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A B S T R A C T   

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) mapping is a rapidly expanding field 
in the geosciences because of the wealth of spatial information it provides on the petrogenesis of igneous, 
metamorphic and sedimentary rocks and ore mineral formation. The technique has also opened many new 
applications in forensics, archaeology and the imaging of trace metals in biological tissues. Instrumentation 
advances in both LA and ICP-MS systems now permit precise isotopic analysis with laser spot sizes of < 10 μm 
and sub-ppm detections limits. In particular LA-quadrupole (Q)-ICP-MS systems facilitate mapping of large 
numbers of elements across nearly the entire mass range of the periodic table. A range of key applications in 
petrogenesis studies and in the fields of environmental and biological sciences is reviewed. Furthermore, 
technical considerations including a practical guide for setting up LA-ICP-MS multi-element mapping experi-
ments and the latest innovations in dedicated data reduction and image processing packages for the visualiza-
tion, interrogation and extraction of quantitative data from LA-ICP-MS maps are discussed, with particular 
emphasis placed on quadrupole systems. A key issue is imaging artefacts (spectral skew) caused by interaction 
between the laser repetition rate and the total sweep cycle time, particularly when coupling a sequential Q-ICP- 
MS analyser to modern low dispersion (fast-washout) LA cells. Running at high repetition rates is recommended 
for low-dispersion cells as it enables faster scanning while minimizing temporal variations in signal intensity 
caused by pulsing of the laser. Advances in LA-ICP-MS instrumentation and methodologies (data processing, 
visualization and extraction) have enabled simultaneous acquisition of compositional and U-Pb age information 
at high-spatial resolution which has great potential in geochronological studies. Formation histories of complex 
polyphase accessory minerals such as zircon, titanite or monazite, where discrete age domains are often linked 
with specific rock-forming processes and their physical conditions (i.e. U-Pb petrochronology), are now directly 
accessible. Moreover, fine-scale processes affecting the U-Pb systematics of accessory minerals can be con-
strained when LA-ICP-MS mapping is combined with other textural (e.g. CL or Raman) imaging techniques. U-Pb 
analysis of materials with variable initial Pb concentrations and/or heterogeneous genetic origin such as car-
bonates also benefit from such a mapping approach as areas with sufficient spread in 238U/204Pb ratio (μ) can be 
targeted, while simultaneous imaging of diagnostic trace elements allows identification and exclusion of zones 
affected by alteration or detrital contamination. The quasi-simultaneous detection offered by LA-time-of-flight 
(TOF)-ICP-MS allows rapid multi-element analysis of very fast transient signals (i.e. laser ablation imaging in low 
dispersion laser ablation cells). The approach is ideally suited to 2D and 3D imaging of biological and geological 
materials and will likely replace LA-Q-ICP-MS for such applications once more routinely available.   

1. Introduction 

1.1. LA-ICP-MS and other microbeam imaging techniques in the geosciences 

LA-ICP-MS (laser ablation – inductively coupled plasma mass 
spectrometry) is an analytical technique that was developed over three 
decades ago for the in-situ determination of the elemental and isotopic 

compositions of geological and other solid materials (Sylvester and 
Jackson, 2016). Instrumentation advances in both LA and ICP-MS sys-
tems now permit precise analysis of elements at the ppm level with 
laser spot sizes of < 10 μm. A notable innovation in the last decade is 
the advent of 2D or 3D elemental or isotopic mapping by LA-ICP-MS 
(Woodhead et al., 2016). LA-ICP-MS image mapping is a rapidly ex-
panding field in the geosciences because of the wealth of fine-scale 

https://doi.org/10.1016/j.chemgeo.2020.119917 
Received 24 June 2020; Received in revised form 16 September 2020; Accepted 5 October 2020    

⁎ Corresponding author. 
E-mail address: chewd@tcd.ie (D. Chew). 

Chemical Geology 559 (2021) 119917

Available online 12 October 2020
0009-2541/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

T

http://www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2020.119917
https://doi.org/10.1016/j.chemgeo.2020.119917
mailto:chewd@tcd.ie
https://doi.org/10.1016/j.chemgeo.2020.119917
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2020.119917&domain=pdf


spatial information it provides on processes such as the petrogenesis of 
magmatic, metamorphic and sedimentary rocks and ore mineral for-
mation. Additionally, given the critical role trace metals play in a 
variety of systems, the technique has also opened many new applica-
tions in different fields ranging from bioimaging of tissues to the ma-
terial sciences. A comparison of LA-ICP-MS imaging versus other mi-
crobeam mapping techniques commonly employed by geoscientists is 
discussed below, while a suite of LA-ICP-MS imaging case studies are 
provided in section 2 and illustrate a highly diverse range of applica-
tions across the geological, environmental and biological sciences. 

Advances in microbeam instrumentation have allowed the ob-
servation and measurement of the chemical and structural composition 
of solid materials with both increasing spatial resolution and improved 
detection limits. Fig. 1 illustrates detection limit (y-axis) vs spatial re-
solution (x-axis) for the suite of microbeam imaging methods com-
monly utilised by geoscientists. Various other approaches that are less 
routinely available such as synchrotron μPIXE and nano-XRF (particle 
induced X-ray emission and x-ray fluorescence) are not illustrated. Such 
synchrotron-based techniques typically provide ppm-level detection 
limits with sub-micron scale spatial resolution (e.g. Majumda et al., 
2012), with the latest generation synchrotron nano-XRF instruments 
providing ppm-level sensitivity coupled with a spatial resolution down 
to 10 nm (Cesar da Silva et al., 2017). The most common microbeam 
methods utilized by geoscientists for mapping applications (SEM-WDS 
and -EDS, Raman, FTIR, SIMS, LA-ICP-MS) are described in detail in the 
sections below. Two other imaging techniques employed in geoanaly-
tical laboratories are mentioned briefly here and are illustrated on  
Fig. 1. Laboratory μ-XRF facilitates mapping of large (hundreds of cm2) 
samples with c. 10 μm resolution, although most commercially avail-
able systems are only capable of mapping major elements at reasonable 
sample throughputs. Laser-induced breakdown spectroscopy (LIBS) is 
also employed for elemental mapping of minerals down to the tens of 
ppm level (Fabre et al., 2018). It can be utilized either as a standalone 
instrument or in tandem with LA-ICP-MS, where it enables analysis of 

elements such as C, H, O, N and F that are either challenging or im-
possible to analyse by LA-ICP-MS. 

The choice of microbeam method is application dependent, and 
usually governed by the concentration of the target analyte(s) in the 
sample (e.g. whether the detection limit of the analytical method in 
question is at the major, minor or trace element level) and the analy-
tical spot size. Further considerations include whether other informa-
tion is required, such as chemical bonding, crystallographic or isotopic 
data and instrument availability, particularly in the case of synchro-
tron-based techniques. 

1.1.1. SEM WDS and EDS 
Quantitative determination of elemental compositions by x-ray 

microanalysis can be performed either on scanning electron micro-
scopes (SEM) or electron microprobes (EPMA). Many SEM and EPMA 
instruments have energy dispersive spectrometers (EDS) mounted to 
the column, and an EPMA typically has an array of several wavelength 
dispersive spectrometers (WDS) for simultaneous measurement of 
multiple elements. They are both essentially non-destructive techniques 
permitting elemental analysis with micron-scale spatial resolution on 
standalone SEM instruments (Fig. 1) but differ in the means by which 
they separate X-rays; EDS sort the X-rays based on their energy, while 
WDS sort the X-rays based on their wavelengths. A WDS detector 
system has detection limits at the 10s of ppm level (Fig. 1) and spectral 
resolution which is an order of magnitude superior to that of EDS, and 
as such is often regarded as the “gold standard” of elemental micro-
analysis (Newbury and Ritchie, 2013). In addition, the higher probe 
current employed in WDS systems (typically 15-20 nA) generates sig-
nificantly more X-rays (and hence counts) compared to EDS (the probe 
current in an EDS system is typically 100s of pA). However, the high 
probe current employed in WDS systems can induce significant time- 
dependent loss of volatile elements such as the alkalis and halogens 
(Morgan and London, 1996), while the number of elements that can be 
simultaneously acquired is physically limited by the number of WD 

Fig. 1. Detection limit vs spatial resolution (x-axis) for the suite of microbeam methods commonly utilised by geoscientists, adapted from Li and Li (2016).  
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spectrometers mounted to the EPMA beam column. 
EDS permits simultaneous quantification of all elements in the 

periodic table bar H, He, and Li. However, EDS systems on standalone 
SEM instruments suffer from high continuous bremsstrahlung back-
ground interference that decreases the signal to background ratio. EDS 
detection limits vary depending on the target element and analytical 
conditions, and a detection limit for many elements is typically quoted 
at the 0.1 wt% range (e.g. Kuisma-Kursula, 2000) although is often 
lower (c. 0.05 wt%) for elements such as Fe on the Kα line. Advanced 
pulse processor electronics that can account for photon coincidence on 
the detector at high count rates combined with multiple large format 
(> 150 mm2) silicon drift detectors (SDD) mean that the latest gen-
eration multi-detector EDS systems are capable of element mapping at 
count rates up to 10 M counts per second (cps) and quantitative com-
position determinations at count rates approaching 1 Mcps. These 
modern SDD-based systems with their improved energy resolution and 
much higher count-rate ability can substantially increase the signal to 
background ratio and permit severe peak interference on both major 
and trace constituents to be accounted for by background removal using 
digital filtering (Ritchie et al., 2012). When SEM-EDS is performed 
under both standardised and controlled measurement conditions, 
measurement of trace constituents with limits of detection below 1000 
ppm is now possible (Newbury and Ritchie, 2015). 

1.1.2. Vibrational spectroscopic techniques (Raman and FTIR) 
Raman and Fourier transform infrared absorption (FTIR) spectro-

scopy are both non-destructive, vibrational spectroscopic techniques. 
Raman spectroscopy is based on the inelastic scattering of light (Raman 
scattering) that allows for micron-scale characterisation of minerals and 
other materials. It can be measured across the spectral range, although 
it is most commonly measured in the ultraviolet, visible or near infrared 
regions. Raman spectroscopy has primarily been used in the geos-
ciences for routine identification of minerals and the characterization of 
solid, fluid and gas inclusions. While it does not yield elemental com-
position information, it offers the advantage compared to SEM-EDS or 
WDS in that it is able to distinguish between chemically identical 
polymorphs or mineral phases with very similar chemistry. Raman 
spectroscopy has also been utilized in diverse applications such as 
characterization of radiation damage (metamictization) in zircon (e.g.  
Nasdala et al., 2002) or for thermometry estimates in (meta)sedimen-
tary rocks by determining the progressive graphitization of carbonac-
eous material with increasing temperature (Beyssac et al., 2002). Re-
cent developments include fast hyperspectral imaging of complex 
samples where a full Raman spectrum is collected at every pixel. When 
applied to natural zircon crystals such images mainly show the dis-
tribution of radiation damage (Nasdala et al., 2002; Chew et al., 2017), 
while rapid acquisition of Raman spectra is also now enabling auto-
mated phase mapping of minerals (e.g. Lünsdorf et al., 2019). Micro- 
FTIR compares the returned or transmitted light energy of the infrared 
(IR) spectrum to that of the emitted source spectrum, thus producing a 
spectrum of the IR energy absorbed by the sample (a solid, liquid or 
gas). It can provide information on the molecular structure of organic 
and inorganic components, and has been applied to the characterization 
of macerals and degree of thermal maturation in coal, characterization 
of individual organic material components in shale including kerogen, 
and the determination of volatile contents (primarily H2O and CO2) in 
minerals and glasses (e.g. Chen et al., 2015). The spatial resolution of 
μFTIR is typically on the order of 10s of μm due to the relatively large 
aperture size using a conventional light source but can be reduced down 
to 3–5 μm using a synchrotron radiation source (Della Ventura et al., 
2010). The advent of focal plane array (FPA) detectors with multi-
channel detection has facilitated rapid μFTIR imaging with a spatial 
resolution as low as 5 μm (Chen et al., 2015). Both Raman and FTIR can 
now achieve nano-scale resolution through approaches such as tip-en-
hanced Raman scattering (TERS) microscopy and IR scattering scanning 
near-field optical microscopy (s-SNOM). 

1.1.3. SIMS and comparison with LA-ICP-MS 
Secondary-ion mass spectrometry (SIMS) and LA-ICP-MS are the 

two main microbeam techniques utilized by geoscientists for the ana-
lysis of trace elements and isotopic compositions in solid materials. 
SIMS and its capabilities relative to LA-ICP-MS are primarily discussed 
here, as the principles behind LA-ICP-MS are covered in more detail in  
section 1.2. SIMS instruments sputter the surface of a specimen with 
positive (e.g. Cs) or negative (e.g. O) ions and then collect and analyse 
the ejected secondary ions. The majority of SIMS instruments employed 
in geoscience applications typically utilize dynamic (high primary 
current density), large-geometry sector-field mass spectrometers with 
multi-collector detection. Such instruments when equipped with mul-
tiple Faraday detectors are capable of analytical uncertainties of ap-
proximately 0.1% on isotopic ratios and detection limits which vary 
according to the target element, matrix and analytical conditions, but 
are typically significantly below 100 ppb for elements such as Pb (Stern, 
2009). SIMS is often regarded as the gold standard for in-situ U-Pb 
geochronology, and a particular advantage is the small analytical pit 
volume, which is typically 10–20 μm wide and 1.5–2 μm deep for U-Pb 
zircon analyses (e.g. Kröner et al., 2014). In contrast, while the analy-
tical pit diameter is typically only slightly broader (c. 25 μm) in LA-ICP- 
MS multi-collector (e.g. Hopkinson et al., 2017) and quadrupole (Arboit 
et al., 2019) U-Pb zircon dating studies, the pit depth is substantially 
greater, typically c. 15 μm. 

