reproducibility gg@science community relies on
stable and homogenous reference zircons that have dnaligne compositional analysis
using LA-ICPMS [42]. One such reference zircon (GJ-1) wasldped by the ARC National
Key Centre for Geochemical Evolution and Metallogenyaifithents (GEMOC) and the ARC
Centre of Excellence for Core to Crust Fluid Systems (CGE&) at Macquarie University in
Australia. In recent years, it has been widely disted and used as a chemical reference
material for zircon U-Pb geochronology and Hf-isotopaiysis. [43]

Here, we report on a round-robin APT experiment making usmefgrain of this reference
zircon GJ-1To date, only few round-robin experiments in APT havenlseported in the open
literature [44, 45], but the community is increasingly using #pproach to assess analysis
methods and techniques. For example, testing the reliadilitiustering analysis methods on
the same simulated and experimental data sets [1], orfihence of the user on the definition
of ranges to translate a mass spectrum into an elememtaposition [46]. Our effort,
coordinated at the University of Sydney, is the first®kind onageological material and has
utilised nine statef-the-art instruments spread across Europe, Canada, USA atdlidus
Fragments from the same zirc@¥1 grain (grain # 87) were cut and sent to the different
laboratories for analysis. The round-robin consisted afifférent rounds of analysis: (i)
unconstrained acquisition parameters and data processipgpré-defined acquisition
parameters, and (iii) data processing solely, on a comstidataset. Here we present the results
from this round robin experiment, namely, recording tlgueition parameters, the quality of
the mass spectra, the identification of peaks in thesnspectrum, and the subsequent
measurement of the composition, for the primary antetedements. From our analysise w

derive the critical parameters and lay out what could bedmest practice in the field.

2. EXPERIMENTAL PROCEDURE



2.1 Round robin experiments

This round robin study was set up as a collaboration betwieenAPT laboratories in five
different countries equipped with four different modelsaimercial Local Electrode Atom
Probes (CAMECA LEAP) , all equipped with UV (A=355nm) laser systems as summarized in
Table 1 The single grain of reference zircon was obtained @EMOC/CCFS at Macquarie

University in Australia.

LEAP 5000XS — Straight Flight Path 3 instruments
LEAP 5000XR — Reflectron 2 instruments
LEAP 4000X HR — Reflectron 3 instruments
LEAP 4000X Si — Straight Flight Path 2 instruments

Table 1. Instruments used in this round robin experiment

Eleven fragments were sectioned from zircon GJ-1/87 tizaeacs a few mrh each. Those
samples were given directly to the participants attioen Probe Tomography and Microscopy
conference in 2016 (APT&M 2016), without providing any inforimaton the sample, except
that it wasareference zircon. All participants received a docuntieait defined the protocol of

the round robin. The participants were asked to share thisrbsted in table 2.

Round 1 Round 2 Round 3
Unconstrained Constrained Ranging
(Participants collect 1 or more > Pre-defined conditions: (Participants were provided

20M atoms datasets) (300 pJ — 50 K- 250 kHz - 1%) with a 20M atom dataset)

(Participants collected 1 or
more > 20M atoms datasets)

.pos, .epos and .rhit files .pos, .epos and .rhit files range file (.rrng,.rng)
reconstruction details reconstruction details composition measured
crystal orientation of the tips range file (.rrng,.rng)

details of acquisition parameters | composition measured
range file (.rrng,.rng)
composition measured
sample preparation method

Table 2: Summary of data provided by participants.

2.2 Thereference zircon GJ-1/87



The reference zircon used in this study is GJ-1/87 (grain 8@@nt@meter size gem quality
zircon obtained from GEMOC/CCFS at Macquarie University instfalia. This well-
characterized zircon is exceptionally homogeneous fromiatto millimeter scale, as shown
in a recent study utilising APT, LA-ICPMS, transmissiorkdahi diffraction (TKD) and
electron backscattered diffraction (EBSD). [43] Prioctiting the samples from the single-
crystalGJ1/87, its homogeneity was evaluated by using EBSD (2a). For EB®Lxircon
grain was mechanidgl polished and then finished with a colloidal silica-wagelution. The
sample was then carbon coated. EBSD was performed omss 2¢O scanning electron
microscope (SEM) coupled with a HKL NordlysNano high sengtiEBSD detector and a
tungsten source operated at 20 kV. AzTec software (Oxfordimstits) was used to index the
EBSD patterns, and the results confirmed that GJ-1/87 is & gingin with no noticeable
crystal plastic deformation. The sample was then@ead using a diamond saw into eleven
pieces with a section of approximately 1 frand nine of them were given to the participants.
In this study, the samples were named with the followorention:

