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Atom probe tomography (APT) is an analytical technique that provides quantitative three-dimensional elemental and
isotopic analyses at sub-nanometre resolution across the whole periodic table. Although developed and mostly used in
the materials science and semiconductor fields, recent years have seen increasing development and application in the
geoscience and planetary science disciplines. Atom probe studies demonstrate compositional complexity at the nanoscale
and provide fundamental new insights into the atom-scale mechanisms taking place in minerals over geological time.
Here, we provide an overview of APT, including the historical development and technical aspects of the instrumentation,
and the fundamentals of data acquisition, data processing and data reconstruction. We also review previous studies and
highlight the potential future applications of nanoscale geochemical studies of natural materials.
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One of the major trends in geochemical and
geochronological research over the last few decades is
the development and application of analytical instruments
capable of quantifying the elemental and isotopic compo-
sitions of smaller and smaller volumes of material. This
development is driven in the geosciences by the realisation
that higher spatial resolution provides increased ability to
characterise distinct elemental and isotopic reservoirs, which
record the wide range of complex processes occurring
during the growth and subsequent modification of geolog-
ical materials. High-spatial-resolution data provide important
complementary information to assist in the interpretation of
lower spatial resolution, but higher precision, data sets.
Hence, multi-scale and correlative analytical approaches to
geological characterisation are becoming a routine work-
flow to understand a range of geological processes.

The pinnacle of high-spatial-resolution compositional
analysis is the ability to analyse elemental and isotopic
compositions in minerals at a sub-nanometre scale. All

geological processes are fundamentally controlled by ele-
ment interactions at this scale, so the ability to quantify
elemental and isotopic compositions with nanometre resolu-
tion has the potential to greatly increase our understanding of
fundamental geological processes. However, few analytical
techniques are capable of providing such resolution (Figure 1).
One such technique is atom probe tomography (APT), a time-
of-flight mass spectrometry system that characterises atomic
species and position with sub-nanometre spatial resolution. A
significant advantage of APT lies in the capability to provide
quantitative, 3D compositional and spatial imaging across the
whole periodic table of elements, without the need to specify
which isotopic peaks will be measured prior to the analysis.

The technique that is now known as APT has been in
development for more than five decades (M€uller et al.
1968). Initially, APT analysis was restricted to conductive
materials, but more recent hardware advances have relaxed
this constraint. These hardware developments have enabled
the application of APT to semiconductors (e.g., Larson et al.
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2016) and, in the last few years, the analysis of minerals
(Figure 2). The literature on atom probe studies of minerals
has highlighted some of the potential applications of
nanoscale geochemistry and geochronology to better
understand significant geological problems. However, the
development and application of APT in the geosciences is in
its early stages. In this review, we provide a comprehensive
introduction to APT for the geoscientist, building on a recent
Viewpoint article (Saxey et al. 2018a). We first give an
overview of atom probe fundamentals, and outline the
historical development of the technique. We will then cover
the basics of atom probe specimen preparation and discuss
the correlative microscopy techniques that are essential to
selecting and characterising the APT region of interest and
interpreting atom probe data. We will review the published
APT research on minerals before outlining in potential future
applications in the geosciences. Finally, we will look at some
of the issues that hinder APT and outline how these may be
alleviated through future development of the instrumentation.

An introduction to atom probe
tomography

Atom probe tomography is an analytical technique
capable of three-dimensional nanoscale chemical mapping
of individual atoms. Analysis of a sample by APT is a
destructive process that produces a unique data set type,
combining time-of-flight mass spectrometry with nanoscale

3D spatial coordinates for several million individual atoms to
produce a large atomic point cloud (Figure 3). APT data sets
may contain a rich complexity of chemical and isotopic
information that very often cannot be obtained by other
characterisation techniques.

Originally developed as an atomic-scale point-sampling
method (M€uller et al. 1968), over several decades the
technology and methodology surrounding this field has
gradually improvedandmatured to amore versatile analytical
approach that can be applied to a range of materials across
various research disciplines and industrial applications (Kelly
and Panitz 2017). APT is used within materials science and
semiconductor manufacturing to visualise and quantify chem-
ical variations at sub-micrometre scales (Figure 4). Common
features of interest include chemical segregation at defects
such as dislocations and grain boundaries, subtle co-clustering
behaviour observed between two or more trace elements, and
nanoscale exsolution or heterogeneous inclusions.

The history of APT has its beginning in the early work of
M€uller (1936, 1951). In 1955, M€uller used his field ion
microscope (FIM), a predecessor to the atom probe micro-
scope, to image individual atoms for the very first time. The
FIM technique uses an ‘imaging gas’ as a medium to
generate atomic-scale views of a specimen surface, with the
gas atoms ionised and accelerated towards a phosphor
screen by a locally enhanced electric field (Panitz 1982;
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Figure 1. Analytical sensitivity versus analytical volume for APT compared with other commonly used geoscience

characterisation techniques. Figure modified from an original version by Cameca.

6 © 2020 The Authors. Geostandards and Geoanalytical Research © 2020 International Association of Geoanalysts



Figure 5). Further development led to the addition of a time-
of-flight mass spectrometer to measure the mass of atoms that
were removed from the sample itself by pulsing the electric
field. The new instrument was described as an ‘atom probe
field ion microscope’ (APFIM) in analogy with the electron
microprobe, which came into use in the 1950s (Castaing
1960). The development of APFIM was a critical step towards
the broad application of this technique for chemical analysis
in material science and, eventually, the geosciences.

The APFIM provided essentially a one-dimensional series
of atomic species as the samplewas ‘eroded’oneatomic layer
at a time. Continued improvements and new configurations of
the hardware through to the mid-1990s resulted in position-
sensitive ion detection, in combination with full-spectrum time-
of-flight mass spectrometry (Cerezo et al. 1988, Bas et al.
1995, Miller et al. 1996). This produced the three-

dimensional atom probe (3DAP; Figure 5), recognisably
similar to the systems used in modern atom probe facilities.

The latest important advances have come with the
introduction of the local electrode atom probe (LEAP) in the
early 2000s (Kelly et al. 2004, Larson et al. 2013b), which
simultaneously increased the speed of acquisition, and the
three-dimensional field-of-view, by several orders of magni-
tude. It also allowed ‘micro-tip’ specimens to be analysed,
providing greater flexibility in the preparation of samples.
Finally, since the late 2000s, the commercial availability of
practical, laser-assisted atom probes, in which removal of
atoms from the sample is aided by a fast laser pulse, has
allowed the technique to be applied to non-conducting
samples (Larson et al. 2008, Chen et al. 2009, Marquis
et al. 2010, Chen et al. 2011). This has enabled the atom
probe analysis of semiconductors and is a critical advance in
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Figure 3. An example of an APT data set obtained from a sample of baddeleyite (ZrO2). Each dot represents the

position of different atomic species (Zr in purple, O in aqua and Ti in green). Expanded cube shows the position of

atoms within a 4 3 4 3 4 nm volume.
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the development and application of APT in the geosciences.
As a result, there is currently a rapidly growing community of
researchers applying this technique to geoscience problems
(Figure 2; Appendix S1).

The fundamentals of APT

Principle modes of APT

The application of a strong electric field to a small,
needle-shaped specimen may cause atoms at the tip of the
specimen to evaporate, a process referred to as field
evaporation (M€uller 1956). APT couples field evaporation
with identification of the evaporated species by time-of-flight

mass spectrometry. In contrast with many other analytical
mass-spectroscopic techniques, no primary or probe beam
(e.g., electrons, ions or electromagnetic radiation) is used to
localise the analysis. Instead the high-field region is concen-
trated and localised by the specimen geometry (Figure 6). The
specimen is specifically prepared and shaped in order to
allow the controlled removal of ions from the region of interest.