Large-geometry SIMS instruments are capable of micron-scale ele-
ment distribution mapping, and the full U-Pb isotopic systematics of 
zircons (Hadean zircons from the Jack Hills metasedimentary belt) have 
been imaged on a < 5 μm scale by SIMS scanning ion imaging (Bellucci 
et al., 2018). The theoretical limits to the lateral spatial resolution 
during sputtering is on the order of 10 nm (Stern, 2009), but similar to 
LA-ICP-MS, low analyte volumes come at the expense of significantly 
increased analytical uncertainty. Nano-SIMS instruments were devel-
oped to produce an ion beam with a significantly reduced spot size (c. 
50 nm for Cs+ and 150 nm for O- ions respectively) compared to large- 
geometry SIMS, while retaining high levels of analytical sensitivity. 
Applications that have utilized the high sensitivity and lateral resolu-
tion of NanoSIMS include imaging the isotopic fractionation of pre- 
Solar grains in meteorites, mapping characteristic biological signals 
(both chemical and isotopic) in geological samples at a sub-micron 
scale, and diffusion modelling of minor and trace elements in magmatic 
phenocrysts (Kilburn and Wacey, 2015). NanoSIMS ion imaging with a 
spatial resolution of 50–100nm has also been used to image Pb nano-
spheres in Archean zircons which formed due to Pb mobilization during 
metamorphism, with the technique capable of resolving the timing of 
nanosphere formation from the age of host zircon crystallization (Lyon 
et al., 2019). 

1.2. Principles of LA-ICP-MS and the development of LA-ICP-MS imaging 

Laser ablation is the process whereby laser radiation interacts with 
an attenuating solid, breaking down chemical bonds and resulting in 
removal of material from the sample surface, ideally while minimizing 
melting and other thermal reactions at the ablation site. The resultant 
vapour plume of ablation products (an aerosol) is swept out of the 
ablation cell into the ICP-MS instrument using a carrier gas (normally 
He or Ar). The volume of material removed by a single laser pulse 
depends on various parameters such as the optical (e.g. absorbance and 
reflectivity) or thermal (e.g. heat capacity and conductivity) properties 
of the material (Günther and Hattendorf, 2005), the laser fluence, 
wavelength and pulse length. In the geosciences, pulsed (nano- or 
femtosecond), short wavelength (typically deep UV) lasers are typically 
employed; both shorter wavelengths (Jochum et al., 2007) and pulse 
lengths (Jochum et al., 2014) have been shown to reduce elemental 
fractionation between different matrices. The ablation cell is typically 
housed on a sample stage that can move in the X, Y and Z directions 
while the laser beam is stationary. Modern LA systems have typical 
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stage reproducibility better than 1 μm, and spot sizes ranging from as 
large as 200 μm down to 1 μm. 

The plasma source of an ICP instrument is sustained by a radio 
frequency (RF) generator which can ionize the vast majority of the 
elements of the periodic table when using Ar as a plasma gas; excep-
tions include H and unless negative ion mode is available, elements 
with a higher first ionization potential than Ar (e.g. He, Fe and Ne). Ions 
produced in the ICP pass through a low-vacuum sampling interface 
consisting of two metallic cones (the sampling cone and the skimmer 
cone), to the mass analyser (typically a quadrupole or magnetic sector). 
Quadrupole mass analysers are sequential, while magnetic sector field 
instruments can be fitted with a single sequential collector for ele-
mental/isotope ratio analysis or multiple collectors (MC-ICP-MS) to 
facilitate simultaneous detection of ion beams for high-precision (as low 
as 0.02%; Gu et al., 2019) isotope ratio analysis. The potential of ICP 
time-of-flight (TOF) mass analysers and double-focusing sector field 
ICP-MS based on a Mattauch-Herzog geometry for simultaneous mea-
surement of all elements is discussed further in section 5. 

LA-ICP-MS analyses have conventionally used static single spot 
ablations ever since the first ICP-MS studies that employed laser abla-
tion for sample introduction (Gray, 1985). LA-ICP-MS maps can be 
constructed as a grid of spots and therefore theoretically LA-ICP-MS 
imaging has been possible for several decades, but such an approach is 
extremely time consuming (cf Kelly et al., 2017) and hence is rarely 
undertaken. Instead, LA-ICP-MS imaging is typically carried out by 
rastering the laser beam across the sample surface (e.g. continuous 
movement of the stage under the fixed ablation site), and the full ele-
mental or isotopic map is constructed from the time-resolved signals 
derived from successively ablating adjacent lines (e.g. Ubide et al., 
2015). Time-resolved elemental concentration profiles utilizing laser 
ablation line scans (“rasters”) have been employed in geological ap-
plications since the late 1990s (Košler, 2008), and the first geological 
LA-ICP-MS imaging applications constructed from tightly-spaced line 
scans followed shortly after (e.g. Treble et al., 2005). 

However, significant uptake of the method was only made possible 
by several key developments in instrumentation and data reduction 
approaches (Woodhead et al., 2016). These include the advent of (i) 
low dispersion (fast washout), two-volume cells (e.g. Eggins and 
Shelley, 2002) and transport-tubing assemblies for rapid introduction of 
the sample aerosol into the ICP (e.g. Van Malderen et al., 2016) which 
both minimize smearing of the signal as the laser beam is rastered over 
elemental concentration gradients; (ii) the advent of high repetition 
rate lasers, which confer many advantages in LA-ICP-MS mapping (e.g.  
section 3.2), (iii) improved functionality of the software that controls 
laser ablation systems including the ability to export laser log files 
containing timestamps and stage positions when the laser is turned on 
and off; and (iv) improved LA-ICP-MS data reduction packages which 
can produce elemental or isotopic ratio maps and which can include the 
ability to import time-stamped laser logfiles along with a wide variety 
of ICP-MS data formats. A range of both in-house and commercial 
software packages available for the reduction of LA-ICP-MS image data 
and the production of LA-ICP-MS elemental or isotopic ratio maps are 
summarized in Weiskirchen et al. (2019). Such packages include Iolite 
(Hellstrom et al., 2008; Paton et al., 2011), SILLS (Guillong et al., 
2008), LAICPMS (Rittner and Müller, 2012), AERYN (Mouchi et al., 
2016), LA-iMageS (López-Fernández et al., 2016), TERMITE (Mischel 
et al., 2017), iQuant2 (Suzuki et al., 2018), HDIP (Teledyne CETAC 
Technologies, 2020) and LA-ICP-MS Image Tool (Managh and Reid, 
2019). A series of geological, environmental and biological LA-ICP-MS 
imaging application are provided in section 2 below while detailed 
technical considerations for the production of LA-ICP-MS maps are 
discussed in section 3. 

2. Example applications 

The applications of LA-ICP-MS image mapping in the geosciences 
are highly diverse (Woodhead et al., 2016), extending from the petro-
genesis of magmatic, metamorphic and sedimentary rocks and ore 

Table 1 
Laser parameters employed in the applications listed in Section 2       

Authors Beam size Scan speed Repetition rate Analysed material  

Astbury et al., 2018 10-30 μm 4 - 12 μm/s 8 Hz feldspar and pyroxene 
Austin et al., 2013 30 μm 30 μm/s 20 Hz primate teeth 
Bonnetti et al., 2020 5 μm 10 μm/s 40 Hz pyrite from a roll-front uranium deposit 
Bussweiler et al., 2015 20 μm 5 μm/s 10 Hz olivine 
Dare et al., 2014 15-19 μm 4 μm/s 10 Hz magnetite 
Draxler et al., 2015 50 μm 20 μm/s 10 Hz rat bone 
Evans and Müller, 2013 20-25 μm 16.6̇ - 25 μm/s 10 - 15 Hz benthic foraminifera 
Gallagher et al., 2015 80 μm 50 μm/s 4 Hz pyrite 
Genna and Gaboury, 2015 15 μm 5 or 10 μm/s 10 Hz pyrite 
George et al., 2018 17 μm 5 μm/s 10 Hz garnet 
Hare et al., 2017 30 μm 120 μm/s n/a mouse brain tissue 
Henrichs et al., 2018 7 μm 6 μm/s 100 Hz apatite, metabasite matrix 
Henrichs et al., 2019 7 μm 6 μm/s 100 Hz apatite, epidote/allanite 
Hnatyshin et al., 2020 100 or 20 μm 100 or 20 μm/s 10 Hz pyrite in rock fragment 
Jankovics et al., 2019 5-15 μm 0.5 × spot size / s 8 Hz olivine 
Kaeter et al., 2018 7, 10 or 18 μm 10 μm/s (7 or 10 μm spots) or 30 μm/s (18 μm spots) 55 Hz muscovite, albite and columbite group phases 
Large et al., 2009 15 or 25 μm 15 or 25 μm/s 10 Hz pyrite 
Li et al., 2020 6 μm 6 μm/s 100 Hz Fe-Mn micronodules 
Moreno-Gordaliza et al., 2011 8-100 μm 10-150 μm / S 20 Hz rat kidney tissue 
Petrus et al., 2017 7-30 μm 6-150 μm/s 8-50 Hz Mn crust, peridotite, clinopyroxene, zircon 
Raimondo et al., 2017 16 μm 22 μm/s 10 Hz garnet 
Stead et al., 2017 30 μm n/a 60 Hz olivine and clinopyroxene 
Ubide et al., 2015 12 or 24 μm between 0.5 - 1/5 μm spot size / s 2-12 Hz clinopyroxene and amphibole 
Ubide and Kamber, 2018 12, 20 or 24 μm 1.5 × spot size / s 10 Hz clinopyroxene 
Ubide et al., 2019a 10 or 20 μm 10 or 20 μm/s 10 Hz clinopyroxene 
Ulrich et al., 2009 30 - 80 μm typically 0.5 × spot size / s 10 Hz garnet, meteorite impact breccia, sulphides, oolith 
Van Malderen et al., 2017b 20 μm 200 μm/s 150 Hz wheat and rye grains 
Woodhead et al., 2007 157 μm, 71 μm 300 μm / s (157 μm spot), 9.5 μm / s (71 μm spot) 5 Hz stalagmite, otolith 
Yao et al., 2019 5 or 10 μm 0.5 × spot size / s 5 Hz chromite with sulphide inclusions 
Zhou et al., 2017 2-35 μm 20-200 μm/s 10-40 Hz pyrite 
Zhu et al., 2016 60 μm 50 μm/s n/a pyrite vein in matrix 
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mineral formation (sections 2.1 - 2.4) through to geochronology (sec-
tion 4). The laser analytical conditions and the analysed matrices de-
scribed in sections 2.1 - 2.4 are listed in Table 1. The technique has also 
opened many new applications in different fields ranging from en-
vironmental studies, bioimaging of cells (section 2.5) to the material 
sciences. 

2.1. Magmatic systems 

LA-ICP-MS trace-element mapping has been employed in combina-
tion with other methods (such as microscopy, SEM imaging, EPMA 
analysis, whole rock/mineral geochemistry, geothermobarometry) to 
shed light on a variety of processes in igneous systems. So far, LA-ICP- 
MS mapping has mostly been applied to reveal micron-scale trace-ele-
ment zonation in macrocrysts from (sub-)volcanic rocks. Such studies 
on the growth stratigraphy of crystals have been carried out on am-
phibole, clinopyroxene (Fig. 2a), plagioclase, K-feldspar and olivine 
crystals to get insights into magma histories, eruption triggers, eruption 
time-scales, ascent rates and depth of magma storage (e.g., Ubide et al., 
2015; Ubide and Kamber, 2018; Astbury et al., 2018; Ubide et al., 
2019a; Jankovics et al., 2019). In addition, LA-ICP-MS trace element 
mapping has been applied to investigate rare earth element partitioning 
and sub-solidus exchange behaviour in olivine (Stead et al., 2017), 
while Bussweiler et al. (2015) used detailed petrographic and geo-
chemical analyses including mapping experiments on olivine crystals 

from kimberlites to distinguish multi-source olivine cores that formed 
in the mantle (xenocrysts) from multi-stage rims that formed in re-
sponse to changing magma conditions (phenocrysts). 

Furthermore, there can be considerable overlap between magmatic 
systems (this section) and ore systems (section 2.4.) Examples of studies 
at the interface between these systems include the work of (i) Dare et al. 
(2015) who used trace element concentrations and the results of 
mapping experiments on magnetite crystals of the El Laco magnetite 
deposits (Chile) to rule out a magmatic origin from effusive Fe oxide 
liquids for the deposit; (ii) Yao et al. (2017), who studied sulphide- 
silicate assemblages within chromite grains from the UG2 chromitite of 
the Bushveld igneous complex to argue for the coexistence of sulphide 
and silicate melts during chromite crystallisation with a model of 
magma mixing with felsic melt favoured to achieve chromite satura-
tion, and (iii) Kaeter et al. (2018), who investigated the complex pro-
cesses of crystal–melt–fluid interactions based on imaging and quanti-
fication of trace elements in muscovite- and columbite-group minerals 
during the magmatic-hydrothermal transition in rare element-bearing 
pegmatites (Fig. 2b). 