- Number : 4 (LEAP 4000) or 5 (LEAP 5000)

- Letter: R (Reflectron) or S (Straight flight path)

- Roman number: I, Il or Ill for different samples

(a) Reference zircon GJ-1/87 (b) Sample 4R-I (c) Sample 4S-lI

J-1/87 (sample 87K]) Cathodoll:umip?scence CL 5 d TKD
ot b : '
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Figure 2. Multi-scale analysis of reference zircon GJ-1/87, configrabsence of structural
disturbances and macto-nano homogeneitya) optical image of a small piece from GJ-
1/87 (spare piece 87 K) and EBSD analysis of GJ-@@BCathodoluminescence and
secondary electron images of sample 4R-I, EBSD and Xenaygy Dispersive Spectrometry
[47] analysisfc) TKD analysis and atom maps of APT specimen needlesgeonple 4S-I1.



Most participants independently performed electron imagmay EBSD analysis. Figuizp

shows images from the SEM and EBSD analyses performetheatJhiversity of Sydney
(sample piece 4R TKD was also performed on most of the atom probe specinié{i3
analysis on a tip and the associated atom maps frorac¢bastructed APT dataset is displayed
in figure 2c (sample piece 4S-Il).

Analysis Al P Ti Cu Ga Ge As Rb Y Nb Hf Ta Pb Th U
Average 5.38 30.5 4.51 0.10 0.45 0.18 0.21 0.06 197 2.01 5535  0.48 76.9 14.1 222
1o 0.21 3.0 0.23 0.01 0.02 0.05 0.05 0.01 6.7 0.07 186 0.02 3.3 0.5 8.4
Analysis La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Average 0.002 15.2 0.03 0.71 1.51 0.89 5.53 1.59 17.3 5.55 23.7 5.46 58.3 8.98

1o 0.001 0.64 0.002 0.03 0.06 0.03 0.23 0.05 0.6 0.18 0.83 0.18 2.1 0.30

Table 3: Summary oL A-ICPMS trace element concentrations (ppmw) for thel83-

zircon standard. (Full data in table S1)

No major cracks or other structural disturbances were wix$eat the micrometer and sub-
micrometer scale in the sample shown. However, we hate@he participant reported unusual
cracks at the sub-micron scale that complicated the g@€imen preparation and successful
analysis. This sample may have been damaged during orsaitdoning. The nominal
composition of zircon (ZrSig) is 66.6 at. % O, 16.6 at. % Zr and 16.6 at. % Si. Traoaeit
concentrations (Table 3) for the GJ-1/87 zircon sample aegaired in-situ using a Photon
Machine Analyte Excite Excimer Laser Ablation System (193 nitgched to an Agilent
7700cx quadrupole inductively coupled plasma mass spectromeM8)C The working
conditions for these analyses were as follows: 5&@&jfluence (or intensity), 50 pm spot size,
and a frequency of 5 Hz for the laser pulse rate. Tleenat standards chosen were CaO for
the reference materials (STD610 & BCR2G) and Zodthe sample analyses.

3. Resultsand discussion

3.1 Peak identification

Species identification in APT is based on the tmfiglight (TOF) of the field-evaporated ions,
converted into a mags-charge-state ratio, reported in daltoBs) The masde-charge data

is usually represented in a histogram, ‘arass spectrum with peaks in the spectrum
corresponding to the detected iofike shapes of these peaks in APT mass spectra result from
time delays in the field evaporation process (laserqmjlsor from a spread in the energy of

the emitted ions (HV pulsing), both of which result in & itathe mass spectrum peaks9]



This tail can overlap with other peaks from the sametlogr elements located at higher mass-
to-charge ratios. The background in the mass spectrum s&ddy a combination of dark
current from the detector, ionization of residual gasem ftbe vacuum chamber by the
electrostatic field, and potentially field evaporationabbms from the specimen thermally
activated at the base temperature (generalig@®). A representative mass spectrum is shown
in figure 3, and its main features are typical of thaspimed from zircons. This mass spectrum
was compiled from the sum of all the mass spectra dedoin the unconstrained round and
represents over 380 million detected ions.