The needle-shaped specimen is prepared with a typical
diameter at the apex of 50–100 nm, depending on the
material, and with a shank half-angle usually less than 15°
over a length of several micrometres. A positive voltage of
several kilovolts is applied to the specimen in order to
generate a very high electric field at the apex, where it is

10 nm
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20 nm

Figure 4. Material science examples of APT applications. (a) Coarsening of NiAl and Cu-rich particles within a steel

weld (figure 11 of Jiao et al . 2016); (b) element partitioning between alpha and beta phases following heat

treatment of a high-strength titanium alloy (Devaraj et al . 2016); (c) partitioning of carbon (red dots) between ferrite

and martensite phases in a decarburised alloy (figure 3 of Van Landeghem et al . 2017); (d) V-pit defect distorting

InGaN/GaN quantum well layers (grey dots are Ga atoms and In isoconcentration surfaces are in blue) showing Mg

dopant (red spheres) distribution (figure courtesy of Rob Ulfig, Cameca); (e) fine-scale clustering in an Al-Cu-Mg

alloy. Full data set (left), Al and Cu atoms forming clusters (middle), 10 3 10 3 10 nm volume containing a single

Cu-Mg cluster (right) (figure 7 of Marceau et al . 2010). (a) Reprinted from Acta Materialia, volume 120, 216–227,

Jiao et al. , Effects of welding and post-weld heat treatments on nanoscale precipitation and mechanical properties

of an ultra-high strength steel hardened by NiAl and Cu nanoparticles © 2016, with permission from Elsevier. (c)

Reprinted from Acta Materialia, volume 124, 536–543, Van Landeghem et al., Investigation of solute/interphase

interaction during ferrite growth © 2017, with permission from Elsevier. (e) Reprinted from Acta Materialia, volume

58, 4923–4939, Marceau et al. , Solute clustering in Al–Cu–Mg alloys during the early stages of elevated

temperature ageing © 2010, with permission from Elsevier.
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enhanced by the small radius of curvature. The field required
at the surface for atom probe analysis is typically 10–
50 V nm-1 and depends on the physical properties of the

material. For a perfectly conductive specimen the electric
field in the material is zero and the surface field (E) may be
calculated from electrostatics as

Figure 5. Simplified schematics illustrating the similarities and differences between field ion and atom probe

microscopes. Field ion microscopy is an imaging method in which gas atoms are condensed on the surface of the

needle-like specimen. They are then ionised by the intense local electric field and accelerated towards an imaging

device such as a phosphor screen. Each dot on the image represents a single atom on the specimen surface. APT

detects ions that have been removed from the material at the specimen surface and uses digital processing to infer

the original 3D location of the atom. Time-of-flight mass spectrometry is used to determine the ion’s identity.
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Figure 6. A schematic illustration of APT, including the alternative modes of voltage-pulsing and laser-pulsing

operation. Location and timing information from the position-sensitive detector is used to reconstruct the original

atomic structure in three dimensions.
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E ¼ V
kR

ð1Þ

where V is the specimen voltage and R is the radius at the
end of the needle. In this equation, k is a dimensionless,
geometrical field factor that accommodates the shape of the
specimen and the local ion-optic environment. The most
commonly used configuration is the LEAP, in which an
extraction electrode is positioned close to the specimen
apex. In this case, k is usually estimated to be between 3
and 3.5 (Kelly et al. 1996, Loi et al. 2013).

For sufficiently conductive specimens, field evaporation can
be achieved using a temporary enhancement of the local
electric field by rapidly pulsing the voltage on the specimen or
the local electrode. In this ‘voltage-pulsed’ mode, atoms are
field-evaporated from the specimen apex at a well-defined
time, with the voltage pulse providing the start time for the time-
of-flight mass spectrometer. In the ‘laser-assisted’mode of atom
probe analysis, the specimen field is held constant during the
evaporation process and the removal of atoms from the surface
is stimulated by thermal energy delivered by a short (typically
several picoseconds) laser pulse focussed at the specimen
apex. The field evaporation of surface atoms, and its depen-
dence on electric field and temperature, is critical to under-
standingatomprobedatacollection. Thesepointsare illustrated
in Figures 7 and 8 and discussed in further detail below.

Following field evaporation and ionisation, ions are
accelerated away from the specimen surface and guided

by ion-optics towards the position-sensitive detector. The
‘radial projection’ of the ion flight paths from the specimen tip
magnifies spatial differences between the evaporated atoms
as they move along the flight path, resulting in a highly
magnified and, ideally, uniform ‘mapping’ of the tip surface to
the position-sensitive detector. However, the specimen itself is a
key element in this mapping, defining the electrostatic
environment close to the tip surface, and therefore the initial
ion trajectories. As discussed in the following section, this has
significant implications for the spatial accuracy of the recon-
structed data. Mass spectrometry of the evaporated atoms is
achieved by measurement of the time-of-flight, between the
pulsed evaporation event and the detector impact.

Field evaporation and its consequences

The process of field evaporation is distinct from ablation
or sputtering phenomena and is more analogous to the cold
field emission of electrons from sources such as the field-
emission gun commonly used in electron microscopes. In the
presence of a sufficiently high field, a surface atom can move
to a lower energy state by becoming ionised and moving a
short distance away from surface (Figure 7). The details of the
transition, and how it may be described quantum mechan-
ically are still the subject of debate and research, particularly
in the case of semiconducting and insulating materials
(Miller and Forbes 2014, Silaeva et al. 2014, Karahka and
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Kreuzer 2015). However, the essential controls on the
process are clear from this simple model: an increase in the
field reduces the energy barrier to evaporation, and an
increase in the temperature provides more thermal energy
for atoms to move over the energy barrier. In this way, field
evaporation at the specimen apex may be controlled by
changing the voltage or temperature of the specimen
(Figure 8).

Current models of field evaporation involve removal of
an atom, or molecular complex, from the surface in a
positively charged state known as the ‘escape charge-state’.
Subsequently, the evaporated ion may undergo further
ionisation into a multiply charged state while accelerating
through the high-field region near the specimen surface. In
contrast to the large variations typically observed for
ionisation coefficients of sputtered or ablated ions, the
intense electric field required for field evaporation results in
ionisation yields close to 100% across all species, providing
good counting statistics and reasonable quantitative preci-
sion. The strong field conditions also produce a ‘hard’
ionisation that tends to break apart complex molecules into
smaller ionised fragments, generally preventing the in situ
analysis of large molecules but simplifying the mass
spectrum and reducing molecular ion mass interferences.
Any information on the ionic charge or valence state of the
atom in the sample prior to removal is also erased in the
field evaporation and ionisation processes, which always
produce positive ions.

Atom probe instrumentation

Several variations of atom probe hardware exist that
may be used to analyse geological materials. Most recently,
however, the overwhelming majority of geological APT work
has been conducted in laser-assisted mode using a LEAP. In
this context, the following descriptions will include some
specifics of contemporary practice where appropriate, while
emphasising general principles of APT that are likely to
remain relevant with future developments in technology and
methods. A comprehensive overview of APT workflow and
analysis using a local electrode instrument can be found
elsewhere (Larson et al. 2013b).

Current APT analyses of geological samples use
picosecond-duration laser pulses, almost always in the near
ultraviolet (UV), at a wavelength of 355 nm, sometimes
referred to as a ‘blue’ laser. Alternatively, some analyses
have used a green laser at 532 nm, though comparative
studies have shown UV laser pulses to give superior results
(Marquis et al. 2010, Chen et al. 2011, Hono et al. 2011,
Kelly et al. 2014, Santhanagopalan et al. 2015).

The ion flight path in a LEAP consists of a short distance
from the specimen tip to the electrode, followed by longer ‘drift
tube’ section that establishes time-of-flight differences between
different ions before they impact the detector. The local
electrode (not shown in Figure 6) has a conical shape with a
circular aperture at its apex. A typical aperture diameter may
be several tens of micrometres (µm), with the specimen tip
located a similar distance away. Flight path lengths for atom
probe are typically shorter than for other mass spectrometry
techniques. The simplest flight path for conventional atom
probes is a ‘straight flight path’ similar to that illustrated in
Figure 6. Ions travel about 10 cm from the tip to the detector,
spreading out along the flight path to give a magnification
close to 106. Alternatively, an electrostatic mirror, or reflectron
(Mamyrin et al.1973), may be included in the drift tube section
of the flight path to improve the intrinsic time-of-flight resolution
of the mass spectrometer (Cerezo et al. 1998).

Detecting and accurately locating single ions is an
essential capability of 3D atom probes. Currently the most
common format used for such position-sensitive detectors
consists of a multi-channel plate (MCP) front-end, with a
delay-line detector that records the secondary electron (SE)
signal (Da Costa et al. 2005, Lefebvre-Ulrikson et al. 2016).
Such detectors are highly efficient for ion energies above
3 keV (Gao et al. 1984), so all ion types are detected
equally, independent of their mass, provided the specimen
voltage is greater than 3 kV. The detector efficiency is
primarily limited by the open area of the MCP channels, and
can be as high as 80% (Prosa et al. 2014). The overall ion
detection efficiency, from specimen to reconstructed data, is
similar to this, but reduces to around 50% when a reflectron
is present in the ion flight path (Larson et al. 2013b).