2.2. Metamorphic systems 

LA-ICP-MS trace-element mapping of metamorphic porphyroblasts 
is a promising application of the technique, as trace elements in me-
tamorphic rocks are more sensitive than major elements to geochemical 

Fig. 2. LA-ICP-MS trace-element imaging of igneous and metamorphic phases. A) BSE and LA-ICP-MS map of titanaugite from trachybasalt at Mount Etna (modified 
from Ubide et al., 2019a). The crystal has an anhedral core that shows an irregular contact with the sector-zoned mantle. 'R' (in BSE image) indicates Cr-rich zones 
that represent recharge by a more mafic magma. B) LA-ICP-MS map of minor and trace elements (B, Tb/Na) in muscovite from the Leinster pegmatite belt (Ireland) at 
the contact between the Caledonian Leinster batholite and Ordovician host rocks (modified from Kaeter et al., 2018). Six growth zones identified from element maps 
are indicated on the Tb/Na map; CGM denotes columbite-group minerals. C) BSE and LA-ICP-MS maps of apatite from the Variscan Central Aar granite in the Swiss 
Alps from Henrichs et al. (2019). The apatite cores yield Variscan ages and a chemistry consistent with an I-type granite affinity, while the rims are depleted in REE 
and the actinides and have a low-grade metamorphic affinity (cf O’Sullivan et al., 2020) consistent with Alpine dissolution-reprecipitation under greenschist-facies 
conditions. D) HREE (Dy) map of a garnet-grade metapelite from the Sikkim Himalaya from George et al. (2018). The core shows limited Dy (and other HREE+Y) 
mobility and mimics the pre-existing matrix, while the outer oscillatory zoning shows an increase in the length-scale of equilibration of HREE+Y along the 
garnet–matrix interface. 
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interactions involving the entire mineral assemblage, including the 
growth and/or breakdown of accessory minerals, and are also typically 
less prone to diffusive resetting (Kohn, 2014; Raimondo et al., 2017). 
Ideally, trace-element mapping studies should investigate metamorphic 
phases stable over a range of P-T conditions and which preserve che-
mical information that can be related to the growth and breakdown of 
minerals associated with changing P-T and fluid conditions during 
metamorphism. The main mineral hosts for trace elements in meta-
morphic rocks include epidote-allanite (REE, Th, U, Sr), garnet (Y and 
the heavy REE [HREE]), phengite (Cs, Rb, Ba, B), titanite (Ti, Nb, Ta, 
REE), rutile (Ti, Nb, Ta), apatite (REE, Sr), monazite (Th, U and the 
light REE [LREE]) and zircon (Zr, Hf, Y, Th, U, Nb and Ta and the 
HREE). 

Epidote is stable from the lower greenschist- to blueschist- and 
eclogite-facies conditions, and controls most of the REE and Th budget 
during HP-LT (El Korh et al., 2009) and Barrovian (intermediate P-T) 
metamorphism (Henrichs et al., 2018) of basic protoliths. Epidote, al-
lanite (an epidote-group mineral rich in REEs, Sr, Th and U) and 
monazite dominate the REE budget in regional metamorphism of pe-
lites, with allanite typically breaking down to form monazite (a LREE 
phosphate) in the amphibolite-facies (Corrie and Kohn, 2008). Phengite 
plays an important role in controlling the large ion lithophile element 
(LILE) budget during HP-LT metamorphism (El Korh et al., 2009). Of 
the Ti-bearing phases, rutile is stable at the highest pressures and lowest 
temperatures, titanite at intermediate P–T (Barrovian) conditions, and 
ilmenite at the lowest pressures and highest temperatures (Kohn, 2017). 
Rutile is an important carrier of the high field strength elements (HFSE) 
and controls Nb and Ta budgets in HP-LT metamorphism and subduc-
tion zone processes (e.g. Brenan et al., 1994), while titanite can contain 
significant REE, HFSE and Sr in Barrovian metamorphism of pelites, 
metaigneous and calc-silicate rocks. Apatite can also contain high REE 
and actinide abundances in high-grade and anatectic pelites (O’Sullivan 
et al., 2020), particularly when compared to apatite in low-grade pelites 
and meta-granitoids which is depleted in the REE and actinides due to 
coeval growth of epidote or monazite (Fig. 2c; Henrichs et al., 2018, 
2019). 

Garnet is a particularly attractive phase for LA-ICP-MS trace ele-
ment mapping because (i) it frequently exhibits compositional zoning 
resulting from garnet-forming reactions linked to changes in P-T con-
ditions, (ii) there is strong partitioning of many trace elements into 
garnet which are less prone to diffusional resetting then major ele-
ments, (iii) it has a large stability field in P-T space, and (iv) the growth 
and breakdown of accessory phases can be directly linked to garnet 
growth (Raimondo et al., 2017). The LA-ICP-MS garnet mapping ex-
periments of Raimondo et al. (2017) from the Peaked Hill shear zone, 
central Australia show significant decoupling between major and trace- 
element zoning patterns, with smooth radial zoning in Fe, Mg, Ca and 
Mn and discrete oscillatory zoning of the REEs and Cr. The REE growth 
zoning and its subsequent subtle re-equilibration can be linked to a 
detailed sequence of growth and dissolution events and integrated with 
temporal constraints from geochronometers. George et al. (2018) in-
vestigated complex trace element growth zoning in garnet porphyro-
blasts from a garnet-grade metapelite from the Sikkim Himalaya. 
Garnet cores show limited HREE+Y equilibration due to a combination 
of HREE+Y immobility and their relatively slow diffusivities in garnet, 
resulting in compositional mimicry of the pre-existing matrix within 
garnet cores (Fig. 2d). Later oscillatory zoning requires an increase in 
the length-scale of equilibration of HREE+Y along the garnet–matrix 
interface (Fig. 2d), with the garnets thus showing a complex integrated 
record of the interplay between variable element equilibration, chan-
ging garnet growth rates and rock deformation which would be un-
detectable by major element analysis alone. 

2.3. Sedimentary systems (clastic and carbonate) 

The application of LA-ICP-MS elemental imaging to clastic and 

carbonate sedimentary systems is somewhat limited, despite the tech-
nique having great potential in yielding high-resolution spatial data for 
both trace element proxies of the water-column (such as biogenic and 
inorganically precipitated carbonates) and pore-water chemical and 
redox conditions (i.e. texturally later cements). LA-ICP-MS elemental 
imaging was applied by Ulrich et al. (2009) to examine trace element 
distributions in a late Archaean oolitic grainstone, and by Webb and 
Kamber (2011) to (i) abiogenic laminated carbonates from the early 
Neoproterozoic Little Dal Group, with the spatial chemical information 
supporting sedimentological arguments implying an abiogenic origin, 
and (ii) an Upper Devonian carbonate formed of the reef-constructing 
calcareous algae Renalcis, where the elemental maps identify the cryptic 
outline of calcified microbial communities from later generations of 
infilling cement. Gallagher et al. (2015) imaged the trace metal in-
ventories of microbial carbonate-hosted pyrite from ca. 2.65–0.52 Ga, 
which demonstrated an increase in the shallow-marine Mo inventory 
across the pre-Cambrian–Cambrian boundary, and elevated Ni con-
centrations in the shallow marine Neoarchaean and early Palaeopro-
terozoic oceans which was attributed to a greater proportion of Mg-rich 
volcanic rock on land. The technique has yet to be applied in detail to 
cement growth histories but has promise in visualising trace element 
distributions in cements and facilitating correlation with cement stra-
tigraphy parageneses derived from petrographic observations such as 
cathodoluminescence (CL) (cf Rusk et al., 2011). 

2.4. Ore systems 

Trace-element imaging by LA-Q-ICP-MS has become a widely used 
tool in studying ore systems, with applications ranging from pro-
specting tools (e.g. vectoring for mineral exploration), metallurgical 
applications such as ore beneficiation, to basic research questions such 
as ore petrogenesis and their timing. Due to its ubiquity and ability to 
incorporate a variety of trace elements, pyrite is ideally suited for ore 
exploration and petrogenesis studies utilizing LA-ICP-MS imaging. A 
key early application of the technique was by Large et al. (2009), who 
revealed gold and trace-element zonation in pyrite and demonstrated 
multiple stages of gold enrichment in the genesis of orogenic and 
Carlin-style sediment-hosted gold deposits. The approach has now been 
applied to numerous ore systems (e.g. Agangi et al., 2015; Cave et al., 
2019; Conn et al., 2019; Cook et al., 2013; Gourcerol et al., 2018a;  
Steadman et al., 2015; Wu et al., 2018; Zhao et al., 2020; Bonnetti et al., 
2020), often in combination with optical microscopy, SEM and EPMA 
analyses, Raman spectroscopy or other in situ microbeam techniques 
(e.g. S, Pb and Fe isotope measurements). 

Recent applications include Genna and Gaboury (2015), who em-
ployed LA-ICP-MS trace-element imaging of pyrite to decipher the 
evolution of the mineralizing hydrothermal system in a replacement- 
type Archean volcanogenic massif sulfide deposit. Five pyrite types 
from specific ore zones of the deposit and from later metamorphic 
pyrite were distinguished, and discrimination diagrams employing As, 
Tl and Se data were proposed as an exploration tool for vectoring to the 
ore. Re/Os geochronology is an important tool for developing and 
confirming genetic models of ore systems; Hnatyshin et al. (2020) 
mapped and quantified Re distributions in pyrite in carbonate-hosted 
Zn-Pb ores to further understanding of the Re-Os systematics of pyrite- 
bearing ore. Pristine pyrite in the studied samples was shown to have 
Re concentrations of 1 to 10 ppb, while altered sulfides, fracture-fill 
material and secondary molybdenite all significantly increase the Re 
budget (Fig. 3a, b) thus hindering reliable Re-Os geochronology when 
such material is present in mineral separates. Additionally, the potential 
of S isotope mapping in pyrite by LA-MC-ICP-MS was explored by Zhu 
et al. (2016) and applied to a late-stage pyrite vein sitting in a matrix 
dominated by magnetite and siderite and containing interstitial early- 
stage pyrite and main ore-stage pyrite. The late-stage vein pyrite is 
clearly distinguished from the matrix on a δ34SV-CDT map and is similar 
to δ34SV-CDT spot analyses and to bulk analyses of the same material, 
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demonstrating the feasibility of the technique. 
LA-ICP-MS imaging has also been applied to a variety of ore and 

gangue minerals beyond pyrite. These include (but are likely not lim-
ited to) magnetite, hematite, cassiterite, chlorite, quartz, galena, skarn 
garnet, uraninite, phosphates and scheelite (e.g., Courtney-Davies et al., 
2019; Dare et al., 2014; Depiné et al., 2013; Emsbo et al., 2015; George 
et al., 2015; Guo et al., 2018; Li et al., 2018; Park et al., 2017; Rusk 
et al., 2011; Su et al., 2019; Wilkinson et al., 2015). 

2.5. Biological and environmental applications 

The range of bioimaging application by LA-ICP-MS is rapidly ex-
panding, and the reader is referred to the recent reviews of Pozebon 

et al. (2017) and Fernández (2019) for a more comprehensive list. The 
technique has been applied to trace metal imaging of elemental and 
nanoparticle uptake in animal tissue (bone, hair, teeth and organs such 
as the brain, heart, kidneys etc.) and plant tissue (root, leaf, stems, seed 
etc.). These applications include (i) mapping the distribution of disease- 
relevant metals within the brain as age-related neurological disorders 
such as Alzheimer's and Parkinson's disease feature disrupted metal 
homeostasis (Hare et al., 2017), (ii) tracking metals (e.g. Pt, Ru and Cu) 
employed as metallodrug candidates for therapeutic exploitation 
(Moreno-Gordaliza et al., 2011), (iii) optimising treatments by imaging 
of the biodegradation of alloy implants in bone tissue (Draxler et al., 
2015) and (iv) imaging mass cytometry by LA-ICP-MS – mapping metal 
isotope tags covalently bound to antigens and antibodies (e.g. Neumann 

Fig. 3. LA-ICP-MS trace-element imaging of ore phases and biological / environmental samples. A) Rhenium and B) Mo concentration maps overlying a BSE image of 
a pyrite crystal from Hawker Creek (Mesoproterozoic Borden Basin, Baffin Island, Nunavut, Canada) showing a pristine low-Re core and fractured zones with 
elevated Re and Mo due to secondary processes (modified from Hnatyshin et al., 2020). C) 3D distribution of 55Mn (a micronutrient) in mature wheat (Triticum 
aestivum L.) produced by LA-ICP-MS mapping and a serial sectioning approach, along with a micro-CT image of the wheat grain. Modified from Van Malderen et al. 
(2017a). D) LA-ICP-MS Mg/Ca map of a recent Operculina ammonoides showing seasonal Mg/Ca incorporation. The specimen mineralised from late summer to spring 
with a clear decrease from high Mg/Ca values (correlating with higher temperatures) in the earliest-formed central chambers towards the outside of the test. Modified 
from Evans and Müller (2013). E) Trace element systematics of a bulb-shaped Mn crust reflecting alternating periods of precipitation from variably intense hy-
drothermal input. The screenshots also highlight the basic functionality of Monocle (Petrus et al., 2017; Section 3.3), an interrogation tool for 2D LA-ICP-MS element 
and isotope maps which runs within the Iolite LA-ICP-MS data reduction software. The screenshots show the main Monocle window; real-time inspector tools with 
histogram, kernel density estimate and normalised REE patterns, and the Monocle data table export. Modified from Petrus et al. (2017). 
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et al., 2020). 
Tissue imaging has also been applied to investigate the role of trace 

metals in the function of cells. Approximately one third of all proteins 
require a metal atom or cofactor to function properly; some trace me-
tallic elements (e.g. Mo, Cu, Fe, Zn, Co) are essential for human health, 
nutrition and plant growth, while other metals (e.g. Cd, Hg, Pb) are 
potentially toxic. Van Malderen et al. (2017b) investigated the spatial 
distribution of both micronutrients and toxic trace metals/metalloids in 
wheat and rye by LA-ICP-MS mapping with 3D reconstructions enabled 
by a serial sectioning approach (Fig. 3c). In addition to 3D elemental 
reconstructions employing serial sectioning or microtoming, bioima-
ging applications have been the catalyst for other developments in the 
field of LA-ICP-MS mapping. These include the development of low- 
dispersion (ultra-low dispersion) laser ablation cells for minimising 
signal smearing (Van Malderen et al., 2015) and considerations on how 
to avoid imaging artefacts (spectral skew) in low-dispersion cells when 
coupled to a sequential analyser such as an ICP-MS (Van Malderen 
et al., 2018). These advances are discussed in more detail in section 3. 