During the data processing, the user is assisted in @ séa@tomated correction steps by the
commercial software package, CAMECA IVRA§ which was used by all participants in the
round robin study. For instance, necessary calibrandrcarrection of the measured tiroé-
flight is performed via application of the methods outlimef0, 48]. It is performed in a two-
step process, successively adjusting the voltage and ghe dlistance (i.e bowl) corrections
for a single mass spectrum peak in order to optimizeehé& resolution. These corrections are
followed by a mass$e-charge conversion. [20] Here, we are not discussing the nma#uef
those corrections on the overall composition measunenes they are performed blind by all
users and are expected to behave in a similar way on sibrerof the commercial software
used here. We instead focus on the following steps odldbee processing, namely the mass
spectrum peak identification, ranging and background estimaimh correction. The
identification of the peaks in the mass spectrum is aaeneually by the user, who specifies a
range of masse-charge-state ratios in the mass spectrum to which a sptypé of atomic or

molecular ion is associated. These mass ranges aref time key input files in the commercial

software package. As shown|in Figure 4, four elements werefidentonsistently by all

participants for the three rounds: O, Zr, Si and Hf.
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Figure 3: Mass spectrum from zircon GJ-1/87 obtained from the sumllahass spectra
collected in the unconstrained round. Different backgroundection models highlighted in
red.

The majority of participants also identified Y for edlunds. Th, Er and U were identified by
two participants and one participant identified more thewen trace elements. The chemical
sensitivity of APT is influenced by the position and numtiepeaks associated with a single
element in the mass spectrum, which may include peaks ariging rhultiple isotopes,
molecular ion complexes, and different charge stateaddlition, the background level varies
across the mass spectral range. In ideal situatiosshemical sensitivity of APT may be below
10 ppma for some elements (Al for example) and as highradreds of ppma for others (U for
example). The detection of minor trace elements dégends on the size of the dataset. The
peaks for some trace elements, such as Th or Er, enegri challenging to quantify with high
confidence because they are often similar in magnitude todakebackground noise, and may
also suffer from isobaric interference or non-detectibtheir minor isotopes, which can make
it difficult to identify them using expected isotopiciost It currently falls to the user to decide
whether or not to identify and include a peak with a low sigmddlackground ratio. In this
study, the user choice appeared to be the main factor deitegnthe number of elements
identified. There was also no apparent trend between theofypestrument used and the

number of peaks identified (Fig..4)



Unconstrained
Sr, Cr, Al, Li, Dy, Tm, Ta
P,Nb, U
Th, Er

‘Y
0, Zr, Si, Hf |

1 2 3 4 5 6 7 8 9
+ t + + + + + + +

Constrained

P, Nb, Sr, Cr, Al, Li, Dy, Tm, Ta
Th, Er,U

| Y

O,Zr,Si,HfI
1 2 3 4 5 6 7 8
‘ Ranging
‘ P, Cr,W, Dy, Tm, Ta, U
‘ Th, Er
‘ IY
O, Zr, Si, Hf |
1 2 3 4 5 6 7 8 9

Number of participants
Figure 4: Elements identified in the round robin (excluding C, H &ad.
The identification of the main elements (O, Zr andaBi) the two main trace elements (Hf and
Y; 5535 and 197 ppmw based on LA-ICPMS data) by most of the partisi is consistent with
previous APT studies of homogeneous zircons in the absdmdestering. [24, 25, 43] (Fig.
4) It is important to note the potential for incorrect iaggn the more detailed trace element
analyses, which mostly results from molecular interiees with Zr, Si and O complexes.
Essentially, it is up to the participant to push the tracaate ranging and confidently address
the molecular interferences. In this round robin studyguidance was given to the participants
with respect to data ranging and the difference in participants’ geochemistry background is
significant, which could explain the distribution observied the zircon trace element

identification.

Figure 5[shows the composition of O, Zr, Si and Hf measured lfdhr@e rounds. The full

compositions for this study are shown in supplementary 4e®& and S4. The average O
content for all rounds (~ 65 at. %) is below its expectadinal composition and its maximum
standard deviation for any single round is ~ 3 at. %, whiahesponds to that of the

unconstrained round .
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Figure 5: Composition measured for the 4 main elements identifieallparticipants (O, Zr,
Siand Hf) in all rounds. The “constrained same range” data points represent the compositions
measured in the constrained round usipgescribed same range that was best fitted to the
mass spectra. The average composition is displayedrasnds. The expected stoichiometric
values are also displayed in each case (dashed lines).

The Zr content is consistently overestimated witlaeerage of ~ 18 at.%, while the Si content
is closer to its nominal value with an average of ~ 18wtThese results are consistent with
previous APT studies of zircons, which reported both a deficit and a variation in Zr and Si
content. [22-25] Hf composition is quite consistent wit-ICPMS results at around ~ 1000

ppma (~ 5000 ppm).