A number of mechanisms in both the MCP and the
delay-line detector can lead to dead time effects which
prevent the detection of multiple-ion impacts that are too
close together in space or time (Peng et al. 2018). Multiple-
ion events are therefore a potential source of quantification
error in APT and attempts are usually made to minimise their
occurrence by optimisation of the acquisition conditions. This
is one reason why a low-threshold electric field, where an
average of only one ion is evaporated after a hundred or
more pulses, is used (Figure 8). However, in practice multiple-
ion events cannot be avoided entirely.

Environmental considerations are also important in atom
probe analysis. Acquisitions are usually conducted under
ultra-high vacuum conditions, as any residual gas molecules
passing close to the specimen tip are likely to be ionised and
accelerated to the detector, adding to the background
noise. Likewise, molecules that adhere to the surface may be
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desorbed by the laser pulse, generating spurious contribu-
tions to peaks in the mass spectrum. The specimen
temperature is also lowered (20–100 K) as this reduces
both the thermal diffusion of surface atoms prior to
evaporation and other thermal aberrations that may affect
the accuracy of the 3D reconstruction.

Data acquisition

The quality of atom probe data, as measured by various
metrics such as the background noise, spatial resolution and
mass resolving power, will generally vary with parameters of
the atom probe analysis. In laser-assisted mode, the important
parameters of an atom probe acquisition are laser pulse
energy, pulse repetition frequency, ion detection rate and
specimen temperature. The selection andoptimisation of these
acquisition parameters is critical in obtaining high-quality
data, andwill depend on the samplematerial and the specific
properties of the specimens to be analysed. These issues are
discussed later in ‘Results and Optimisations’. A description of
the acquisition and reconstruction procedures is first given
below. Of the four key parameters listed above, the temper-
ature is usually held constant throughout the acquisition and is
set a few minutes prior to analysis to allow the specimen to
reach thermal equilibrium. The other parameters may be
adjusted during the initial stages of the acquisition, but are
then usually fixed for the bulk of the data collection.

The first stage of an atom probe analysis involves coarse
alignment of the specimen to the ion flight path. In a local
electrode configuration, the specimen is usually moved on a
three-axis translational stage so that the needle axis is
aligned with the electrode aperture, a few tens of microme-
tres away. In laser-assisted mode, the laser spot must also be
coarsely aligned to the specimen apex, in the lateral
directions (X and Y) and also in focus (Z). Fine alignments of
the specimen and laser, as well as adjustment of acquisition
parameters, are then conducted while evaporating the first
layers of atoms from the specimen surface, with the ion
detection signal providing the information required for
alignment. In most cases, several nm of material will be
evaporated during this phase, while the tip is formed to a
near-hemispherical shape, before useful data can be
acquired. This phase of the acquisition usually requires
10–30 min of manual operation. Once suitable acquisition
parameters have been set and the field is near the
appropriate threshold level, the acquisition may progress
in a fully automated mode. The ion detection rate and laser
alignment are then maintained by automatic adjustments of
the specimen voltage and laser targeting, based upon ion
signals from the detector.

For laser-assisted acquisitions, the continuous, controlled
evaporation of the specimen can be understood with
reference to Figure 8. In this case, the specimen temperature
is set to 50 K and the surface electric field is held at a
‘threshold’ value of 30 V nm-1, as determined by the
specimen voltage (Equation 1). In this state the mean
evaporation rate will be at a threshold level of around 1 ion s-1.
When the laser pulse energy is absorbed by the tip, the
temperature increases locally, resulting in an exponential
increase in the evaporation rate (blue arrow in Figure 8) for
the duration of the heat pulse (typically < 1 ns). Although the
evaporation process is stochastic, for a given laser pulse
energy the field can be adjusted (through the specimen
voltage) to a suitable threshold value so that a desired mean
rate of ion detection (ΦD) is achieved (typically 0.002–0.02
ions/pulse). This leads to typical acquisitions progressing at
several thousand ion s-1 depending on the selected pulse
frequency of the laser.

To maintain a user-defined target value of ΦD, the field
at the surface must be kept at a suitable threshold level.
However, due to the shank angle of a typical specimen
needle (Figure 6), the tip radius will naturally increase
throughout the acquisition as atomic layers are removed
and the needle is shortened. This leads to a reduction in
the surface field (Equation 1), and therefore a slowing of
the ion evaporation and detection rates. The control
software monitors the detection rate (ΦD) and will respond
to a decrease by raising the specimen voltage (Figure 9),
thereby increasing the surface field and the field evapo-
ration rate (ΦE) until the detection rate meets the target
value.

The voltage at which a specimen first begins to
evaporate under controlled conditions, sometimes referred
to as the ‘turn on’ voltage, is dependent on the evaporation
field of the sample material, and the tip radius (Equation 1).
Specimens must therefore be prepared with a suitable end-
form to allow data acquisition within a practical voltage
range: typically, above 3 kV to ensure efficient ion detection,
and below 15 kV due to engineering constraints on the
maximum voltage. Likewise, the specimen shank angle will
affect how quickly the specimen radius, and hence the
voltage, increases during the acquisition, and therefore how
much data may be collected before a maximum voltage
limit is reached (Figure 9). Changes in the material
composition (Tsong 1978) or crystal orientation (Verberne
et al. 2019) may also influence the evaporation field
required to meet the target detection rate. Therefore, mixed-
phase samples may produce fluctuations in the specimen
voltage and may also disturb the ion flight paths.

1 2 © 2020 The Authors. Geostandards and Geoanalytical Research © 2020 International Association of Geoanalysts



Acquisitions may be programmed to stop automati-
cally after a target number of ions or maximum specimen
voltage is reached. However, due to the intense electric
field required for field evaporation and the associated
mechanical stress, it is common for analyses to end due to
rupture of the specimen during the acquisition. In
geological materials, the failure mechanism is usually
catastrophic, involving material fracture and the melting of
several micrometres of material from the tip (K€olling and
Vandervorst 2009). However, minor fractures may be
followed by a re-forming of the needle end and
continuation of data collection.

Data reconstruction

Reconstruction of the atom probe data refers to the
processing of ion detection events, including timing, spatial
and ion-sequence information, to produce a model of the
original 3D atomic arrangement of the sample volume.
There are both spatial and chemical–isotopic components of
the reconstruction.

The spatial reconstruction may be separated into the
lateral (X- and Y-coordinates) directions and the depth (Z-
coordinate) direction. The reconstructed lateral coordinates
are derived from the detector impact location by using a
reverse-projection model to trace the ion flight path back to
the original point of evaporation from the specimen surface.
To achieve this, many different models have been proposed
and used, with most employing a point projection approx-
imation or constant magnification model to map coordinates
between the specimen and detector surfaces (Blavette et al.
1982, Bas et al. 1995). Modern reconstruction algorithms
have been further developed for wide-angle, LEAPs (Geiser
et al. 2009, Gault et al. 2011, Vurpillot et al. 2013).
Knowledge of the specimen radius at each point throughout
the acquisition is critical to the X, Y reconstruction, as this
directly affects the lateral magnification between the spec-
imen and detector surfaces.

The Z-coordinate, or depth location, of each detected
ion is determined primarily by the sequence of evaporation.
A volume quantity is assigned to each ion, based on the
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(Equation 1) and maintain a constant rate of ion detection.
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assumed mean atomic density of the sample, or the sample
volume expected to be occupied by the detected ion
species. This density information is another critical input into
the reconstruction of APT data, and may lead to artefacts in
cases where the atomic density varies within a sample, or
where atoms of a particular type occupy a different volume
depending on their host phase. Knowledge of the specimen
radius is also required to determine the reconstructed Z
position when transforming ion impact coordinates at the
detector to atomic locations on the curved surface of the
specimen tip.

Further details of APT reconstruction algorithms are given
in several recent reviews (Vurpillot et al. 2013, Larson et al.
2013a, De Geuser and Gault 2017). Each model contains
limitations, even for homogenous materials and perfectly
smooth and regular tip shapes. Further complications arise
due to crystallography, grain boundaries and other crystal
defects, changes in chemistry or mineral phases. These will
generally lead to local surface distortions as some atoms are
preferentially evaporated out of their normal sequence due
to relatively weaker or stronger bonding (Larson et al. 2011,
2012). Currently such distortions cannot be completely
rectified, and inevitably some spatial inaccuracies will be
present in reconstructions containing multiple phases, crystal
defects, or significant chemical inhomogeneities (see the
section entitled Technique limitations, analysis artefacts and
potential solutions).