LA-ICP-MS elemental imaging has also been applied to (paleo)en-
vironmental applications. These include mapping migratory and dietary 
transitions in modern and fossil organisms such as Sr-isotope distribu-
tions in fish otoliths (calcium carbonate ‘ear stones’) (Woodhead et al., 
2007) to characterize natal stream signatures and the timing of sub-
sequent migration, and Ba distributions in the teeth of modern-day 
human children and macaques and Middle Palaeolithic juvenile Nean-
derthals to constrain the dietary transition from the introduction of 
mother’s milk through the weaning process (Austin et al., 2013). Pa-
leoclimate applications include mapping B isotope variations in coral-
line algae for the investigation of ocean pH and temperature changes 
(Fietzke et al., 2015) and characterising seasonality in large benthic 
Paleogene foraminifera (Evans and Müller, 2013; Fig. 3d). Pa-
laeochemistry studies employing LA-ICP-MS elemental mapping in-
clude characterising the depletion in Zn during the progressive break-
down of primary minerals in laterite soils (Suhr et al., 2018), elemental 
mapping of complex detrital pyrite cores in fluvial sequences im-
mediately predating the Great Oxygenation Event which show that the 
Palaeoproterozoic atmosphere was devoid of any significant amount of 
free oxygen (Zhou et al., 2017) and mapping of deep sea Fe-Mn nodules 
which show how elemental maps resolve alternating periods of pre-
cipitation from variably intense hydrothermal input (Petrus et al., 2017;  
Fig. 3e) and how Fe-Mn micronodules are carriers of valuable metals 
(Co, Ni) and the REE + Y (Li et al., 2020). 

3. Technical considerations 

Section 2 highlighted the diverse range of applications that can be 
undertaken by LA-ICP-MS imaging. These applications can be broadly 
subdivided into two main groups – mapping of trace elements at the 
hundreds of ppm level (and below) which is not possible on conven-
tional SEM-WDS or SEM–EDS systems, and isotope mapping (either 
isotopic tracing or U-Pb geochronology), section 4. The technical con-
siderations required for these applications are discussed below. 

3.1. Choice of instrumentation 

Firstly, data reduction packages for producing LA-ICP-MS images 
typically require a laser log file that contains the time-stamped X-Y 
position of laser line scans for accurate registration with the time-re-
solved ICP-MS data. This has now become routine functionality on most 
modern laser ablation systems, and the most significant issue in laser 
ablation systems for elemental imaging is particle dispersion generated 
within the cell and the transfer tubing into the ICP-MS. The signal de-
cline response from an individual laser pulse results in overlap of the 
pulse responses of sequential laser shots, resulting in smearing of sig-
nals such as when passing from a zone of high elemental concentration 
to a zone characterised by lower abundances of the same element(s). 

Most modern laser ablation systems designed for geoscience applica-
tions are equipped with a two-volume cell (cf Müller et al., 2009), 
which typically have a single pulse response duration on the order of 
hundreds of ms to a second (Van Malderen et al., 2016). Approaches to 
further reducing the pulse duration involve minimizing aerosol dis-
persion in the cell and transport tubing. Recent advances in low dis-
persion laser ablation cells can now produce single pulse responses with 
a full width at 10% of the maximum peak intensity (FW0.1M) of c. 1 ms 
(Van Malderen et al., 2020) while also providing enhanced sensitivity 
as the analyte ions are less diluted during aerosol transport. The ul-
trarapid response provided by these small-volume, custom-built cells 
are particularly suited to coupling to simultaneous ICP-MS instruments 
such as an ICP-TOF-MS (Gundlach-Graham and Günther, 2016). An 
alternative approach to achieving a rapid pulse response is to take a 
conventional two-volume laser-ablation cell and replace the conven-
tional polymer transport tubing to the ICP-MS torch interface with the 
short (c. 1 m) and narrow (internal diameter of c. 1 mm) transport 
tubing assembly of an ultrarapid-response cell (Van Malderen et al., 
2016). Such rapid aerosol introduction systems are significantly 
cheaper than custom-built ultralow dispersion cells, while the large 
sample holder of the two-volume laser-ablation cell is maintained so 
multiple standards and unknowns can be accommodated. They provide 
single pulse response times of c. 20-35 ms (Van Malderen et al., 2018;  
Chew et al., 2019), and are becoming increasingly used in LA-ICP-MS 
imaging applications. 

Single-collector ICP-MS systems employ a sequential mass analyser, 
and hence trace-element mapping requires a fast scanning ICP-MS in-
strument, typically a quadrupole ICP-MS or a sector-field single col-
lector ICP-MS equipped with an Electric Sector Analyser (ESA). In a 
sector-field single collector mass spectrometer, mass jumps using an 
ESA are substantially faster than scanning by changing the magnetic 
field, but ESA peak jumps are typically restricted to < 40% of the total 
mass range. A time of flight (TOF) detector employs near-simultaneous 
detection and hence LA-ICP-TOF-MS is a promising tool as the entire 
elemental mass spectrum is recorded for each laser pulse; LA-ICP-TOF is 
discussed further in section 5. 

High-precision isotopic ratio mapping experiments are hampered by 
the transient nature of laser ablation signals and ICP-MS multiplicative 
source noise (flicker). However, since flicker noise is a type of corre-
lated noise, it may be minimized by recording isotopic data on all de-
tectors simultaneously. LA-MC-ICP-MS offers true simultaneous detec-
tion and this approach has been applied to mapping B isotope variations 
in coralline algae with a δ11B precision < 0.5‰ (section 2.5; Fietzke 
et al., 2015) using a grid of spots approach (cf section 4.2), mapping Sr- 
isotope distributions in fish otoliths with a 87Sr/86Sr ratio precision 
of < 100 ppm (section 2.5; Woodhead et al., 2007), and mapping Zn 
stable isotope tracers in rat organ tissue with a 67Zn/64Zn precision of c. 
200 ppm (Urgast et al., 2012). All these experiments employed Faraday 
cups as they offer superior stability, linearity and ease of inter-cali-
bration compared to ion counters. However, the electronic baseline 
noise of Faraday detector amplifiers (typically c. 100 mV on a Thermo 
Scientific™ Neptune) limits measurement precision, thus requiring 
larger spot sizes compared to ion counter detection. While the latest 
generation of 1013 Ω amplifiers offer significantly improved signal-to- 
noise ratios compared to conventional 1011 Ω amplifiers, they exhibit 
slower response and decay times (Kimura et al., 2016). Dynamic time- 
based (tau) correction can be applied to each amplifier and this ap-
proach works well for isotopic ratio determinations in homogenous 
geological materials such as volcanic glasses (Kimura et al., 2016). 
However, the response times of 1013 Ω amplifiers are unsuitable for 
rapid mapping of geological materials that exhibit significant zoning in 
elemental and / or isotopic ratios, such as U-Pb age mapping of zircon. 
Other challenges in LA-MC-ICP-MS mapping studies include inter-cali-
bration of mixed Faraday/ion-counter setups, dynamic space charge 
effects and the limited dynamic range of MC detector arrays where 
concentrations vary substantially within an image, and a bias (‘blind 
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time’) on isotope precision in LA-MC-ICP-MS setups employing mixed 
detector arrays and highly transient signals produced by ultra-low 
dispersion cells (Craig et al., 2020). 

3.2. Setting up an LA-ICP-MS mapping experiment 

The following section considers how to set up a mapping experiment 
on a fast scanning, single-collector ICP-MS (e.g. a Q-ICP-MS or a sector- 
field single collector ICP-MS employing ESA peak jumping). Key issues 
addressed include the number of isotopes, selecting the appropriate 
dwell times, laser spot size, scan speed and repetition rate, and the 
problems of signal skew and aliasing. 

Clearly, in a single-collector system the measurement precision on 
an individual isotope measurement decreases as the number of analytes 
increases, as the dwell time on each isotope represents a progressively 
smaller percentage of the total mass sweep time. However, mapping 
experiments (e.g. George et al., 2018; Petrus et al., 2017; Dare et al., 
2014; Ulrich et al., 2009; Fig. 3e) show that it is possible to acquire over 
20 elements (including the 14 naturally occurring lanthanides) in one 
analytical session, with some studies analysing significantly larger 
numbers of isotopes (e.g. > 50, Li et al., 2020). The alternative ap-
proach (remapping the same area multiple times with a smaller analyte 
list) can suffer from computational difficulties, as most LA-ICP-MS data 
reduction packages cannot undertake precise spatial registration and 
data extraction for multiple images from different sessions. Selecting 
dwell times for an individual isotope is normally dictated by the as-
sumed abundance in the sample of an individual analyte. While smaller 
dwell times would seem advantageous for high-resolution mapping, 
very short dwell times are affected by increased readout noise and 
readout delays which become significant at sub-ms intervals. Longer 
dwell times have the advantage that a smaller fraction of total mass 
sweep is taken up by overhead and processing time, and can also reduce 
the temporal variation in signal intensity (beating) caused by pulsing of 
the laser in systems equipped with low dispersion cells. 

The laser spot sizes, scan speeds and repetition rate of the applica-
tions described in section 2 are listed in Table 1. The laser fluences are 
not detailed but typically a fluence of 2 - 4 J/cm2 is sufficient to ablate 
most geological matrices, bone material or teeth, while tissue imaging 
studies commonly employ laser fluences up to an order of magnitude 
lower (Hare et al., 2017). The laser spot size is application dependent 
and is chiefly determined by the assumed elemental abundances and 
the scale of the elemental variations (e.g. zoning in igneous phenocrysts 
or metamorphic porphyroblasts, or seasonal variations in biogenic 
carbonates). The most recent studies listed in Table 1 show that the spot 
sizes now employed typically range between 5-30 μm, even for ele-
ments at the ppb level (e.g. REE in olivine, Stead et al., 2017). Laser 
scan speeds typically range between 0.5 – 2X the laser beam size per 
second, although bioimaging applications (which investigate large 
mapped areas and often do not exhibit the micron-scale elemental 
variation characteristic of some geomaterials) have employed laser scan 
speeds as high as 10X the laser beam size per second (e.g. Van Malderen 
et al., 2017b). Such fast scan rates require high repetition rates to en-
sure that adjacent spots overlap. Extremely high (e.g. ≥ 100 Hz) re-
petition rates are becoming increasingly common in recent LA-ICP-MS 
imaging studies (Table 1), with repetition rates of 500 Hz now possible 
(Šala et al., 2020). While not all laser systems currently installed in 
geoscience laboratories are capable of running at such high repetition 
rates, such an approach offers several advantages in addition to en-
abling fast scanning. These include being able to employ smaller spot 
sizes than conventionally used for high-resolution imaging of low 
abundance elements, while running at high repetition rates in rapid 
response laser-ablation cells minimizes the temporal variation in signal 
intensity caused by pulsing of the laser as the signal will not return to 
background values at very high repetition rates. 

In the following discussion of the spatial resolution of LA-ICP-MS 
maps, it is assumed for convenience that the mapped area is rectangular 

(which is typical of the vast majority of studies) and the direction of 
laser stage translation is horizontal (i.e. along the x-axis of the map). 
The map is constructed as a series of adjacent horizonal lines of signal 
intensity data plotted vs time, with each mass spectrometer measure-
ment represented by a pixel and the y-axis resolution represented by the 
laser spot size. Assuming an infinitely small spot size and zero dead 
volume in transporting the aerosol from the ablation site to the plasma 
torch (i.e. negligible dispersion), the theoretical resolution of a single 
pixel on the x-axis of the map is equal to the total cycle time × the scan 
speed. However, the laser spot must have sufficient area to surpass the 
detection limits of the analysed isotopes. This results in smearing of 
information due to both admixture sampling when the spot size is larger 
than sharp concentration gradients and the non-negligible pulse re-
sponse. Ubide et al. (2015) show that features c. 75% the width of the 
spot size can be imaged using a conventional LA-ICP-MS two volume 
cell, while mathematical approaches based on deconvoluting the in-
formation contained in adjacent overlapping spots have been used to 
remove outliers (Paul et al., 2012) and to achieve sub-spot size re-
solution (e.g. Fox et al., 2017; Van Malderen et al., 2015). The lateral 
resolution can also be modelled theoretically once the ablation crater 
profiles and LA-ICP-MS profiles of single pulses are determined (Van 
Elteren et al., 2016). 