Figure 5[ shows a substantial decrease in the composition vafperdion between the

unconstrained and constrained rounds for O and Si. It shaatstti different analysis
parameters lead, as expected, to a substantial variatitime inesulting composition. The

harmonization of the ranging and background correction naetkease the deviation in the

measured composition even further, as shoyRigure 5| The data points corresponding to

the ranging round confirm the importance of ranging, andskeciated background correction
models, by showing a greater variation in measured cotippopsompared to the constrained

round using the same range.

3.2 Spectral correction

11



Once the majority of peaks have been identified and ratiggtackground contribution needs
to be subtracted in order to obtain an accurate compaositibere are three background
correction models available in IVAS: (i) global TOF-baseduioh is a background estimate

based on the TOF spectrum of the entire dataset thatcislated before reconstruction; (ii)

local mass-based correction, which is similar to the ¢b0#&-based estimate but is calculated
separately for each mass spectrum created; and (i) laceyed-assisted background
correction, which is calculated for each ranged peak basé¢kde number of counts on either
side of the range. [49] The three models are schertpatiepresented in the mass spectrum
presented in figure 2.

The data is summarized in supplementary table S2. Sevehroé participants used the local
ranged-assisted background correction. One participant usadkground removal method
developed in-house, one used the local mass-based amrettie choice of background
correction model can be made after the reconstrucitoncomplex mass spectra such as those
from zircon, the background level varies greatly actbesT OF range with the contribution of
several, overlapping peak tails. Hence, a more locadéizatliation of the background for each
peak yields more accurate results. Hemest participants chose the local ranged-assisted
background correction, hinting towards a possibility to standautie background correction

model

3.3 Acquisition and reconstruction parameters

Figure 6| summarizes the principal acquisition parameters used bycipants in the

unconstrained round. Nearly 20 % of the atom probe data sets@lected with a laser energy
of 100 pJ and about 70 % with a laser energy of 400 pJ and Betewnajority of participants
used an evaporation flux of 1 ion or less per 100 pulseaverage, and a specimen base
temperature between 45 K and 55 K. The laser pulse frequanieg from 125 kHz to 250
kHz. However, it is irrelevant to compare straight flighthpand reflectron-fitted systems in
terms of pulse frequency. Often the laser pulse frequéscyeflectron-fitted systems is
lowered in order to include species with longer tirnéflight..

There is no evident correlation between the acquisitiomnpeters used and the LEAP models
(fig. 6). The laser pulse energy is the parameter tddd the most between participants. It is
well known that APT data quality is heavily influenced by treetapulse energy35] The
choice of laser pulse energy is often guided by the s@astrum quality, which is usually

measured by its background level, thermal tails behind pea#tanass resolving power. The

12



data obtained in a typical APT experiment must be r&cocted in order to visualize the 3D
volume. Using the simple flight path geometry and theraption that the specimen is a hemi-
spherical cap on a truncated cone, the ion impact detmmeadinates can be used to determine
the lateral position of the atoms at the surface e@tfiecimen, and the sequence of evaporation
is used to deduce the depth of the atoms within the specimenm®kt common APT
reconstruction algorithm is based on the work from Bad. eGeiser et al. and Gault et al. [50-
52]. The reconstruction is generally completed with CAMECGAmmercial software package
IVAS through semi-automated steps where the user can choose defask parameters or

calculate their own reconstruction parameters.
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Pulse laser energy (pJ)

Figure 6: Acquisition parameters used in the unconstrained rousek. failse energy vs
repetition rate. Sample temperature is representedl@shrightness (bright 45 K to dark 60
K). Markers are scaled in size according to the detecdims, ranging from 5 ions per 1000
pulses to 2 ions per 100 pulses on average. The black dianpedarts the acquisition
parameters set in the constrained round. (The fullidaggorted in Supplementary Table S2)

Optimization of the reconstruction accuracy is widely aered to be a crucial aspect of the
APT data processing, as it directly affects the spatiediracy with which the 3D representation
of the field-evaporated volume reflects the true spetimmécrostructure. In the case we
investigate here, where the material is expected to be demeous, and we are mainly
concerned with composition, the reconstruction stégsss critical.