The chemical component of data reconstruction involves
identification of the detected ions, which may be evaporated
as elemental or molecular ion species, and can be singly or
multiply charged. The mass-to-charge ratio of each ion is
calculated using standard time-of-flight spectrometry:

m
q
¼ 2

D2

� �
� V � t2 ð2Þ

where m and q are the mass and electrical charge of the
detected ion, D is the distance that the ion travels to the
detector in a time-of-flight, t, and V is the specimen voltage.
Corrections must be made for each individual ion to allow
for variations in D and V, which depend on the particular ion
flight path (derived from the ion impact location) and the
specimen voltage at the time of evaporation.

A histogram of the mass-to-charge values (measured in
Daltons, Da) is generated as a ‘mass spectrum’, and the
mass values are calibrated from known mass peaks. A
typical spectrum collected from a feldspar sample indicates
the presence of single and molecular ions at different
multiple charge states and further illustrates the ability to
distinguish between different isotopes (Figure 10). The

capacity to identify and separate mass peaks is dependent
on the mass resolving power (MRP), defined as an inverse
measure of the mass peak width (Dm) with respect to the
mass-to-charge value (m):

MRPFWHM ¼ ðm=DmFWHMÞ ð3Þ

where ‘FWHM’ refers to the full width of the mass peak at half
of its maximum value (full-width at half-maximum). Current
commercially available straight flight path atom probes have
a mass resolving power of 500–600, but MRP values of
1000–1200 can be achieved when using a reflectron in the
flight path to compensate for small differences in ion energies.
This is sufficient to resolve isotopes having different atomic
mass numbers, but does not allow full separation of isobaric
interferences, such as between 24Mg16O+ and 40Ca+.

Finally, ion identities are assigned by defining intervals or
‘ranges’ within the mass spectrum for each elemental or
molecular ion type. Although peak identities are usually
decipherable, the exact definition of range boundaries is
decided by each user, and there is currently no universally
adopted method for defining such ranges. Together with
overlapping peaks and inconsistent peak shapes, this places
limits on the repeatability and quantification of APT chemical
and isotopic information. This is a current area of research
interest, with several approaches put forward for improving
peak identification and quantification (Hudson et al. 2011,
Johnson et al. 2013, Haley et al. 2015, London et al. 2017,
Blum et al. 2018, Vurpillot et al. 2019).

Performance and optimisations

Spatial resolution

A key strength of atom probe analysis is the spatial
resolution that may be achieved for chemical and isotopic
mapping in three dimensions. For samples consisting
primarily of a single chemical element, such as dilute metal
alloys or doped semiconductors, it is often possible to resolve
atomic planes in the reconstructed atom maps. Such samples
can be used to define reasonable metrics for the spatial
resolution, which has been shown to be small as 0.02 nm in
the z-direction, and 0.4 nm in the lateral dimensions (Gault
et al. 2009, 2010, Moody et al. 2014, Wallace et al. 2018).
Visualisation of atomic planes is reliant on ordered field
evaporation of individual atoms from crystalline surfaces.
However, such ordered evaporation is not typically observed
for many geological materials such as oxides and silicates.

For complex materials, and inhomogeneous samples
containing multiple phases, the spatial resolution is affected
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by mechanisms that may alter the ion trajectories and
therefore corrupt the detector-to-sample ion projection
required for accurate reconstruction. At the smallest scale,
the atomic structure of the tip surface will lead to local electric
fields that do not simply reflect the global tip shape. Such
effects, for example, due to local field distortions at atomic
terrace step-edges in crystalline samples, are referred to as
trajectory aberrations (Waugh et al. 1976, Vurpillot et al.
2000b). Larger-scale distortions can occur wherever there
are differences in the field strength required to evaporate
atoms from local regions on the surface (Figure 11). These
effects, known as ‘local magnification’, illustrate an important
limitation in obtaining an accurate spatial reconstruction. The
atom probe specimen itself functions as the ion source, and
its surface features have a primary influence on the local
electric field and therefore on the ion flight trajectories. While
methods have been developed to partially compensate for
some surface-induced distortions (Vurpillot et al. 2004, De
Geuser et al. 2007b), care should be taken when interpret-
ing spatial reconstructions adjacent to phase boundaries or
crystal defects as local magnification effects may be present
(see Technique Limitations, Analysis Artefacts and Potential
Solutions).

Spatial information may also be degraded or lost due to
surface diffusion of atoms prior to field evaporation. Thermal
energy provided by a high base temperature or high laser
pulse energy may be sufficient to overcome surface diffusion
barriers for certain atomic species, depending on the field
and surface topography. Information is also compromised by
the evaporation of molecular ions, which may contain

several atoms that register the same detector impact
location, and therefore the same position within the recon-
struction despite originating from different locations within the
sample.

Quantitative capabilities

In most cases APT provides results that are quantitatively
accurate at the 0.01 at.% level (Thompson et al. 2006,
Thuvander 2016). While, in principle, quantification is limited
only by counting statistics, in practice other uncertainties are
usually present due to choices of mass peak ranging, peak
overlaps, and differences between mass peak shapes,
among other factors (Johnson et al. 2013, Larson et al.
2013b, London et al. 2017).

Several recent studies have compared APT composi-
tional results from geological samples with those from other
geoanalytical techniques (P�erez-Huerta et al. 2016, Daly
et al. 2018, Exertier et al. 2018, Reinhard et al. 2018, Saxey
et al. 2018b). Most comparisons provide excellent agree-
ment, within the uncertainty arising from counting statistics in
the atom probe data. Where there are significant discrep-
ancies, they can often be reduced or eliminated by a
suitable selection of acquisition parameters (Devaraj et al.
2013). Some results show a consistent deficiency in oxygen
in oxide or silicate minerals, which cannot be removed by
parameter optimisation. This appears related to composi-
tional anomalies seen in some semiconductor materials,
such as the loss of nitrogen in the APT analysis of GaN, or
oxygen deficiency in acquisitions from ZnO and MgO (Riley
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et al. 2012, Mancini et al. 2014). The mechanisms
underlying the loss of oxygen are not fully understood,
though the fragmentation of evaporated molecular ions may
play a role in producing neutral oxygen atoms or oxygen-
containing molecules that go undetected (Saxey 2011,
Karahka et al. 2015, Gault et al. 2016).

Unlike many other mass spectrometry techniques, and X-
ray chemical analysis methods, atom probe data do not
require correction by relative sensitivity factors that may vary
by orders of magnitude, or large corrections due to matrix
effects. The extremely high electric field local to the specimen
surface ensures that atoms and molecules removed from the
samples are ionised with near-100% efficiency. However,
while gross differences between elemental sensitivities are
avoided, more subtle effects can still be present and may
result in chemical or isotopic compositional biases. The
position-sensitive detector has some dead time associated
with the impact of each ion, so that a high flux of multiple-ion
events will lead to a loss of data, which may preference
particular mass peaks (Thuvander et al. 2011, 2013,
Meisenkothen et al. 2015, Thuvander et al. 2019). The
precise nature of the dead time, which may include spatial
proximity as well as coincidence limits, can be complex and
will depend on the specific construction of the detector
hardware (Peng et al. 2018). Due to the limitations imposed

by detector dead time, the occurrence of multiple-ion events
is usually minimised by optimisation of the acquisition
conditions. In general, a lower electric field will tend to
reduce the frequency of multiple events (De Geuser et al.
2007a, M€uller et al. 2011, Saxey et al. 2018b, Verberne
et al. 2019), which can be achieved by increasing the laser
pulse energy or reducing the evaporation rate.

Chemical and isotopic detection limits depend largely
on the background noise in the mass spectrum local to the
mass peaks of interest, and the presence and size of
potential mass interference peaks. The background may be
due to ‘white’ noise over the entire spectrum, which is always
present, or may be dominated locally by the presence of a
large tail from an adjacent peak. For good-quality data from
geological specimens, most elements will be detectable at
~ 10 µmol mol-1 if no significant interferences are present.
Mass interferences can usually be reduced by increasing the
electric field (lower laser pulse energy or higher evaporation
rate).