The following guidelines are suggested for mapping experiments. 
Where possible we recommend employing high (e.g. ≥ 50 Hz) repeti-
tion rates to enable fast scan speeds, facilitate small spot sizes for high- 
resolution imaging of low abundance elements, and to minimize pulsing 
of the laser in low dispersion cells. On laser ablation systems where 
such fast repetition rates are not possible, some degree of signal 
smoothing must be employed and the scan speeds consequently need to 
be slower. Of critical importance is the interaction between the laser 
repetition rate and the total sweep cycle time (the sum of all the in-
dividual isotope dwell and settling times). One approach is a frequency 
matching approach, where the sweep cycle frequency (fs) is set as a 
multiple of the laser repetition rate (f), i.e. f = N × fs, (Van Malderen 
et al., 2018). Another approach, involves detuning the frequency to 
avoid spectral skew artefacts by averaging signal intensities based on 
the least common multiple of sweep cycle frequency and laser repeti-
tion rate (Hattendorf et al., 2019). However, obtaining a stable re-
sponse for each isotope by matching the sweep cycle frequency to a 
multiple of the repetition rate involves characterizing the width of the 
signal peak generated from a laser pulse on the sample and tailoring the 
key experimental parameters accordingly (Van Malderen et al., 2018). 
Characterization of the single pulse response is key, as it enables 
equations to be derived to calculate the ideal spot size, laser repetition 
rate, dwell times and total sweep cycle time for a specific LA-ICP-MS 
system (Van Elteren et al., 2019). Additionally, while matching the 
sweep cycle frequency to a multiple of the repetition rate works well for 
a very small analyte list, long multi-element LA-ICP-MS mapping ses-
sions of geomaterials are prone to very minor drift in synchronization of 
the laser repetition rate and the sweep cycle sampling frequency (i.e., 
very minor under- or oversampling). This results in an extremely low- 
frequency aliased waveform in the resultant signal intensities which 
causes highly inaccurate elemental signals (i.e. false concentration 
gradients) from both maps and reference glass line scans. Improvements 
in the hardware and software controlling the interface between the LA 
system and the ICP-MS may in future allows precise synchronization 
between individual laser pulses and the quadrupole total sweep cycle 
frequency. 

Fig. 4a illustrates such a low-frequency waveform produced by 
temporal aliasing, resulting in a Moiré interference pattern in the re-
sulting image (cf Van Elteren et al., 2018). This image was produced on 
a system with an aerosol rapid introduction system with a response 
duration to a single pulse of 35 ms (FW0.01M, the full peak width of the 
signal at 1% of the maximum peak intensity). Signal smoothing was 
thus employed, giving a response duration of c. 1 s for a single pulse. 
Even with signal smoothing and a relatively high laser repetition rate (f 
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= 31 Hz), line scans on the NIST 612 reference glass at the start and 
end of the session show evidence for low-frequency periodic desyn-
chronization (Fig. 4b), with the resultant aliased waveform yielding a 
measured frequency (falias) of 1.376 Hz (λ = 727 ms). Modelling the 
signal intensity of an individual laser pulse as a sine function with f = 
31 Hz and an amplitude of 25% of the peak signal (as the signal does 
not return to background at this repetition rate due to signal 
smoothing), and then sampling the modelled signal using the sweep 
cycle frequency (fs = 7.407 Hz) every 135 ms results in an aliased 
waveform (Fig. 4c) with a measured frequency (falias) of 1.371 Hz (λ = 
729 ms). This is identical to the theoretical frequency of the aliased 
waveform (falias = 1.370 Hz; λ = 729 ms) calculated from the equation 
falias = min(| f – N × fs |), where N ∈ ℕ (Van Malderen et al., 2018). 

These data demonstrate that even with significant signal smoothing, 
a moderately high laser repetition rate and a total sweep cycle several 
times longer than the laser repetition rate, deleterious Moiré inter-
ference patterns can be seen in images. Several approaches can be 

employed to minimize this temporal aliasing effect. Increasing the ex-
tent of signal smoothing results in smearing of signals and hence in-
creasing the laser repetition rate is preferred as it decreases the am-
plitude of the resultant aliased waveform. Knowledge of the total sweep 
cycle time (as opposed to the total dwell time) is key. This enables the 
total sweep cycle frequency (fs) to be set as multiple of the laser re-
petition rate if the ICP-MS can maintain perfect synchronization of the 
sweep cycle frequency with the repetition rate over the course of a long 
analytical session, or adjusting the laser repetition rate (f) so that falias 

= min(| f – N × fs |) results in a high-frequency waveform with a 
wavelength of twice the duty cycle which would either not be notice-
able on a large mapped area (particularly if the amplitude of the aliased 
waveform is small), or is easily smoothed post data acquisition. In all 
cases, we recommend starting the experiment and examining the live, 
time-resolved signal intensities of several isotopes on reference glass 
line scans at the start of the session to check for temporal aliasing ef-
fects. 

3.3. Data visualization and extraction tools 

The advent of LA-ICP-MS imaging has led to the development of 
dedicated data reduction and image processing packages, as detailed in  
section 1.2. Many of these software packages offer some additional 
features such as the ability to construct elemental concentration profiles 
across maps or visualize correlations between the signal intensity of 
isotopes. However, the latest advances in high-speed and high-resolu-
tion mapping have led to the development of a suite of packages with 
enhanced functionality which are of particular relevance to the geos-
ciences, three of which are described below. These tools have sig-
nificantly furthered visualization, interrogation and extraction of 
quantitative data from LA-ICP-MS maps, and may result in LA-ICP-MS 
imaging superseding conventional spot analysis as the routine approach 
to many LA-ICP-MS applications in the geosciences. 

XMapTools (Lanari et al., 2014) is a MATLAB©-based set of mod-
ules originally designed to process, standardise and interrogate EPMA 
images for petrological studies. Functionality includes a range of image 
and data processing modules such as colour enhancement tools, line 
profile generation, binary and ternary compositional plots, phase 
identification and local bulk composition calculations for P-T calcula-
tions. An extension to XMapTools was introduced by Raimondo et al. 
(2017) so that it can import LA-ICP-MS data to visualise and interpret 
compositional zoning patterns in metamorphic porphyroblasts, along 
with modules to generate multi-element RGB image stacks, trace ele-
ment ratio calculations, and normalised REE diagrams. Although the 
software does not reduce or standardise LA-ICP-MS data (maps must be 
imported as quantified ppm data with each element presented in a 
numerical matrix format), additional processing modules are being 
developed for XMapTools and it is frequently updated. 

The HDF-based Image Processing (HDIP) software (Teledyne CETAC 
Technologies, 2020) places specific emphasis on processing and vi-
sualising LA-ICP-MS imaging data in 2D and 3D. HDIP can accept data 
from a broad range of LA-ICP-MS instrumentation as well as from other 
microscopy techniques, and all elemental and optical images can be 
layered on top of each other and aligned. It is equipped with several 
sophisticated features, including multi-standard external calibration; an 
AutoPilot feature which enables fully autonomous data reduction 
through to the generation of publication-quality images; the LaOpti-
mize tool which based on the peak profile of a single laser shot can find 
the optimum imaging parameters to correct for the blurring effects 
caused by the pulse response; a Channel Calculator which allows user- 
defined formulas to be applied to different mass channels and a suite of 
image editing tools. 

Iolite (Woodhead et al., 2007; Hellstrom et al., 2008; Paton et al., 
2011) is a software package developed for mass spectrometric data 
reduction (ICP-MS and TIMS). Similar to HDIP it can accept data from a 
broad range of LA-ICP-MS instrumentation. It was originally developed 

Fig. 4. A) low-frequency waveform produced by temporal aliasing, resulting in 
a Moiré interference pattern in the resulting image (an Si concentration map of 
a basalt where cpx = clinopyroxene, opx = orthopyroxene and plg = plagi-
oclase). The image was acquired with a relatively high laser repetition rate (f = 
31 Hz) and a sweep cycle frequency of fs = 7.407 Hz (total sweep cycle = 135 
ms). B) Low-frequency periodic desynchronization in the time-resolved Si ppm 
signal on NIST 612 reference glass from the same experiment with the resultant 
aliased waveform yielding a measured frequency (falias) of 1.376 Hz (λ = 727 
ms). The aliased waveform in the cpx in A) has an identical wavelength. C) 
Modelled signal intensity (blue curve) of an individual laser pulse (a sine 
function with f = 31 Hz) and an amplitude of 25% of the peak intensity because 
the signal does not return to background due to signal smoothing. Sampling this 
modelled signal every 135 ms produces the orange aliased waveform with a 
measured frequency (falias) of 1.371 Hz (λ = 729 ms). 
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as a set of procedures for Igor Pro (http://www.wavemetrics.com), a 
platform for scientific graphing, data analysis and image processing of 
time series data, but the latest version (v4) runs as a standalone soft-
ware package. Iolite is capable of processing very large datasets (e.g. 
multi-hour sessions of laser ablation data) with a strong emphasis on 
viewing and editing data in graphical form as plots of signal intensity, 
isotopic ratios or elemental ratios versus time. Data reduction of the 
input channels is undertaken by one of many modules (referred to as a 
"Data Reduction Scheme" or "DRS") each of which is stored in a discrete, 
user-editable file. There is a growing number of DRSs that are either 
supplied with Iolite or are produced by independent developers. These 
DRSs undertake diverse functions such as baseline subtraction, cor-
recting for instrumental drift, interpolating mass bias, calculating 
standardised trace-element abundances or downhole elemental frac-
tionation in U-Pb geochronology. Imaging features includes the Cell-
space and Monocle plug-ins, which along with stacked image func-
tionality and 3D viewing are now built into Iolite v4. Cellspace (Paul 
et al., 2012) displays time-resolved isotopic data versus ablation posi-
tion (i.e., spatially). These data can be plotted over a variety of other 
spatially registered microscopy images enabling visualization in a pet-
rographic context, while the Cellspace approach also enables decon-
volution of the information contained in adjacent overlapping spots to 
remove outliers (Paul et al., 2012). Monocle (Petrus et al., 2017;  
Fig. 3e) is an extremely powerful interrogation tool for 2D LA-ICP-MS 
element and isotope maps. It enables inspection of map data using an 
adjustable ‘loupe’ that can be moved across the map in conjunction with 
a series of live inspector tools (histograms and probability density plots;  
Fig. 3e) of element concentration, ratio or U-Pb age. Live graphs of 
normalised REE concentrations (Fig. 3e) or U-Pb concordia are also 
available depending on the dataset. A particularly powerful feature is 
the ability to define and obtain statistics for user-defined regions of 
interest (ROIs). These ROIs can be defined either by drawing polygons 
over irregular zones of similar chemistry, by growing a ROI from a 
‘seed’ where the data distribution in the seed is used to find adjacent 
pixels that are within a user-defined statistical boundary, or by defining 
numerical criteria (e.g. Rb < 0.3 ppm; Ca > 35 wt%; Mg/Ca < 0.004). 
The application of Monocle to image-based U-Pb geochronology is 
discussed further in section 4; much of the image processing function-
ality of Monocle is also now available in HDIP. 

4. Geochronological applications 

4.1. LA-ICP-MS imaging as a guiding tool for spot ablation geochronology 

Many in situ geochronological approaches employ initial textural 
characterization of the target phase prior to dating by a microbeam 
technique. Examples include U-(Th)-Pb dating of complex, polyphase 
zircon (section 4.2) or monazite (section 4.3), where discrete age do-
mains are often linked with specific rock-forming processes and their 
physical conditions (i.e. petrochronology, Engi et al., 2017). Initial 
textural characterization of such accessory phases commonly employs 
CL imaging, and particularly in the case of monazite, SEM-EDS or -WDS 
mapping to link monazite growth domains with specific mineral as-
semblages and reactions (section 4.3). Sections 4.2 - 4.4 below pri-
marily show how LA-ICP-MS trace-element imaging can be integrated 
with simultaneous U-Pb geochronology imaging. 

LA-ICP-MS trace-element imaging has also been employed as a 
guiding tool to aid U-Pb dating by static in situ microbeam techniques or 
micro-drilling followed by isotope dilution (ID)-TIMS analysis, parti-
cularly when U or petrogenetically important trace elements are pre-
sent at concentrations below the detection limits of SEM-EDS or -WDS 
mapping. LA-ICP-MS trace-element imaging has been applied as an 
initial characterization tool in U-Pb and U-series geochronology of 
carbonate minerals, which typically exhibit very low U concentrations 
(c. 10 ppb to 10 ppm U, Roberts et al., 2020; section 4.4) compared 
with traditional U-bearing accessory minerals. Precision in U-Pb and U- 

series geochronology of carbonate minerals is thus highly dependent on 
detecting high-U domains of pristine primary carbonate, but unlike 
zircon, CL intensity in carbonate phases typically cannot be used as a 
proxy for U concentration (Mn2+ is the most dominant luminescence 
activator and Fe2+ is the dominant luminescence quencher). LA-ICP-MS 
concentration profiles (i.e. line scans) have been used to rapidly char-
acterize U and Th distributions in tooth enamel and dentine as a pre-
cursor to ID U-series dating (Eggins et al., 2003) and also in direct U- 
series dating by LA-MC-ICP-MS of speleothems, molluscs, bones and 
teeth (e.g. Eggins et al., 2005; Woodhead et al., 2016). LA-ICP-MS trace 
element imaging is also commonly employed in U-Pb LA-ICP-MS car-
bonate dating studies employing static spot ablations (e.g. Roberts and 
Walker, 2016; Roberts et al., 2020 and references therein) to target, 
refine, and interpret U-Pb age data, including detecting portions of 
sample which exhibit sufficient spread in 238U/204Pb ratio (μ) and 
mapping of trace elements diagnostic of primary carbonate to exclude 
zones of potential alteration or detrital contamination (cf section 4.4). 