Table S2 shows that the majority of participants caledléheir own image compression factor
(ICF) and k-factor or used the combination of calculatelil fevaporation value and atomic
volume for Zr. A few participants used the default paransgprovided in IVASY and a single
participant used thgo-called“tip profile” reconstruction metho¢R0]

The reconstruction method principally influences the apaticuracy of the 3d reconstructed

volume and has no impact on the time of flight and treposition measured. The zircon GJ-
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1/87 sample is perfectly homogenous and as suesindd contain any small features that could
be used to calibrate the reconstruction, and the natwiecoh field evaporation also does not
allow for calibration using crystallographic informatioks a result, in this study the spatial

accuracy of the 3D volume was not tested.

3.4 Mass spectra and theresulting measured composition

Two close-ups of the mass spectra betwe@6 Da and 4065 Da collected in both constrained
and unconstrained rounds are showRigure 7|(a) and (b) respectively. There are noticeable
differences in the background levels and the extenteofrtal tails behind major peghsoth of
which are influenced by experimental parameters such asdpe sf the specimen, the base
temperature which influences the thermal diffusivity of thaterial, the amplitude of the

electrostatic field, the laser pulse energy and teegument vacuum quality. Not all of these
factors are easily controllable or reproducible, espgdia$ parameters that are related to the

specimen’s shape.

a) unconstrained

10° " T " " 10°
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107 F — LEAP 4000 HR

Frequency
Frequency

10 15 20 25 10 40 45 50 55 60
mass-to-charge-state ratio (Da) mass-to-charge-state ratio (Da)
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10° 10°
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mass-to-charge-state ratio (Da) mass-to-charge-state ratio (Da)

Figure 7: Normalized mass spectra for both unconstrained and cmestraunds.
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A more quantitative way to compare mass spectra from élifferigins is to look at the signal-
to-background ratio for a selected peak versus charge-stiat¢which gives an indication of
the field intensity) or background level around the H pealoiiming on the vacuum state of
the instrument). Here the sigrtatbackground ratios were measured for tHé"peak, which
corresponds to one of the major trace elements witkizithon under investigation.”¥" was
detected by most of the participants at a level of ~ 200 ppnaverage (close to the level
detected by LAICPMS (197 ppmw). As shown in the ins@ (b), the peak position in

the mass spectrum, at 29.66 Da, is clear of major theéamgbr isobaric overlaps. It is plotted
against the charge-state-ratio of ZrO (Z#Q(zrO®** + Zr0?")) in order to reflect the field

intensity |Figure 8| (a)). The charge-state-ratio of a peak has previousiyn seewn to

gualitatively reflect the intensity of the field, [53, 54lhere a higher charge-state-ratio
corresponds to higher field. The ZrO species was chosets falbundance and the absence of
isobaric interference at the position of its two molecions, Zrd* and ZrG".
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Figure 8: Measures of background noise and their dependence on fherat@n field, as

indicated by the ZrO charge state ratio

Interestingly, the signdb-background ratios are higher for the reflectron-fittgstesms and

also display less dispersion than for the straighttflpgtth instruments

sHigure 8

(a) and (b)).

This likely originates from the slightly better mass teson of the spectra from reflectron-
fitted instruments (blue iEigure 7). The electric field is also more intense in theecaf

reflectron-fitted systems. This can be explained bywaetodetection efficiency as well as a
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smaller field of view for these systems. In order totapnsan equivalent detection rate,
experiments performed with reflectron-fitted systems vejuire a higher evaporation field
compared to a straight flight path system. Note that the ¢eh be lowered with a higher laser
pulse energy or lower detection rate. The level okgexund is also slightly higher with a more

intense field, but this seems to have a limited impact osigimalto-background ratiogHigure
(b) and (c)). While the instrument model (4000 vs 5000) doeappear to play a role in the
mass spectra quality, there is some improvement inlsigAzackground ratios with reflectron-

fitted systems.

4. Conclusions

The variation in the measured composition across thisdroobin study highlights the need to
provide guidelines and/or standards for the APT study of spégikes of materials. This study
confirms the importance of the ugechoicein identifying and ranging peaks. The local ranged-
assisted background model used by most of the participahtsuight to be a good fit for such
complicated mass spectra and as a result should be ardtandection for APT of zircons.
The dispersion of parameters used by our participants lgzarend reconstruct the zircon GJ-
1/87 reflects the multiple factors that influence an ARpgeeiment, posing a challenge for the
standardization of APT experimental protocols. The typmsifument has a small influence
on the data acquiretience does not seem the most critical factor. Intagdgtiin this study
the experiments were performed at higher fields in tflecteon-fitted instruments due to the
detection efficiency being lower. Reflectron systenaddyslightly better signaie-background
ratios for the selected Y peak examined in this paper. Valudsedaser pulse energy or
parameters that relate to the specimen geometry are ficoltlio control or to be reproduced,
and only parameters from the analysis itself should bddenesl. The background has a strong
influence, and better ways to quantify this may be nedeadlly, the charge state ratios seem
an interesting parameter to use for APT data comparisincas be monitored during the

course of the analysis and is only dependent on the plofdies field evaporation.
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SUPPLEMENTARY