Reference materials or ‘standards’ are not routinely used
in atom probe analysis. The high ionisation efficiency across
all evaporated species alleviates the need to compensate
for large differences in elemental sensitivities. Furthermore,
although some quantitative correction may improve results,
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Figure 11. Local magnification effects associated with clusters and interfaces. Figures on the left show initial

geometry. Figures on the right indicate trajectory aberrations associated with high- and low-field materials.
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the usefulness of a reference materials-based approach to
quantitative correction is unclear since it is difficult to control
for all data acquisition variables between sample and
reference specimens. In particular, variables such as the
specimen geometry and other aspects of the specimen
preparation (see Sample selection and preparation) are
difficult to control when specimen needles are prepared
from different samples. The central importance of the
specimen in determining the behaviour of ions in the data
collection process makes these variables critical in any
attempt to calibrate the instrument using reference materials.
The issues of quantitative accuracy and data correction are
currently active areas of research.

In comparison with conventional geoanalytical tech-
niques, APT can be regarded as having a limited field of
view, excellent spatial resolution, with moderate chemical–
isotopic sensitivity and mass resolving power (Table 1).

Atom probe tomography of geological materials

Geological samples have some general characteristics
relevant to their analysis by APT. Since most geological
materials have a low electrical conductivity, specimens are
almost exclusively analysed in the laser mode of APT.
However, in the case of metallic materials or semiconducting
mineral phases (e.g., some sulfides and tellurides), it is
possible to acquire data in the voltage-pulsed mode of
operation.

The mechanisms underlying field evaporation are rea-
sonably well understood for metals. However, for insulators,
or materials with a wide electrical band gap, questions
remain about how the laser pulse energy is absorbed by the
specimen, leading to removal of surface atoms, and this
limited understanding impacts on the ability to optimise APT
data acquisitions (Karahka and Kreuzer 2015). Several
factors appear to be important in understanding the

unexpected behaviour of non-conducting samples in APT.
Due to the nanoscale specimen geometry, samples may
exhibit behaviour very different from those observed in the
bulk material. Surface physical and chemical properties may
dominate over bulk effects, and the extremely high electric
field can distort electrical states. In fact, it is widely understood
that in the presence of the extremely high electric fields
required for field evaporation, dielectric or insulating mate-
rials become electrically conductive at the surface (Miller
and Forbes 2014, Silaeva et al. 2014), allowing field
evaporation processes to continue as for semiconducting
materials.

Poor thermal conductivity of some minerals, particularly
oxides, can reduce the cooling rate of the specimen tip
following a laser pulse. This leads to extended mass peak
tails in some common minerals, such as apatite and rutile
(Gordon et al. 2012, La Fontaine et al. 2016, Verberne et al.
2019) which may elevate the local background for other
peaks of interest within the spectrum. Adjustments in the laser
pulse energy and evaporation rate may make some
improvements to peak tails and overall background (Ver-
berne et al. 2019).

When analysing geological materials by APT it is
common to observe many molecular ion species in the
mass spectrum, as well as a high proportion of multiple-ion
detection events. This has been interpreted as resulting from
the evaporation of molecular complexes from the surface,
some of which fragment to smaller ionic species during their
flight to the detector (De Geuser et al. 2007a, Saxey 2011).
In general, there is a trade-off between a desired simplifi-
cation of the mass spectrum, which tends to occur under
high-field running conditions, and a reduction of multiple-ion
events, which is usually achieved by lowering the electric
field.

Sample selection and preparation

Analytical workflow prior to APT characterisation

APT involves the detailed analysis of a very small volume
of material (typically < 0.02 µm3). Such small volumes of
material may not be representative of the sample as a whole
and APT is therefore not ideal as a bulk analysis technique.
Where APT excels is in the targeted analysis of particular
features within the material of interest. Such site-specific
targeting requires integration of APT with other larger length-
scale analytical techniques. However, it also requires that the
analysed specimen is taken from a known scientific context
and that there is a sound scientific rationale for targeting any
particular feature. For natural geological samples, the

Table 1.
Typical analytical capabilities for atom probe
analysis of geological materials using modern
APT platforms

APT capabilities

Mass resolving power (m/DmFWHM) 1000–1200
Detection limit 10 µmol mol-1

Spatial resolution ~ 0.4 nm in x–y ~ 0.02 nm in z
Field of view (x,y,z) 100, 100, 1000 nm

aa
Quoted value for spatial resolution is based on analysis of pure metals

and for geological materials may be expected to be ~ 1 nm due to more
disordered evaporation.
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process of sample selection is initially similar to other
microanalysis techniques, with rock samples from well-
characterised igneous, sedimentary or metamorphic terrains
being collected during fieldwork, and progressively smaller
regions of interest then being selected and sequentially
characterised (Figure 12). Thin sections or grain mounts are
commonly used, though unpolished fracture surfaces or
powders can also be utilised. A similar approach of
sequentially smaller volume characterisation can be used
in experimental studies where specific scientific problems are
being targeted.

Establishing the geological and geochemical context of
the APT analytical volume can be achieved by a myriad of
available characterisation techniques. The selection of which
complementary analytical techniques are employed is
dependent on the information being sought to address a
specific scientific problem. The combination of these tech-
niques with APT enables the correlation of trace element
and isotopic signatures over a range of length scales.

In geological studies, scanning electron microscopy
(SEM) is a readily available tool for sample characterisation
and it commonly underpins the interpretation of atom probe
data. Surface analyses by field-emission SEM (e.g., SE,
backscattered atomic-number contrast electron (BSE) and
forescatter orientation contrast electron imaging) is non-
destructive and commonly has sufficient spatial resolution
(≤ 10 nm) to identify regions of interest for APT targeting.
Cathodoluminescence (CL) imaging provides micrometre-
scale compositional constraints related to trace element
distributions in minerals and these can be particularly useful

for identifying atom probe targets, for example, in zircon (e.g.,
Peterman et al. 2016). Electron backscatter diffraction (EBSD)
data can be collected with a spatial resolution down to
~ 30 nm, has mapping capability, and can be used for
both phase identification and microstructural characterisa-
tion. As such, EBSD maps can be used for APT targeting of
phase boundaries and microstructural features such as low-
angle boundaries (Miller and Russell 2007, Miller et al.
2007, Thompson et al. 2007b, Piazolo et al. 2016, Reddy
et al. 2016, Fougerouse et al. 2019).

Energy-dispersive X-ray spectroscopy (EDS) enables the
identification of compositional changes down to ~ 0.5% m/m,
and can also be used to locate interphase boundaries in
samples. Similarly, SEM-based wavelength-dispersive spec-
troscopy (WDS) and electron probe microanalyser (EPMA)
can also be used to identify compositional targets for atom
probe analysis. However, the coarse spatial resolution
(> 1 µm) associated with X-ray analysis presents challenges
when correlating the information with APT tips that are
~ 100 nm in diameter. The limited ability of these tech-
niques to measure trace elements, often the aim of atom
probe analyses, further limits the use of these approaches in
APT specimen targeting.

Spot analyses using ion microprobes or laser ablation
inductively coupled plasma-mass spectrometry (LA-ICP-MS)
provide high-sensitivity quantitative information that can
significantly aid the interpretation of atom probe data (e.g.,
Peterman et al. 2016). Despite, such techniques being
considered as relatively high-resolution analytical tech-
niques, the volume of material analysed is up to a million

mapping field
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phase / orientation

FIB
ToF-SIMS
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Figure 12. Example of a typical analytical workflow used for geological sample characterisation prior to APT

analysis. Illustrated workflow starts with geological mapping and progresses through higher spatial resolution

techniques. In this example, the approach provides context for the targeting and interpretation of nanoscale

compositional heterogeneities reported by Reddy et al. (2016). Reprinted from Geochimica et Cosmochimica Acta,

volume 195, 158–170, Reddy et al. , Mechanisms of deformation-induced trace element migration in zircon

resolved by atom probe and correlative microscopy © 2016, with permission from Elsevier.
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times greater than typical APT volumes. Such techniques are
also destructive over relatively coarse sample sizes (typically
> 10 µm diameter pits). These two features limit their ability
to be used for site-specific APT targeting, but provide useful
constraints on ‘bulk’ compositions of the host mineral.
However, elemental and isotopic mapping can be done
by ion imaging techniques, which provide micrometre-scale
spatial resolution (e.g., Bellucci et al. 2016, Whitehouse et al.
2017) and such images have provided the context for the
discovery of nanoscale Pb nanospheres in radiation dam-
aged zircon (Kusiak et al. 2015), which have the potential to
be targeted for atom probe analyses.