4.2. Zircon 

Existing approaches to producing accessory mineral LA-ICP-MS U- 
Pb age (zircon; Gehrels et al., 2008) or combined U-Pb age and trace 
element maps (titanite, Spencer et al., 2013, Timms et al., 2020; 
monazite, Horton et al., 2016 and Woodhead et al., 2016) have typi-
cally employed contouring or kriging of spot ablation data. The need for 
contouring can be avoided using a contiguous grid of spots; this ap-
proach was adopted by Kelly et al. (2017) who undertook LA-ICP-MS 
trace element (Al, Si, P, Fe, Sr, Y+REE, Hf, Th and U) mapping of 
zircon using 7 μm diameter spot ablations. However, LA-ICP-MS U-Pb 
and / or trace element imaging using a spot ablation approach is time 
consuming, typically requiring several hours analysis per grain. 

Zircon is able to preserve multiple events within individual zircon 
grains, such as magmatic or high-grade metamorphic zircons with core- 
rim structures and Pb mobility episodes not linked to discrete crystal-
lization events (Pb loss, incorporation of common Pb, high-temperature 
Pb mobilization). This makes it an attractive target for LA-ICP-MS U-Pb 
age mapping studies to constrain fine-scale processes affecting the U-Pb 
zircon systematics. Chew et al. (2017) present a suite of LA-ICP-MS U- 
Pb age, U, Th and Th/U ratio maps (along with CL and Raman intensity 
images) of zircons from Palaeozoic syn-tectonic leucosomes and post- 
tectonic granitoids intruding metasedimentary rocks in the Eastern 
Cordillera of Peru. Zircons in these rocks are coarse-grained (typically c. 
200×100 μm2) and have clearly defined cores and rims based on CL 
imaging and earlier in situ U-Pb SIMS and LA-ICP-MS geochronology 
studies (Chew et al., 2007). 

Zircon rim concordia ages derived from the U-Pb age maps are 
consistent with the independent geochronology constraints, while sec-
ondary-standard data typically reproduced within 1% of their published 
crystallization ages (Chew et al., 2017). The secondary standard data 
yielded weighted average 206Pb/238U age precisions (for an individual 
crystal) of between 0.5 and 1% (2 RSD) for Palaeozoic reference ma-
terials and between 1.5 and 2% (2 RSD) for Cenozoic age standards. 
These quoted weighted average 206Pb/238U age precisions are derived 
from c. 10 rasters on the same grain; the precision on an individual 
raster is between 2 and 4% (2 RSD) for Palaeozoic reference materials 
and between 4 and 8% (2 RSD) for Cenozoic age standards. 

Age accuracy was therefore not affected by laser-induced elemental 
fractionation between the different zircon samples at the high (45 Hz) 
ablation rates employed (analytical setup is detailed in Supplementary 
Table 1). The zircon in Fig. 5 is from a c. 480 Ma syn-tectonic leuco-
some (grain 823 from sample DC 05/5-7; Chew et al., 2017), and ex-
hibits a thin (10 to 30 μm) CL-dark rim with idiomorphic zoning, sur-
rounding a large inherited magmatic core (zoned and CL-bright) 
constituting the bulk of the zircon crystal. There is a clear correlation 
between U concentration and the CL image (CL dark = high U; CL 
bright = low U; Fig. 5a, b). The 206Pb-238U map (Fig. 5e) and the 
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Fig. 5. Zircon 823 from a syn-tectonic leucosome from the study of Chew et al. (2017). A) CL image. B–E) LA-ICP-MS U ppm, Th ppm, Th/U ratio and 206Pb/238U age 
image maps. The dashed white lines on the 206Pb/238U age image map denote fractures traced directly off the CL image which spatially correlate with domains of Pb 
loss. F) Raman peak intensity map at the 1005.5 cm-1 band. G) Two-dimensional kernel density estimates from 4×4μm “data” blocks plotted in the Wetherill 
concordia space. Modified from Chew et al. (2017). 
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Raman peak intensity map (at the 1005.5 cm-1 band; Fig. 5f) also 
identify core-rim relationships and additional internal structure. Frac-
tures on the CL image spatially correlate with domains of Pb loss on the  
206Pb/238U image map (Fig. 5e), while the Raman peak intensity map 
shows a dark zone of metamict zircon (zone ‘A’ on Fig. 5f which con-
tains up to 7,500 ppm U on Fig. 5b) with low intensity and broadening 
of the ν3 SiO4 band (not illustrated). 

However, the Th distribution (particularly in the core) is highly 
complex (Fig. 5c), as is the resultant Th/U map (Fig. 5d). The zircon 
rims on the CL images are characterised by extremely low Th/U values 
of c. 0.02. The oldest concordant portions of the core (c. 1.1 Ga) are 
associated with the highest Th/U ratios (up to 0.4) and lowest U con-
tents and are mantled by an outer portion of the core which is partially 
age reset and exhibits significantly lower Th/U ratios (c. 0.1) and 
higher U concentrations. U-Pb age resetting in the core likely resulted 
from Pb-loss from the higher U outer domain facilitated by fractures 
and metamictisation. Conventional spot analyses in the core of this 
polyphase zircon would likely result in a complex mixed age signal 
compromised by Pb loss. This is shown by 2D kernel density estimates 
of 4×4 μm “data” blocks sampled from the zircon and plotted in the 
Wetherill concordia space which define discordia mixing lines between 
the c. 480 Ma and c. 1.1 Ga age components and also a common Pb 
vector (Fig. 5g). Additionally, the significantly greater penetration 
depth of LA-ICP-MS spot ablations (typically 10 to 20 mm) would result 
in complex mixed age signals which would be even harder to relate to 
the surface imaging. The technique provides spatially constrained U-Pb 
age data directly relatable to other surface imaging techniques (and 
with the LA-ICP-MS U, Th and Th/U ratio images) which makes inter-
pretation significantly more robust. Other elements (e.g. Fe, Sr, Li, REE, 
Hf), which may also yield additional petrogenetic information, can 
easily be added to the analytical protocol. The approach is easily 
modified for other high U/Pb accessory mineral phases (e.g. monazite;  
section 4.3) and to U-bearing phases that contain common Pb (e.g. 
carbonate, section 4.4). Other applications include imaging complex 
polyphase zircons and extracting data from polygons of isochronous 
areas (e.g. using Monocle; Petrus et al., 2017), correlating zones of Pb 
loss with high U; and characterising the U-Pb systematics of key sam-
ples for U-Pb TIMS dating. 

4.3. Monazite 

Along with zircon, monazite is the most common U-Th-Pb geo-
chronometer utilized for precise dating of high-temperature processes 
in Earth’s crust (e.g. melt crystallization and metamorphism), owing to 
the slow volume diffusion of most elements and negligible initial Pb, 
while its high Th and U abundances facilitate small ablation volumes. 
Additionally, the reactive behaviour of monazite in the presence of 
magmatic, metamorphic, and hydrothermal fluids facilitates recording 
the timing and conditions of multiple geologic processes that have af-
fected a given volume of rock (Engi, 2017). Over the past two decades 

considerable effort has been directed toward identifying geochemical 
linkages between monazite growth and specific mineral assemblages or 
geological conditions and modelling the associated phase equilibria 
relations (e.g. Pyle and Spear, 2003; Spear and Pyle, 2010; Yakymchuk 
et al., 2017). Given the likelihood of internal compositional hetero-
geneity within individual monazite grains, integrating petrological in-
formation with quantitative time constraints requires analysis of both 
the U-Th-Pb and trace element composition of identifiable monazite 
domains by in situ methods, yielding a radiometric date that can be 
linked with a specific petrological process (i.e. petrochronology;  
Williams et al., 2007, 2017; Kylander-Clark et al., 2013; Engi, 2017;  
Hetherington et al., 2017). Traditionally, initial textural characteriza-
tion of target monazite was accomplished by high-contrast BSE imaging 
or (preferably) element mapping by EPMA; however, advances in LA- 
ICP-MS instrumentation and methodology have enabled acquisition of 
all the required compositional and age information at high spatial re-
solution (approaching that of SEM-WDS) through LA-ICP-MS elemental 
imaging. 

In this section, we present a newly acquired dataset to demonstrate 
the potential of LA-ICP-MS mapping to quantitatively distinguish mul-
tiple internal domains that record episodes of monazite growth, dis-
solution, and (apparent) compositional modification. A ca. 200 μm 
diameter monazite grain located along a mesosome-leucosome 
boundary (Fig. 6a; Sample GB97J of Marsh and Stockli, 2015) within a 
polymetamorphic granulite terrane from the western Grenville Pro-
vince (Ontario, Canada) was selected for analysis by LA, utilizing a 
split-stream configuration with simultaneous measurement of U-Th-Pb 
isotopes on a MC-ICP-MS and trace elements on a Q-ICP-MS, hereafter 
referred to as LA(SS)-MC-Q-ICP-MS (analytical setup is detailed in 
Supplementary Table 1). An initial line scan map was followed by a grid 
of conventional (static) 10 μm spots over the same area and with the 
same LA(SS)-MC-Q-ICP-MS instrumental setup, so that data accuracy 
could be compared between the two methods. 

First-order inspection of the elemental (Y, REE, Th, and U) and U-Pb 
age maps enables definition of three general compositional types (Mnz 
1, 2, & 3), the boundaries between which can be sharp or gradational 
and for some elements vary in position (Fig. 6b). Mnz 1 is defined as a 
Y-REE-rich, Th- and U-poor zone comprising three separate domains in 
the grain interior and yields the oldest U-Pb dates (outside of the dis-
cordant > 1200 Ma patch inferred as inherited/detrital). Mnz 2 has 
variably lower Y, M-HREE (especially Eu), and Th and slightly higher U, 
comprising most of the central portion of the grain, and yields inter-
mediate U-Pb dates. Finally, distinct Y-REE-poor, Th and U-rich zones 
along the outer portions of the grain comprise Mnz 3, and yield the 
youngest U-Pb dates. U-Pb dates obtained from the line scan map are 
largely consistent with those obtained from the subsequent spot ana-
lyses. Trace element concentrations determined from the line scan and 
spot LA(SS)-MC-Q-ICP-MS methods are indistinguishable (not shown). 

Selecting representative regions for each compositional type within 
the data processing software (Iolite 4) enables extraction of calculated 

Fig. 6. LA-ICP-MS trace element and U-Pb geochronology mapping of complex monazite. A) BSE images of the microstructural setting of the analysed monazite grain 
(yellow label), showing its position along the boundary between the host Opx-Bt-Pl granulite layer and adjacent Pl-Kfs-Qtz leucosome. B) False-color LA(SS)-MC-Q- 
ICP-MS line scan maps of Y, REE, Th, U, and 206Pb/238U age, as well as 206Pb/238U age map from subsequent spot analysis by same LA(SS)-MC-Q-ICP-MS setup. Note 
locations of representative regions and line profile selected for pooled data analysis shown in adjacent plots. C) Bivariate plot of Y and U concentration vs 206Pb/238U 
date, calculated for each pixel within the regions delineated in B. D) Tera-Wasserburg Concordia diagram plotting calculated ratios for each pixel within the regions 
delineated in B. An arbitrary 5% 2SE uncertainty is assigned to each data point, yielding an MSWD ~1 on the intercept dates for each population. Free regression 
lines following a near-vertical array of 207Pb/206Pb for each population were used to model minor systematic overdispersion. We infer the slight overdispersion to be 
an analytical or data-processing artefact, potentially resulting from the difference in signal response time (cf section 3.1) between 207Pb (1012 Ω amplifier) and 206Pb 
(1011 Ω amplifier), as opposed to common Pb or mixing with older age components. Identical concordant dates can be obtained for each population assuming a 
higher uncertainty in the individual 207Pb/206Pb (i.e. c. 10%). E) Y concentration and 206Pb/238U date for 10 μm2 bins along the cross-grain profile delineated in B. 
Coloured bands indicate regional geochronological constraints from the literature, correlated with domains identified in monazite map. References to previous 
geochronological data: a – Van Breemen et al. (1986); b – Marsh et al. (2012); c – Rivers (2012 and references therein). F) Schematic diagram showing a generalized 
petrogenetic process interpretation for the defined zones within the analysed monazite grain. G) Inferred P-T path of the analysed granulite sample (GB97J) with 
timing constraints hypothetically linked to defined monazite compositional types and inferred petrogenetic process as shown in F. Metamorphic facies: GS – 
greenschist, Amp – amphibolite, Gr – granulite, BS – blueschist, Ec – eclogite. 
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concentration values, ratios, and dates for each pixel, such that com-
positional and age variables can be plotted or pooled for calculation of 
population statistics. The monazite types defined from visual inspection 
show clear relationships between U-Pb date and composition (Fig. 6c) 
and yield three distinct Concordia intercept dates with precision 
equivalent to traditional in-situ spot analyses (i.e. < 1% 2σ; 5% 2SE 
assumed for each data point; Fig. 6d). A profile across all three com-
positional types, with values and uncertainties calculated from 10 μm2 

bins, also shows distinct age domains with individual dates largely 
outside 2SE uncertainty from each other (Fig. 6e). 