Analysis Al P Ti Cu Ga Ge As Rb Y Nb Hf Ta Pb Th U
GJ-87-01 5.35 34.0 4.63 0.12 0.43 <0.15 0.213 0.06 197 2.02 5563 0.50 76.6 14.1 222
GJ-87-02 543 29.0 4.42 0.07 0.45 <0.14 <0.15 0.08 198 2.02 5567 0.49 77.0 14.3 223
GJ-87-03 5.37 30.8 4.13 0.10 0.43 0.19 0.22 0.08 200 2.02 5573 0.48 75.6 14.4 216
GJ-87-04 5.38 29.7 4.64 0.08 0.44 <0.14 <0.15 0.05 202 2.00 5600 0.48 74.2 14.1 212
GJ-87-05 5.26 30.6 4.55 0.10 0.46 0.14 0.23 0.06 198 2.02 5546 0.46 75.1 14.1 215
GJ-87-06 5.27 30.6 4.45 0.10 0.43 <0.13 0.21 0.05 195 1.99 5541 0.49 76.0 14.2 221
GJ-87-07 5.28 28.5 4.34 0.08 0.43 0.17 <0.12 0.07 195 1.96 5549 0.48 73.5 13.8 213
GJ-87-08 5.41 32.2 4.95 0.11 0.46 0.21 0.15 0.06 196 2.00 5483 0.46 79.6 14.1 230
GJ-87-09 5.54 27.4 4.67 0.11 0.46 0.16 <0.12 0.05 192 1.97 5458 0.48 79.3 14.1 230
GJ-87-10 5.59 31.9 4.34 0.08 0.46 <0.12 0.23 0.06 192 2.06 5473 0.46 82.6 13.7 233
Average 5.38 30.5 4.51 0.10 0.45 0.18 0.21 0.06 197 2.01 5535 0.48 76.9 14.1 222
1SD 0.11 1.93 0.22 0.01 0.01 0.02 0.03 0.01 3.2 0.03 47 0.01 2.8 0.2 7.7
16 0.21 3.0 0.23 0.01 0.02 0.05 0.05 0.01 6.7 0.07 186 0.02 33 0.5 8.4
RSD% 3.9 9.8 5.1 10 4.9 28 24 14 3.4 3.7 3.4 3.8 4.2 3.9 3.8
Analysis La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
GJ-87-01 0.002 15.2 0.03 0.66 1.46 0.84 5.44 1.55 17.2 5.55 237 5.49 58.0 9.04
GJ-87-02 0.002 15.3 0.03 0.65 1.47 091 5.38 1.59 17.3 5.59 238 5.46 58.7 9.03
GJ-87-03 0.001 15.0 0.03 0.72 1.50 0.87 5.48 1.64 17.2 5.59 24.2 5.52 57.7 9.2
GJ-87-04 0.002 14.8 0.03 0.72 1.48 0.87 5.54 1.61 17.7 5.68 24.2 5.54 57.9 9.15
GJ-87-05 0.001 14.9 0.02 0.72 1.46 0.89 5.56 1.6 17.2 5.55 23.8 5.39 57.8 9.06
GJ-87-06 0.001 15.2 0.03 0.69 1.43 0.87 5.61 1.61 17.5 5.53 23.4 5.45 58.0 8.93
GJ-87-07  <0.001 14.7 0.03 0.70 1.54 0.90 5.55 1.55 17.2 5.46 23.4 5.49 57.2 8.87
GJ-87-08  <0.002 15.5 0.04 0.72 1.50 0.92 5.65 1.59 17.2 5.54 23.7 5.41 59.1 8.95
GJ-87-09  <0.001 15.6 0.03 0.72 1.58 0.89 5.68 1.57 17.3 5.53 23.3 5.42 59.3 8.77
GJ-87-10  <0.002 15.2 0.03 0.73 1.50 091 5.48 1.57 17.1 5.51 23.3 5.43 58.8 8.78
Average 0.002 15.2 0.03 0.71 1.51 0.89 5.53 1.59 17.3 5.55 23.7 5.46 583 8.98
1SD 0.001 0.3 0.003 0.028 0.04 0.02 0.09 0.02 0.2 0.05 0.34 0.05 0.70 0.14
102 0.001 0.64 0.002 0.03 0.06 0.03 0.23 0.05 0.6 0.18 0.83 0.18 2.1 0.30
RSD% 48 4.2 7.5 4.8 41 41 4.2 3.6 3.4 33 3.5 3.4 3.5 3.3

210 calculated using GLITTER 2008.