The recent developments in high-spatial-resolution ana-
lytical technologies enable several techniques to be
employed for imaging of elemental and isotopic composi-
tional variations at < 100 nm lateral resolution. The spatial
resolution of SIMS analysis is related to the probe size of the
primary ion source. Modern ion sources (commonly Cs and
O) can achieve probe sizes down to 50 nm. Even smaller
probe sizes (< 10 nm) are achievable with liquid metal ion
guns (LMIG) with ions such as Ga which enable better than
50 nm lateral resolution ion imaging (Alberts et al. 2014).
NanoSIMS is a high-spatial-resolution, multi-collector instru-
ment that has high sensitivity across most of the periodic
table (Hoppe et al. 2013). Several studies have integrated
NanoSIMS with APT to assess element segregation from the
micrometre to the nanometre scale during crystal growth
and interface development (Wu et al. 2019).

Time-of-flight SIMS (ToF-SIMS) can provide similar spatial
resolution to NanoSIMS, but in most high-resolution systems,
the sensitivity of ToF-SIMS is significantly lower. An advantage
of the ToF-SIMS techniques is that compositional information
is collected across the whole periodic table and it is not
necessary to preselect a limited number of masses. In
addition, ToF-SIMS instruments provide mass-to-charge ratio
spectra like those generated by APT, but the different
acquisition conditions mean that some m/q peaks are
found in different positions. This can help with identification of
peaks and highlight potential interferences in the atom
probe data (Figure 13). Furthermore, the incorporation of
ToF-SIMS systems into focussed ion-beam scanning electron
microscopes (FIB-SEM) used for atom probe specimen
preparation enables compositional information to be in
used for targeting (Rickard et al. 2020). ToF mass spectrom-
etry is also used in the recently developed Chicago Instru-
ment for Laser Ionization, a resonance ionisation mass
spectrometer that has similar sensitivity to APT, albeit at lower
spatial resolution, but has the ability to reduce peak
interferences by utilising different ionisation lasers (Stephan
et al. 2016).

Transmission electron microscopy (TEM) has comparable
spatial resolution to APT and has the unique ability to
characterise specific microstructures such as individual
dislocations. For these reasons, TEM and APT are extremely
complementary and the integration of these two techniques
has the potential to revolutionise our understanding of the
role of defects in controlling the compositional modification
of minerals. TEM can be conducted on a separate specimen
taken from close to the site of atom probe specimen
preparation (Krakauer and Seidman 1992, Gin et al. 2017,
Montalvo et al. 2019, Seydoux-Guillaume et al. 2019). In
such cases, care has to be taken with the extrapolation of
observations by the individual techniques. A potentially better
approach is to undertake TEM analysis on the atom probe
needle specimen prior to APT analysis (Lefebvre et al. 2015).
Additional details on the TEM characterisation of APT
needles are provided in the Specimen characterisation
section.

Specimen manufacture

Specimen preparation for APT can be challenging as the
region of interest must be precisely located within the
analysed volume (top ~ 1 lm of the needle) and the
specimen must be carefully shaped such that the electric
field can be concentrated at the end of a sharp tip (diameter
< 100 nm). For conductive specimens, which is not normally
the case for geological samples, APT needles can be
prepared by electropolishing (Melmed and Carroll 1984),
with a range of different electrolytes being used for different
materials (see appendix B of Gault et al. 2012b). Generally,
such techniques are not site-specific, although targeting of
specific interfaces is possible (Krakauer et al. 1990).

In recent years, site-specific sample preparation of both
conductive and non-conductive materials has increasingly
utilised FIB-SEM (Waugh et al. 1984, Alexander et al. 1989,
Larson et al. 1999), and a number of methods for FIB-based
specimen preparation have been developed (e.g., see
reviews by Miller et al. 2007, McKenzie et al. 2010, Blum
et al. 2016, Prosa and Larson 2017). However, most facilities
now use a similar methodology for site-specific atom probe
specimens (Figure 14). This method involves the deposition of
a small, rectangular, protective Pt capping layer over the
region of interest followed by the removal of a 2.5 µm wide
triangular prism, with a length dependent on the number of
required APT tips. Segments of the prism (approximately
2 µm wide) are then mounted on pre-sharpened posts on a
silicon coupon and ion beam milled with an annular mask to
produce a needle shape with a final tip diameter < 100 nm
(Figure 14). The mounting of regions of interest onto ‘micro-
tips’ on a single coupon simplifies specimen preparation
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and handling (Thompson et al. 2005), while mounting onto
a TEM grid enables correlative microscopy studies (Gorman
et al. 2008). The most challenging aspect of the preparation
is in positioning the specific region of interest centrally

(< 50 nm from the axis of the specimen) within the needle
and close to the apex (<< 1000 nm, ideally ~ 250 nm). A
misalignment of just a few tens of nm can cause the region of
interest to be out of the analytical volume of the atom probe
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Figure 13. Left: Comparison between APT and ToF-SIMS mass spectra from an olivine ([Mg,Fe]2SiO4) sample.

Positive and negative ToF-SIMS spectra are displayed. Gallium peaks are from the FIB primary ion source. Right: FIB-

ToF-SIMS map of oxygen in a coal sample containing kaolinite (Al2Si2O5[OH]4) particles.

Figure 14. Series of secondary electron images demonstrating the sequential lift-out, sample mounting and tip-

shaping stages of APT specimen preparation by FIB-SEM.
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specimen. Hence, approaches have been developed that
enable regions of interest to be marked by electron
deposition of Pt on the feature of interest, such that the
feature is exactly located in the analytical volume of the
specimen (Lotharukpong et al. 2017, Prosa and Larson
2017, Rickard et al. 2020).

Although the lift-out method has been largely successful,
ion-beam milling rates vary with sample composition and
grain orientation (Prenitzer et al. 2003) and this can make it
difficult to have a standard preparation routine. Additional
challenges come with multiphase materials and porous
samples where milling rates vary within the lift-out. However,
modern FIB-SEM instruments enable the milling processes to
be carefully monitored, allowing the operator to make fine
adjustments to optimise milling routines for a specific sample.

Beam damage and ion implantation (usually Ga) are
potential drawbacks of FIB-SEM lift-out for APT analysis.
During sample preparation high-energy ions from the FIB
induce a collision cascade within the near surface of the
sample, which can make it amorphous and leave primary
ions implanted into the structure. The depth of Ga ion
implantation in silicon has been shown to be related to the
accelerating voltage of the FIB beam, with a 30 and a 5 kV
beam causing Ga implantation to 50 and < 10 nm,
respectively (Thompson et al. 2007b). In most cases, a low
kV (≤ 5 kV) final annular milling step is applied to APT tips to
ensure beam damage and ion implantation are minimised.
In addition, the recent development of xenon plasma FIB
systems, which remove the Ga contamination problem, has
significant potential for atom probe sample preparation
(Halpin et al. 2019).

One aspect of specimen preparation relates to the
analysis of nanoparticles by APT. These materials are
generally difficult to work with. However, a number of studies
have successfully developed specimen preparation tech-
niques based around electrophoresis (Tedsree et al. 2011),
encapsulation (Heck et al. 2014, Larson et al. 2015, Yang
et al. 2016) and agglomerated powder lift-out (Xiang et al.
2013). Each approach has benefits and disadvantages (see
review by Felfer et al. 2015) depending on the nature of the
nanoparticles being analysed. Further work is needed in this
area for optimisation of nanoparticulate analysis of geolog-
ical materials.

Correlative characterisation of geological atom
probe specimens

Even when the geological context is well established
and site-specific targeting has been employed, atom probe

compositional data still contain artefacts due to limitations in
the ability to acquire, range and reconstruct all atoms and
their positions within a specimen. The characterisation of
atom probe specimens by complementary analytical tech-
niques may alleviate some of the problems associated with
these artefacts. As a result, it is widely recognised that non-
destructive, correlative analyses of the needle-shaped spec-
imen, prior to atom probe analysis, provides invaluable data
for the correct interpretation of atom probe results.

Field-emission SEMs have sufficient resolution to accu-
rately measure tip shapes and sizes and are thus used to
ensure the specimen has suitable size and shape for APT.
Since the electric field applied to specimens is inversely
proportional to the tip radius (Equation 1), and different
minerals have different evaporation fields, atom probe
specimens can be milled precisely to optimise the acquisition
conditions. This may prevent either the evaporation of atoms
at very low voltages, which leads to poor quality data, or the
requirement of very high voltages to cause evaporation,
which tends to reduce specimen yield. Both secondary and
backscattered electrons can be used for this purpose. BSE
imaging can also be used to identify any significant
variations in composition within the atom probe specimen
and ensure the capping layer and coating has been
removed during annular milling in the FIB-SEM.