The dates from each compositionally distinct domain correspond 

with established regional and local metamorphic events, as determined 
by previous zircon U-Pb analyses by TIMS, SHRIMP, and LA-SF-ICP-MS 
analyses. The 1143 ± 5 Ma date for Mnz 1 corresponds with the U-Pb 
ages assigned to peak granulite-facies metamorphism, with the 
1094 ± 5 Ma date for Mnz 2 corresponding with the timing of peg-
matite emplacement and local amphibolite-facies shearing (Marsh 
et al., 2012). The 1044 ± 4 Ma date for Mnz 3 corresponds with the 
widespread late-orogenic extension observed across the western Gren-
ville Province (Rivers, 2012), which importantly has not been identified 
in numerous analyses of zircon from this area. Thus, the data from 
LA(SS)-MC-Q-ICP-MS mapping of a single monazite grain provides a 

Fig. 7. LA-ICP-MS carbonate U-Pb geochronology using an image-based approach. A) Element and isotope ratio maps compiled and inspected to identify potentially 
different genetic domains. Suitable criteria (here Rb, Zr and Th < 0.3ppm; concentrations determined using NIST614 glass as a primary trace element reference 
material) were applied to isolate a domain (here calcite spar) that is likely homogeneous in age. The element and isotope ratio data corresponding to the selected 
pixels were pooled into 22 pseudo-analyses using an isotope ratio resembling the parent/daughter ratio (here the 207Pb/235U ratio) to retrieve the largest possible 
spread on concordia and isochron plots. Modified from Drost et al. (2018). B) Typical low U calcite sample from a vein with complex alteration patterns. The data 
were filtered to target the least altered domain for age determination and the selected pixels were pooled into 29 pseudo-analyses. Modified from Roberts et al. 
(2020). 
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near complete record of tectono-metamorphic events affecting the re-
gion. Furthermore, the integrated spatial, compositional (TEs), and 
geochronological mapping data enable numerous process-oriented 
petrological research questions to be addressed (Fig. 6f & g). 

4.4. Carbonate 

Uranium-lead geochronology of the processes involved in the for-
mation of calcite and other carbonate minerals (e.g. calcite veins and 
slickensides, hydrothermal and ore deposit carbonates, sedimentary 
limestone deposits, diagenetic carbonate cements, dolomitization, bio-
genic carbonate, speleothems) has become increasingly popular in re-
cent years due to the increased precision and availability of LA-ICP-MS 
systems. The approach gives unique insights into the timing of a suite of 
geological processes which have been hitherto challenging to constrain. 
Detailed reviews on U-Pb carbonate geochronology were given by Jahn 
et al. (1994), Rasbury and Cole (2009) and Roberts et al. (2020), while 
the strategy, analytical protocol and data processing routines for image- 
based LA-ICP-MS U-Pb carbonate dating are described in Drost et al. 
(2018). The major challenges in U-Pb carbonate geochronology are 
typically very low U concentrations and associated limited ingrowth of 
radiogenic Pb, appreciable common Pb and the potential for genetically 
complex mineral assemblages. Nevertheless successful age determina-
tion is possible when certain requirements are met: (i) a closed U-Pb 
system (i.e. absence of U and/or Pb mobility post formation), (ii) a 
homogeneous initial Pb composition (i.e. common Pb must be re-
presented by a single, authigenic component) and (iii) a sufficient 
spread in 238U/204Pb ratio (μ) to allow for a well constrained regression 
of data points. The superior spatial resolution of LA-based U-Pb car-
bonate dating compared to ID-TIMS U-Pb analysis (where sampling is 
usually undertaken by micro-drilling) offers distinct advantages in 
many samples in achieving a sufficient spread in 238U/204Pb ratio 
(Woodhead and Petrus, 2019). 

Image-based LA-ICP-MS U-Pb carbonate dating allows identification 
of domains that are potentially homogeneous in origin and age by 
compilation and inspection of maps of characteristic major and trace 
elements, typically following petrographic characterization (e.g. by 
optical microscopy or CL). Major elements (e.g., Mg, Ca, Sr, Mn, Fe, Ba) 
assist in revealing potential changes in carbonate mineralogy or mineral 
transformations, while minor and trace elements help detect the pre-
sence of detrital material (e.g., Ga, Rb, Zr, Th) or migration and re-
distribution of elements during post-formational fluid activity such as 
diagenesis, deformation or hydrothermal overprinting (e.g., Mg, V, Mn, 
Cu, Rb, Sr, U). Depending on the available instrumentation, these ele-
mental maps can either be used as a guide for spot analyses (see section 
4.1) or can be acquired simultaneously along with U, Th and Pb isotope 
data by LA-ICP-Q-MS as detailed below. 

Fig. 7 shows two examples of image-based U-Pb carbonate geo-
chronology where inspection of element and isotope ratio maps led to 
definition of selection criteria to target pixels that likely correspond to 
the same genetic domain. The selected pixels were then pooled using an 
empirical cumulative distribution function (ECDF) of their 207Pb/235U 
ratios (termed ‘pseudo-analyses’ in Drost et al., 2018), with the goal of 
obtaining the largest possible spread in U-Pb data on a concordia or 
isochron diagram. The example illustrated in Fig. 7a (modified from  
Drost et al., 2018; analytical setup detailed in Supplementary Table 1) 
shows a lacustrine limestone sample consisting of micrite, encrusted 
bioclasts and calcite spar. The calcite spar crystallized in the interstices 
of the uncompacted bioclasts and therefore most likely formed during 
earliest diagenesis. Selecting only pixels with Rb < 0.3 ppm, Zr < 0.3 
ppm and Th < 0.3 ppm results in rejection of all pixels corresponding to 
the bioclast and micrite portions of the sample. These selected pixels 
(980 of 4203) reflecting the transparent spar were then pooled into 22 
analyses, each of which includes c. 30s of signal (45 pixels or time- 
slices). The lower intercept age of the Tera-Wasserburg regression 
(300.8 ± 3.7 Ma) was interpreted to be a close estimate of the 

depositional age of the lacustrine limestone and the initial 207Pb/206Pb 
ratio (0.858 ± 0.003) is similar to the Stacey and Kramers (1975) ter-
restrial model Pb at the time. Both intercepts are well constrained 
which is facilitated by the relatively high U concentration (0.4 to 40 
ppm) and the Palaeozoic age of the sample. The bioclasts and micritic 
calcite turned out to be unsuitable for U-Pb dating because none of the 
requirements (closed U-Pb system, homogeneous initial Pb isotopic 
composition and large range in μ) appears to be fulfilled. 

The second example (Fig. 7b, modified from Roberts et al., 2020) is 
from vein calcite with considerably lower U concentrations (< 100 
ppb). Macroscopically visible orange alteration is also evident in ele-
ment maps (high Ba, Sr and Pb) while small veinlets with elevated Cu, 
Rb, Ba and Pb are also visible (Fig. 7b, left panels). The set of selection 
criteria was complex in order to (i) select only pixels that belong to the 
least altered calcite (Ba < 10 ppm, Rb < 0.01 ppm, Cu < 0.2 ppm and  
238U < 10,000 counts per second [cps]) and to (ii) clear the data set 
from spurious data below or around the detection limit (206Pb > 0 cps,  
207Pb > 0 cps, 208Pb > 0 cps, 238U > 500 cps, 207Pb/206Pb < 1.5,  
207Pb/206Pb > 0.15, 206Pb/208Pb < 10 and 206Pb/208Pb > 0.1) because 
of the low U and Pb concentrations. Pooling the selected pixels (1692 of 
4153 pixels) into 29 pseudo-analyses (c. 60s of signal each) gives a 
lower intercept age of 283.1 ± 9.4 Ma for the least altered calcite 
within the vein system. This age is similar within uncertainty to the age 
obtained independently from the same sample by spot analysis using a 
LA-SF-ICP-MS setup (Roberts et al., 2020). 

5. Discussion and future outlook 

The advent of LA-ICP-MS mapping in the geosciences presents 
several challenges in data reduction compared to conventional spot 
ablation analysis. In conventional spot ablation analysis, signals are 
usually normalized relative to a reference material (typically a silicate 
glass or a pressed powder pellet) using an isotope of a major element of 
invariable concentration across the sample as an internal standard (e.g. 
a stoichiometric element such as Ca in apatite or Zr in zircon). When the 
internal standard element does not exhibit constant concentration 
across the sample (e.g. due to elemental zoning or the sample is com-
prised of multiple mineral phases with differing concentrations of the 
internal standard), individual analyses can be normalised using in-
dependent constraints on the concentration of the internal standard 
element (e.g. EPMA or SEM-EDS spot analyses). Internal standard 
normalization across an entire map is rarely undertaken in LA-ICP-MS 
mapping as the presence of inclusion or matrix phases within or ad-
jacent to the target phase can result in highly erroneous concentration 
maps (e.g. consider an apatite inclusion with ppm-level Zr in a zircon 
with 49.7 wt% Zr), while obtaining EPMA analyses for an internal 
standard element over the entire mapped area is clearly impractical. 
Instead LA-ICP-MS mapping experiments usually normalise the time- 
resolved signal intensities of each element with those of the reference 
material (a more qualitative form of standardization, termed ‘semi- 
quantified’ normalization in Iolite). However, such an approach does 
not account for matrix-effects (such as differing ablation yields) be-
tween the sample and reference material, and the resultant concentra-
tion map may not be accurate (e.g. Paul et al., 2014). For a sample 
comprised primarily of a single mineral phase, ‘semi-quantified’ nor-
malization of the map followed by application of a simple fractionation 
factor (determined either from a stoichiometric element or from a re-
gion on the map for which there are EPMA or SEM-EDS spot analyses) 
can be applied to correct for the ablation yield of the main mineral 
phase. This approach was used for multi-phase LA-ICP-MS mapping 
experiments undertaken by Paul et al. (2014), who segmented a com-
positional image of a gabbro sample into different ‘phases’ and then 
assigned appropriate internal standard and reference material in-
formation to each phase on a pixel-by-pixel basis. Another internal 
standard-independent calibration strategy was developed by Hoffmann 
et al. (1997) and utilizes the ion intensities of the major elements to 
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compensate for different ablation efficiencies. Similarly, Liu et al. 
(2008) apply a normalization based on the sum of all metal oxides to 
100 wt% to obtain a matrix-dependent ablation yield correction factor 
(AYCF) for semi-quantitative data. This approach is probably the most 
accurate for most anhydrous minerals and glasses but requires precise 
knowledge of all participating phases and inclusion of all corresponding 
major and minor elements in the analyte menu. The strategy will not be 
successful in the presence of significant anion concentrations such as S, 
F or Cl but can be modified for e.g. carbonates by normalizing to 100 wt 
% metal CO3. 

Determinations of uncertainties and limits of detection can also be 
more challenging in LA-ICP-MS mapping experiments. Uncertainties 
depend on many factors including (i) elemental concentration, (ii) the 
presence and nature of interferences on the selected mass, (iii) matrix 
effects and (iv) accuracy and precision of the reference values of the 
calibration standard(s). Reporting of uncertainties of individual mea-
surements is not common in routine element concentration determi-
nations derived from LA-ICP-MS maps but is necessary in geochrono-
logical applications. While internal uncertainties on a group of pixels 
(extracted using either manually drawn regions of interest or criteria- 
based pooling of values) are easy to determine, propagation of un-
certainties is more complex. The uncertainty propagation protocol 
proposed by Horstwood et al. (2016) for LA-ICP-MS U-Pb spot and 
linear raster analyses can be adapted for image-based U-Pb geochro-
nology (Drost et al., 2018; Roberts et al., 2020). If the internal un-
certainties on the reference material have an MSWD greater than 1, an 
“excess uncertainty” for each analytical session (that accounts for all 
unquantified sources of analytical uncertainty) should be combined in 
quadrature with the internal precision derived from each group of 
pooled pixels to obtain a session-wide uncertainty estimate (cf Paton 
et al., 2010). For comparability with age data acquired in different 
sessions, in different labs or utilizing different isotope systems, addi-
tional systematic uncertainties have to be propagated on the final date 
by quadratic addition. These include the uncertainty on the age of the 
reference material, the decay constant uncertainty and a lab- and 
method-specific long-term reproducibility derived from analyses of a 
quality control material. 

Imaging by LA-ICP-MS presents its own unique challenges to LOD 
determinations. A detailed treatment is beyond the scope of this review 
and the reader is advised to consult Petrus et al. (2017), who describe 
the strengths and limitations of the two main approaches to LOD de-
terminations in LA-ICP-MS analysis (Longerich et al., 1996; Pettke 
et al., 2012) applied to LA-ICP-MS mapping. Petrus et al. (2017) re-
commend that as a compromise between low LOD and reasonable time 
spent measuring backgrounds is to have the number of time slices in the 
background measurement (Nb) approximately equal to the number of 
mapped pixels (Na). They also highlight the problem of analytes with 
zero background, for which the Longerich et al. (1996) equation pro-
duces unrealistic LODs of 0. The Pettke LOD equation is formulated 
using Poission statistics to accommodate the very low background 
count rates (c. 1 cps for most of the high mass end of the periodic table) 
obtained in modern LA-ICP-MS instruments. The LOD and LOQ equa-
tions of Howell et al. (2013) were also formulated using a Poisson 
distribution, and are increasingly being adopted for LA-ICP-MS mea-
surements of elements at the ultra-trace level with very low background 
count rates . This still leaves the issue of how to represent low con-
centration LA-ICP-MS data on maps, such as the LREE in olivine which 
are present at the ppb level (Stead et al., 2017). When part of a multi- 
element analyte list with short dwell times, many individual pixels will 
correspond to zero counts. With a non-zero (i.e. 1 cps) background, 
these pixels are below the LOD and yield negative baseline-corrected 
counts and concentration data. 