Table S1 LA-ICPMS data (ppm) for the GJ-1/87 zircon standard.
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Symbol Temperature (K) Laser energy (pJ) Laser pulse (kHz) Detection rate (%)
5S-1 50 100 250 2
5S-11 40 500 250 1
30 700 250 1
5R-1 55 100 125 1
5R-Il 50 175 Variable 0.5
5S-l 50 175 Variable 0.5
4R-1 54.7 100 200 0.8
54.7 100 200 0.7
4R-11 59.7 350 200 0.75
59.7 250 125 0.5
4S-| 54.7 100 200 0.7
57.3 400 200 0.5
4s-11 50 300 250 0.5
4R-1l 50 400 250 0.5
Symbol Evaporation Field Atomic volume k-factor ICF Detector Radius Background
(V/nm) (nm3/atom) Efficiency evolution model
(%)
5S-1 Tip profile reconstruction method was used 80 Local-mass
(initial radius: 151.58 nm; final radius: 156.475; tip length: 75.855)
5S-11 28 (Zr) 0.0233 (2r) 3.3 1.65 80 Shank Local-ranged
(1.7 deg.)
28 (Zr) 0.0233 (2r) 3.3 1.65 80 Shank Local-ranged
(1.7 deg.)
5R-I 28 (Zr) 0.0233 (2r) 3.3 1.65 52 Voltage Local-ranged
5R-I 25 0.010912 3.3 1.03 80 Voltage Local-ranged
5S-111 25 0.010912 3.3 1.03 80 Voltage Local-ranged
4R-1 32 0.01076 3.3 1.65 37 Voltage Local-ranged
32 0.01076 3.3 1.65 37 Voltage Local-ranged
4R-1l 28 (Zr) 0.0233 (2r) 2.6 1.65 36 Voltage Local-ranged
28 (Zr) 0.0233 (2r) 2.6 1.65 36 Shank Local-ranged
(4.44 deg.)
4s-1 28 (Zr) 0.0233 (Zr) 2.6 1.65 In-house
28 (1) 0.0233 (2r) 26 1.65 unknown In-house
4s-11 32 0.010076 3.3 1.65 57 Voltage Local-ranged
4R-1ll 28 (Zr) 0.0233 (2r) 3.3 1.65 36 Voltage Local-ranged

Table S2 Acquisition and reconstruction parameters for uncamstd and constrained

rounds.
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unconstrained

58-1
5S-11

5R-1
S5R-1I

5S-111

4R-1

4R-1I

4S-1

4S-11

4R-1II

constrained

5S-1
5S-11
5R-1
4R-1
4R-II
4S-1
4S-11

4R-IIT

Ranging

5S-1
5S-11
5R-1
S5R-II
4R-1
4R-I1
4S-1
4S-11

4R-1IT

0

at %
64.8 £0.02
62.66 £0.01
62.66 £0.01
61.80 £0.01
67.45 +0.03
69.12 £0.02
70.83 £0.05
62.51+0.02
62.23£0.02
63.67 £0.01
63.76 £0.01
69.07 £0.05
66.92 £0.04
69.61 £0.02
63.38£0.01
63.24 £0.01

0

at%
63.80 £0.02

63.3520.01
67.530.01
62.95+0.02
64.87 £0.00
64.34 £0.04
69.61 £0.02

63.42 £0.01

0

at%
64.39 £0.01

67.33£0.01
67.53£0.01
66.11 £0.01
62.61£0.02
67.51£0.01
68.52 £0.03
67.59 £0.02

67.50 £0.01

Zr

at %
18.7 £0.01
20.14 £0.01
20.14 £0.01
18.58 +0.01
16.63 +0.02
15.40 £0.01
14.61 +0.02
18.44 +0.01
18.16 +0.01
19.00 +0.01
18.96 +0.01
15.93 £0.02
17.23 £0.02
15.14 +0.01
19.08 £0.01
19.16 +0.01

Zr

at%
19.60 +0.01

19.75 £0.01
16.83 £0.01
16.96 £0.01
18.02 £0.00
19.20 £0.02
15.14£0.01

19.08 £0.01

Zr

at%
20.60 £0.01

16.70 £0.01
16.83 £0.01
16.70 £0.01
20.55£0.01
16.59 £0.01
15.75 £0.01
17.36 £0.01