In cases where atom probe acquisition is stopped prior
to tip failure, reimaging of the specimen after the analysis,
and comparison with images taken before the analysis
allow the analysed volume to be precisely measured
(Figure 15). This information can be used to establish, or
refine, the correct reconstruction parameters for a particular
mineral. This is a critical step in the atom probe reconstruction
of geological materials but, so far, such an approach has
only been undertaken for zircon (Saxey et al. 2019) and
rutile (Verberne et al. 2019).

Atom probe specimens are extremely thin and the apex
of the needle is electron transparent at moderate acceler-
ating voltages (> 20 keV). Hence, the microstructure of the
needle can be characterised by transmission Kikuchi
diffraction (TKD) in a SEM and TEM. TKD is a similar
technique to EBSD as it uses diffraction patterns formed by
the interaction of the electron beam with a crystal lattice to
provide phase and lattice orientation information at resolu-
tion down to a few nanometres (Keller and Geiss 2012,
Trimby 2012). TKD was originally applied to thin TEM foils to
complement TEM data. However, it has since been applied
to atom probe specimens to characterise the nature and
location of grain and low-angle boundaries (Babinsky et al.
2014, Piazolo et al. 2016, Reddy et al. 2016, Rice et al.
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2016), phase boundaries (Montalvo et al. 2019) and
crystallographic information (Breen et al. 2017). An advan-
tage of this approach is that once the region of interest has
been located in the atom probe specimen, then the
specimen can be re-milled to ensure that the feature is
close to the tip of the specimen. This is particularly useful for
materials that tend to rupture easily, where large data sets
are difficult to obtain.

High-resolution imaging of the specimen can also be
conducted using TEM. In addition to imaging the shape and
internal microstructure of the needle, TEM can perform
crystallographic analyses (via electron diffraction and lattice
imaging) and 3D analysis by electron tomography. Com-
positional analyses can also be performed in the TEM.
Transmission EDS with ≤ 10 nm lateral resolution can
provide major element compositional information. Electron
energy loss spectroscopy can be used to analyse low atomic
number elements and chemical bonding states. These
analytical techniques within a TEM can be used to assist in
the recognition of potentially interfering peaks in the atom
probe mass spectra, as well as providing some insight into
the expected compositional variation in the needle, which
can assist in the selection of appropriate acquisition
parameters (Guo et al. 2016, Kelly 2017).

Electron tomography by TEM and STEM (K€ubel et al.
2005) also provides new opportunities for better recon-
struction parameters. Cross-correlating electron tomography
results with atom probe analyses has been shown to
ensure the better specimen radius, shank angle, and z-
direction scaling of atom probe reconstructions (Arslan et al.
2008, Gorman et al. 2008, Schreiber et al. 2013)
(Figure 16). In addition, and in a similar way to the SEM,
TEM can be performed after APT analysis on analysed
specimens to measure the amount of material that has
been removed during the atom probe analysis and
determine reconstruction parameters. Future developments
in the integration of APT with (S)TEM within a single
instrument (e.g., Gorman et al. 2011) has even greater
potential to radically improve the reconstruction of atom
probe data (Kelly 2017).

Geoscience applications

This section aims to provide an overview of the
published APT literature in the geoscience field. Confer-
ence abstracts, due to their succinct nature and absence
of peer review, were not included in this section. Although
in its early stages in the geoscience discipline, the number
of publications is rapidly increasing (Figure 2). The

Figure 15. Electron images of two atom probe specimens of zircon showing tip shape before and after analysis and

the amount of material removed during each analysis. The amount of removed material constrains the evaporation

field and atomic volume for better zircon reconstructions (from Saxey et al . 2019).
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contributions, as well as the material studied and acqui-
sition variables, are compiled in Table 2 and
Appendix S1.

Given the non-conductive nature of most minerals, there
are few published studies of geological materials prior to the
commercial development of laser-assisted APT around 2005
(Kelly et al. 2004). The earliest geoscience studies used
voltage-pulsed atom probe field ion microscopy to analyse
metallic meteoritic samples and discovered 20 nm diameter,
Ni-rich precipitates in low-Ni taenite (Miller and Russell
1992). Early field ion microscopy and voltage-pulsed atom
probe analysis of FIB-prepared granulite-facies magnetite
(Kuhlman et al. 2001) suffered from repeated failures and
low total ion counts (~ 2500 ions), but was still able to
identify precipitates of Mn and Al in the magnetite. This study
illustrated the future potential for atom probe analysis of
geological materials, and biological magnetite containing
nanoscale organic fibres and co-located Mg and Na, was
one of the first minerals to be analysed by laser-assisted APT
(Gordon and Joester 2011).

Despite the potential difficulties with the preparation of
atom probe analysis of biomaterials (Grandfield and
Engqvist 2012), some of the earliest uses of laser-assisted
APT were on biogenic and hydroxyapatite, a common
biomineral and a major constituent of bones and teeth
(Gordon et al. 2012, 2015, La Fontaine et al. 2016,
Langelier et al. 2016). These studies focussed on establish-
ing the nanoscale compositional heterogeneity associated

with the growth and trace element segregation associated
with organic–inorganic interfaces and provided new insights
into biogenic growth mechanisms and the processes
responsible for dental decay.

Since the development of laser-assisted APT, there has
been growing interest in applying nanoscale geochemical
characterisation to a broad range of geological materials
including glass (Gin et al. 2013, Hellmann et al. 2015, Gin
et al. 2017), diamond (Heck et al. 2014, Lewis et al. 2015,
Schirhagl et al. 2015, Mukherjee et al. 2016), Fe-Ni metal
alloys (Einsle et al. 2018) and silicides (Gopon et al. 2017),
platinum-group alloys (Parman et al. 2015, Daly et al. 2017,
2018), oxides (Bachhav et al. 2011, 2013, Fahey et al.
2016, Taylor et al. 2018, Frierdich et al. 2019, Gamal El
Dien et al. 2019, Genareau et al. 2019, Taylor et al. 2019),
carbonates (Felmy et al. 2015, Branson et al. 2016, P�erez-
Huerta et al. 2016, P�erez-Huerta and Laiginhas 2018),
sulfides (Fougerouse et al. 2016, Dubosq et al. 2019,
Fougerouse et al. 2019, Gopon et al. 2019, Wu et al.
2019), sulfates (Weber et al. 2016), zeolites (Schmidt et al.
2019) and rock-forming silicates, such as feldspars (White
et al. 2018c, Cao et al. 2019) and olivine (Bloch et al.
2019, Cukjati et al. 2019, Figure 17). However, a high
proportion of the published APT work to date has focussed
on trace element mobility, particularly Pb, in accessory
minerals.

The pioneering work in this area looked at one of the
oldest zircons on Earth and showed that concordant U–Pb

a(a) (b) (c)

50 nm

Figure 16. An example of correlative TEM and APT analysis. (a) 2D TEM micrograph of an APT needle containing Ag-

rich clusters. (b) Tomographic TEM image of the same volume as (a). White box shows approximate location of APT

analysis in (c). (c) APT reconstruction of the same specimen. Refer to Arslan et al . (2008) for details. Reprinted from

Ultramicroscopy , volume 108(12), 1579–1585, Arslan et al. , Towards better 3-D reconstructions by combining

electron tomography and atom-probe tomography © 2008, with permission from Elsevier.
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Table 2.
Compilation of APT acquisition parameters for geological materials published to the end of 2019

Mineral
group

Mineral Laser energy
(pJ)

Base T
(K)

Detection
rate (%)

Recommenda-
tion (LE (pJ); BT

(K); DR (%)

Reference

Silicates and
silicides

Zircon 25–700 30–60 0.5–2 [400; 60; –]a; [100–
300; 40–50;
0.5–1]b

Valley et al. (2014, 2015),
Piazolo et al. (2016), Peterman
et al. (2016), Reddy et al.
(2016), La Fontaine et al.
(2017)a, Piazolo et al. (2017),
Blum et al. (2018), Saxey et al.
(2018)b, Exertier et al. (2018)

Titanite 300 60 0.8–1 Kirkland et al. (2018)
Feldspar 100–500 55–60 1 White et al. (2018a), Cao et al.

(2019)
Olivine 5–200 40–55 1 Bloch et al. (2019), Cukjati et al.