The ability to extract and interrogate individual pixels on LA-ICP- 
MS maps is exceedingly powerful, as it enables evaluation of relation-
ships between elements and / or isotopic ratios at a much higher spatial 
resolution than conventional spot ablation analysis. Such an approach 

has been used to investigate the complexities of gold mineralizing 
events by identifying fine-scale elemental correlations within sulphides 
which can then be further explored by geostatistical tools such as 
multidimensional scaling and discriminant analysis (Gourcerol et al., 
2018b), and to investigate the relationship between Th/U ratio and U- 
Th-Pb age in zircon which demonstrate Th loss along micro-fractures 
during melt generation (Chew et al., 2017). In both these studies, the 
data were treated (bilinear interpolation between adjacent traverses 
and 3×3 pixel smoothing, Gourcerol et al., 2018b; sampling of 4×4μm 
“data” blocks from the U-Pb zircon map, Chew et al., 2017) to reduce 
the effects of sampling a highly transient laser-ablation signal on a se-
quential mass analyser such as a Q-ICP-MS. 

5.1. LA-ICP-based imaging employing simultaneous elemental detection 

The advances in low-dispersion laser ablation cells with dispersion 
times as fast as a few milliseconds (section 3.1; Gundlach-Graham and 
Günther, 2016) create significant opportunities for the field of LA-ICP- 
MS imaging. However, as highlighted in section 3.2, low dispersion 
cells present several challenges for imaging using sequential mass 
analysers such as those employed in ICP-MS systems, including imaging 
artefacts (spectral skew) produced by sequential sampling of a transient 
(pulsed) laser signal (Van Malderen et al., 2018). Simultaneous detec-
tion of the entire elemental mass spectrum for each laser shot can ac-
count for correlated temporal variations in isotope intensity such as the 
transient, pulsed nature of laser ablation signals and ICP-MS multi-
plicative source noise (flicker). Two such approaches are commercially 
available: double-focusing sector field ICP-MS based on a Mattauch- 
Herzog geometry and ICP Time-of-flight (TOF) mass analysers. The 
special characteristic of the Mattauch-Herzog geometry is that all ion 
masses are focused on one focal plane, which in turn enables the use of 
a flat surface detector such as a complementary metal oxide semi-
conductor (CMOS) array. As such it is the only LA-ICP-based system 
capable of truly simultaneous detection of the entire elemental mass 
spectrum as a permanent ion beam travels to the detector. While the 
approach has yet to be widely adopted, future advances in CMOS de-
tection technology might be able to overcome the current limitations in 
dynamic range associated with TOF mass analysers. 

The front end of an ICP-TOF is based on the ICP, ion optics and 
vacuum of a conventional Q-ICP-MS. The primary ion beam from the 
ICP is accelerated inside the TOF extraction zone before passing into the 
field-free flight drift region. The ions gain equal energy from this ac-
celeration and travel at different speeds according to their m/z ratio. At 
the detector, the intensity and time-of-flight of ions from the entire 
mass spectrum are recorded, yielding a complete mass spectrum for 
each ion packet. Although the first ICP-TOF instrument was developed 
in 1994 (Myers et al., 1994), early ICP-TOF instruments suffered from 
detector non-linearity and yielded significantly lower sensitivities 
compared to sequential ICP-MS instruments (Burger et al., 2017). In 
addition, the data acquisition electronics of early generation ICP-TOFs 
limited the time resolution to substantially below that of the theoretical 
limits of the TOF mass analyser. 

Sensitivity remains a fundamental limitation of ICP-TOF analysis as 
the TOF analyser can only accept an input pulse of ions after the pre-
vious ion packet has been analysed. This ion-throughput limit asso-
ciated with the duty-factor of TOF-MS results in high-mass end sensi-
tivities that are an order of magnitude lower than a Q-ICP-MS, while the 
abundance sensitivity of a TOF is approximately three orders of mag-
nitude inferior to that of a Q-ICP-MS at the high mass end (Burger et al., 
2017). A Q-ICP-MS also offers three orders of magnitude superior linear 
dynamic range and superior limits of detection (Hendriks et al., 2017). 
However, unlike a TOF-MS, a Q-ICP-MS does not conserve its effective 
sensitivity or LODs based on counting statistics when elements are 
added to the analyte menu, and a TOF-MS can yield superior effective 
sensitivity, LODs and signal-to-noise ratios for large elemental menus. 
Modern TOF-MS instruments such as the icpTOF (TOFWERK AG) can 
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record the entire element spectrum at 1 kHz and a subset of c. 1000 
mass spectra at the full TOF extraction frequency of 33 kHz (Bussweiler 
et al., 2017; Hendriks et al., 2017). LA-ICP-TOF is thus ideally suited to 
rapid multi-element analysis of very fast transient signals (i.e. laser 
ablation imaging in low-dispersion laser ablation cells), while si-
multaneous detection of the entire elemental mass spectrum also en-
ables more precise isotopic analysis compared to LA-Q-ICP-MS 
(Ronzani et al., 2018). Triggered acquisition can be employed to enable 
real-time, spot-resolved multi-element analysis synchronized with the 
arrival of the sharp ablation peak of the aerosol plume of a single laser 
shot to the TOF-MS resulting in artefact-free imaging (Bussweiler et al., 
2017). Unlike the continuous-scan (rastering) mode of imaging, each 
spot resolved analysis represents a “closed experiment” where each 
multi-element pixel can be easily linked to an individual laser shot with 
precisely defined coordinates. This is essentially an ultrafast version of 
the ‘grid-of-spots’ approach described in section 4.1, but availing of the 
ultrarapid response provided by modern low dispersion cells and the 
extremely rapid cycle time of an ICP-TOF. 

LA-ICP-TOF imaging has now been employed on a variety of bio-
logical and geological materials. Example biological imaging applica-
tions include imaging of rat kidney samples perfused with the Pt-based 
anti-cancer drug cisplatin (Bauer et al., 2019) and 3D imaging of the 
freshwater crustacean Ceriodaphnia dubia which was exposed in vivo to 
elevated Cu, Ni, and Zn concentrations (Van Malderen et al., 2017a). 
Geological applications include imaging of the Opalinus clay, a candi-
date host rock for a high-level radioactive waste repository in Swit-
zerland (Burger et al., 2015); multi-phase imaging of a kyanite and 
staurolite-bearing pelitic schist (Burger et al., 2017; Fig. 8a,b); mapping 
trace element variations in an ore mineral (sphalerite, ZnS) grain with 
distinct growth zoning (Bussweiler et al., 2017; Fig. 8c, d); imaging the 
trace-element growth stratigraphy of augite megacrysts from Roman 
era-volcanism at Stromboli (Ubide et al., 2019b; Fig. 8e, f) 3D elemental 
imaging of an iron meteorite (He et al., 2017); assigning mineral phases 
directly from LA-ICP-TOF maps in a mineralogically and texturally 
complex cataclastic fault rock (Gundlach-Graham et al., 2018; Fig. 8g, 
h); and elemental mapping of high-pressure, high-temperature reaction 
experiments to decipher melt-rock reactions in the lithospheric mantle 
(Bussweiler et al., 2020; Fig. 8i, j). 

In addition to rapid, multi-element artefact-free imaging, LA-ICP- 
TOF mapping offers other advantages. The large multi-element datasets 
include the major, minor, and trace elements, and phase identification 
and mass fraction maps can be undertaken using a 100% mass nor-
malization approach to the sum of element species (e.g. Burger et al., 
2015, 2017; Gundlach-Graham et al., 2018; Fig. 8a, b), including phase- 
specific quantification strategies that take into account the mass of 
major elements based on their molecular stoichiometries when com-
bined with oxide, carbonate or sulfide (e.g. Fig. 8g, h). Such an ap-
proach could remove the need for prior SEM-EDS mapping and the 
associated difficulties in spatial registration and data extraction for 
multiple images acquired using different microbeam techniques. LA- 
ICP-MS imaging studies do not conserve effective elemental sensitivities 
and LODs as the number of elements in the analyte menu is increased, 
with the result that LA-ICP-MS imaging studies tend to focus on a re-
stricted subset of elements that yield key petrogenetic information. 
Once LA-ICP-TOF imaging becomes more widespread and routine, the 
availability of large image datasets containing multiple elements (> 60 
is routinely achievable) will facilitate ‘mining’ multi-element images for 
hitherto unexplored textural relationships of minor and trace elements 
in igneous, metamorphic, diagenetic and ore petrogenesis studies. 

6. Conclusions 

Advances in both LA systems and ICP-MS instruments now permit 
precise isotopic analysis with laser spot sizes of < 10 μm and sub-ppm 
detection limits several orders of magnitude superior to SEM-WDS and 

SEM-EDS instruments for similar exposure times. Although the spatial 
resolution and detection limits of LA-Q-ICP-MS systems are inferior to 
SIMS, the technique is significantly faster, more routinely available, can 
permit analysis of non-vacuum compatible samples (e.g. living tissues 
or large archaeological objects that do not fit in the LA cell) and fa-
cilitates mapping of large numbers of elements across nearly the entire 
mass range of the periodic table. Recent innovations in LA and ICP-MS 
systems include low-dispersion LA cells and dedicated data reduction 
and image processing packages for visualization, interrogation and 
extracting quantitative data from maps. These developments have re-
sulted in LA-ICP-MS imaging becoming an important analytical tool in 
the geosciences, providing high-resolution geochemical information to 
constrain igneous, metamorphic, ore-forming, sedimentary and diage-
netic processes along with their absolute timing. 

Magma histories, eruption triggers and ascent rates can be deci-
phered by LA-ICP-MS mapping of trace-element zonation in (sub-)vol-
canic macrocrysts. Trace elements in metamorphic rocks are more 
sensitive than major elements to reactions involving growth and 
breakdown of accessory minerals and are less prone to diffusive reset-
ting; the large P-T stability field and frequently observed trace-element 
zonation of garnet make it ideally suited for LA-ICP-MS trace-element 
mapping. Similarly, the ubiquity of pyrite in ore-bearing and ore-barren 
systems and its incorporation of a variety of trace elements means it is 
extensively used in LA-ICP-MS imaging studies applied to ore explora-
tion and petrogenesis. The technique has yet to be extensively applied 
to clastic or chemical sedimentary rocks, but has great potential for 
unravelling, characterising and correlating cement growth histories. 
LA-ICP-MS imaging has also been extensively used in biological and 
environmental sciences to study catalytic activity in fundamental bio-
logical processes; to investigate mobilization mechanisms of low-solu-
bility metals from soil, translocation within plants and their bioavail-
ability; to study disrupted metal homeostasis in age-related 
neurological disorders and evaluating the distribution and therapeutic 
impact of metallopharmaceutics in organs. 

Imaging is also increasingly used in U-Pb geochronology where 
many in situ geochronological approaches have traditionally employed 
initial compositional and textural characterization (SEM-EDS or -WDS 
mapping or CL imaging) of the target phase prior to U-Pb dating by 
microbeam technique(s). LA-Q-ICP-MS mapping now permits simulta-
neous acquisition of all the required compositional and U-Pb age in-
formation at high-spatial resolution (approaching that of SEM-WDS), 
while laser ablation split streaming of multi-collector and single col-
lector signals shows great promise for obtaining simultaneous high- 
precision U-Pb isotopic ratios and trace element data. The approach is 
ideally suited for U-(Th)-Pb dating of complex polyphase zircon, titanite 
or monazite where discrete age domains are often linked with specific 
rock-forming processes and their physical conditions (i.e. U-Pb petro-
chronology of accessory minerals), along with constraining fine-scale 
processes affecting the U-Pb zircon systematics when combined with 
other textural (e.g. CL or Raman) imaging approaches. U-Pb age ima-
ging is particularly suited to geochronology of carbonate minerals 
which is challenging due to very low U concentrations and appreciable 
common Pb. The approach facilitates detection of portions of sample 
which exhibit sufficient spread in 238U/204Pb ratio (μ) and simultaneous 
imaging of trace elements diagnostic of primary carbonate to exclude 
zones of potential alteration or detrital contamination. 
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Fig. 8. (ToF Images) A, B) FeO and La 
maps of a kyanite and staurolite-bearing 
pelitic schist, modified from Burger et al. 
(2017); C, D) In and Ga growth zoning in 
sphalerite (ZnS), modified from  
Bussweiler et al. (2017); E, F) Cr growth 
stratigraphy of augite megacrysts cut 
perpendicular and parallel to the c-axis 
from a historic eruption at Stromboli, 
modified from Ubide et al. (2019b); G, H) 
Fault rock sample (cataclasite) with 
masks for the carbonate, oxide and sul-
fide phases generated using 100% nor-
malisation to the sum of element species 
(panel G), and a quantified image of one 
of the iron species (FeO – panel H), 
modified after Gundlach-Graham et al. 
(2018); I, J) Mn and Y zoning in meta-
morphic garnet modified after Bussweiler 
(2017). 
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