16.57 £0.01

Si
at %

16.4 +0.01
16.97 £0.01
16.97 +0.01
15.40 £+0.01
15.71 £0.02
15.28 £+0.01
14.36 +0.02
17.13+0.01
17.13+0.01
17.23 £0.01
17.19+0.01
14.84 +0.02
15.68 £+0.01
15.13 £0.01
17.41+0.01
17.48 +0.01

Si

at%
16.40 +0.01

16.60 £0.01
15.56 £0.01
18.12 £0.01
17.02 £0.00
16.29 £0.01
15.13£0.01

17.37 £0.01

Si

at%
14.89 £0.01

13.26 £+0.01
15.56 £0.01
17.09 £0.01
16.41£0.01
15.82 £0.01
15.59 £0.01
14.65 £0.01

15.84 £0.01

Hf

ppma
1840 +£7.37

1126.75 £100
1070.79 £5.58
1125.12 £4.30
1155.04 £22.19
1180.20 £16.97
1283.34 £58.13
1030.77 £7.05
1021.05 £7.06
969.42 £6.93
900.29 £7.15
871.48 £20.13
894.18 +15.11
829.53 £6.54
1210.00 £10.00
1110.00 £10.00

Hf

ppma
1490.00 £7.76

1293.29 £100.00
806.41 £2.08
841.97 £5.60
912.25 £0.69
1059.70 £21.16
829.53 £6.54

1210.00 £10.00

Hf

ppma
1036.30 £4.59

823.19 £5.39
806.41 £2.08
771.40 £8.73
929.29 #4.61
849.07 £5.46
849.70 £11.91
1739.44 £7.94

820.00 £10.00

Y

ppma
126 +1.93

191.81 100

232.57 +2.6

98.23 £12.37

106.39 £9.42

52.51£1.59

60.21 £1.71

56.79 £7.58
54.91+5.56
50.53+1.61
90.00 +£10.00
70.00 £10.00

Y

ppma
117.00 £2.17

198.72 £100.00

38.59£1.20

70.91 £5.95
50.53+1.61

70.00 £10.00

Y

ppma
204.37 £2.04

1389.86 £63.69

58.76 +3.80

40.83 £0.97

53.99 +3.94
68.20£7.13

100.00 £10.00

Table S3 Composition of O, Zr, Si, Hf and Y measured by APT ferttiree rounds.
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unconstrained Er Th Nb P ] Cr
ppma ppma ppma ppma ppma ppma
5S-11 54.43 +£10 70.59 £10 298.81 £100 460.42 £10
122.62 332.85 444.41
+1.89 105.34£1.75 +3.11 +3.59
159.64
5R-1I 41.82+7.08 99.50 £7.70 +18.11 70.63 £9.30 11.62 +5.47 11.62 +5.47
158.58
36.82 £5.36 52.64 +5.79 +13.92 81.32+£7.24 52.76 +9.24 52.76 +9.24
195.22 114.39
S5-I +21.51 +18.01
664.05
3 +40.99
608.77
+29.98
4S-11 22.80£1.08 9.51 +0.70 47.99 £1.57
Sc C Dy Li Ta
ppma ppma ppma ppma ppma ppma ppma
5S-11 109.08 £10 15.08 £10 32.46 £10
83.74 £1.56 40.27 £1.08 17.37 £0.71
5R-II 289.55 +7.25 84.08 £6.83 14.32 +6.92 13.67 +5.47
230.28 +5.24 61.93 +5.17 21.96 +4.66 16.24 +4.07
5S-1I1 406.76 £15.56
constrained Th Er 0] Nb
ppma ppma ppma ppma
5S-11 614.30 £10.00 595.68 £10.00 128.22 +10.00
4S-1 544.42 £23.81
4S-11 9.51+0.70 22.80£1.08
Cr C P Al Li
ppma ppma ppma ppma ppma
58-I  64.23+10.00 57.01+10.00 48.50£10.00 11.28+10.00
4S-1
4S-11 47.99 £1.57
ranging Er N U P Cr
ppma ppma ppma ppma ppma
5S-11 23360.39 +28.36  66.55 +6.96 1375.55 +6.96
5R-II 33.95+2.12 50.96 +5.96
4S-1 490.79 +24.83
Th w Tm
ppma ppma ppma ppma
5S-11 25.55+6.96 63.42 +6.96
5R-II 31.95+2.21 14.53 +2.48
4S-1

Table $4 Composition of minor trace elements measured by APThéthree rounds.
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