(2019)
Pyroxene 5–50 40 1 Cukjati et al. (2019)

Fe-Si grains 30–40 30 0.2–0.6 Gopon et al. (2017)
Oxides Magnetite 20% (Voltage pulse);

40–75
40–60 0.25–0.5 Kuhlman et al. (2001), Gordon

and Joester (2011)
Baddeleyite 50–600 30–50 0.5–3 White et al. (2017, 2018a,

2019), Reinhard et al. (2018)
Haematite 40 40 0.3–0.5 Taylor et al. (2018)
Goethite 40–100 30–60 0.2–2 Taylor et al. (2019), Frierdich

et al. (2019)
Rutile 30–90 50–60 0.6–4.5 30–50; 50; 0.8c Verberne et al. (2019)c

Spinel 150 60 1 Gamal El Dien et al. (2019)
Titanomagnetite 30–60 50 0.5 Genareau et al. (2019)

Phosphates Apatite 16–150 40–50 0.25–0.5 Gordon et al. (2012, 2015), La
Fontaine et al. (2016),
Langelier et al. (2017)

Monazite 100 50 1 Fougerouse et al. (2018),
Seydoux-Guillaume et al.
(2019)

Carbonates Magnesite 20 40 0.3 Felmy et al. (2015)
Calcite 50–1300 40–50 0.2–2 Perez-Huerta et al. (2016),

Branson et al. (2016), Perez-
Huerta and Laiginhas (2018)

Dolomite 300 50 2 Perez-Huerta et al. (2016)
Sulfides and
sulfates

Arsenopyrite 45–50 55 1 Fougerouse et al. (2016)
Pyrite 30–50 50–60 0.8–1 Fougerouse et al. (2019), Wu

et al. (2019), Dubosq et al.
(2019), Gopon et al. (2019)

Pyrrhotite 10 30 1 Fougerouse et al. (2019)
Barite 40–55 50 0.5 Weber et al. (2016)

Native elements
and metal alloys

Diamond 20–1000 80–110 0.5–3 Heck et al. (2014), Lewis et al.
(2015), Schirhagl et al. (2015),
Mukherjee et al. (2016)

Isoferroplatinum 120–275 – 1–3. Parman et al. (2015)
Refractory metal

nuggets
250–300 60–80 0.3–0.5 Daly et al. (2017)

Tetrataenite 400 (532 nm laser) 55 – Einsle et al. (2018)
Kamacite – taenite 20–33 30–35 – Rout et al. (2017)

Os-Re alloys 40–200 60–70 0.5 Daly et al. (2018)
Glasses Silicate glass 50–120; 10000

(340 nm laser)
70 0.02–0.5 Gin et al. (2013, 2017),

Hellmann et al. (2015)

a, b, c refer to references that give the marked specific recommendations for APT acquisition parameters.
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analyses by SIMS were disturbed at the nanoscale, but the
disturbance could be temporally constrained through the
characterisation of isotopic ratios in different Pb domains
(Valley et al. 2014, 2015; Figure 18a). A similar study on
discrete Pb reservoirs in discordant zircon provided some
insights into the mechanisms of Pb segregation and the role
of defects in forming discrete Pb isotopic reservoirs (Peterman
et al. 2016, 2019; Figure 18b). Trace element mobility has
been studied in undeformed zircon (Piazolo et al. 2017,
Peterman et al. 2019) and deformed zircon (Piazolo et al.
2016, Reddy et al. 2016), and similar studies have been
undertaken on baddeleyite (White et al. 2017, Reinhard
et al. 2018, White et al. 2018a, b), monazite (Fougerouse
et al. 2018, Seydoux-Guillaume et al. 2019), titanite
(Kirkland et al. 2018) and rutile (Verberne et al. 2019).

These above studies illustrated how APT could be
applied to specific research problems. However, there is
also an underlying need to better understand the systematics
of atom probe data acquisition, ranging and reconstruction
variables in geological materials and this has led to a
number of papers dealing with APT optimisation in accessory
phase analysis (La Fontaine et al. 2017, Blum et al. 2018,
Exertier et al. 2018, Reinhard et al. 2018, Saxey et al.
2018b, Verberne et al. 2019).

Despite the currently limited number of published
geoscience atom probe results, such studies, and the range
of applications from the metals, semiconductor and ceramic
literature, provide a useful insight into the future potential
applications of atom probe studies in the geoscience field. In
this section, we summarise the broad range of geoscience
applications, and highlight some potential new areas of
development related to primary compositional differences
and subsequent modification by geological processes taking
place at the nanoscale. The aim is to provide a context for
what may be achievable and provide a stimulus for
researchers to further develop these applications.

Assessment of mineral suitability to APT

There are currently ~ 5000 known minerals that have a
range of different compositions, structure, symmetry and form,
as well as different physical, optical (relevant to laser-assisted
analyses) and chemical properties. This variability means
there is inordinate potential for the development of APT
applications in the geoscience field. However, these varying
properties also have the potential to affect the ability of
specific minerals to be analysed by APT due to difficulties in
sample preparation and/or a propensity to rupture in the
high electric fields required for field emission. To date,

published atom probe data exist for a limited number of
minerals (Figure 17; Table 2) and, in most cases, analysed
minerals have tended to have high crystal symmetry and
reasonable Mohs’ hardness. However, experiments on
galena (Pb sulfide) and zinnwaldite (Li-bearing mica) show
that APT can also be successfully applied to relatively soft
minerals, which in the latter case are also strongly
anisotropic, cleaved and has low crystal symmetry (Fig-
ure 19). Despite such success, assessment of the crystallo-
graphic orientation dependence on atom probe acquisition
parameters and yield may be needed in minerals, such as
micas, where there is a high degree of crystallographic
anisotropy.

Compositional constraints at the nanoscale

In many geological situations, the time-consuming nature
of sample preparation, analysis and data processing, plus
the relatively low precision of APT with respect to more
traditional, larger volume analytical techniques, means that
APT is usually not the most suitable approach for bulk
geochemical analyses. However, the ability of APT to provide
sub-nanometre resolution of major and trace elements, and
isotopic compositions, across the whole periodic table,
without a priori mass selection, allows previously unobtain-
able information to be collected and analysed. APT is
therefore ideal for determining the bulk composition of
natural mineral and metallic grains that are too small to be
quantitatively analysed by any other technique. In such
cases, the bulk composition may provide some fundamental
constraints on outstanding scientific problems.

A recent example of such an approach is the analysis
of sub-micrometre meteoritic refractory metal nuggets from
a carbonaceous chondrite, which demonstrated the pres-
ence of up to 1 at% S and provided direct evidence of
metal nugget migration in the protoplanetary nebula
(Figure 20; Daly et al. 2017). Nanoscale trace element
variations in platinum-group alloys have also been iden-
tified by APT and this has allowed the discrimination of
magmatic versus weathering origins for such particles
(Parman et al. 2015). Similarly, fine-scale compositional
variations formed during mineral growth, and the subse-
quent modification of such growth profiles at the nanoscale
by diffusion (Bloch et al. 2019), interface-coupled dissolu-
tion–reprecipitation (Peterman et al. 2019) or exsolution
(Genareau et al. 2019), could be measured by APT and
have the potential to place valuable constraints on
magmatic, metamorphic and ore-related petrogenetic
processes (Cao et al. 2019, Gamal El Dien et al. 2019,
Schipper et al. 2020).
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IsoferoplatinumBorosilicate glass Nano-Diamonds

Calcite

Goethite

Feldspar

Tetrataenite

Pyrite

Monazite

(b) (c)

(d)

(e)

(f)

(g)
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Pt
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20 nm 20 nm

Ni
Fe

25 nm
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H2O
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Figure 17. Examples of reconstructed APT data from a range of geological materials. (a) B (blue) distribution from

the alteration front of a borosilicate glass (figure 2 of Gin et al . 2013); (b) nanodiamonds from the Allende meteorite

embedded in platinum. C (black) and Pt (orange) distribution in a 5 nm wide slice through an atom probe specimen

(figure 3 of Lewis et al . 2015); (c) isolated islands of tetrataenite (FeNi) embedded in Fe metal from the Tazewell IAB

sLH iron meteorite. 32.5% Ni isosurface is displayed in blue and Fe atoms in red (Einsle et al . 2018); (d) Pt and Fe

atoms in isoferroplatinum. The inset is a 5 nm thick and 50 nm tall slice (figure 3 of Parman et al . 2015); (e)

nanoparticulate goethite encapsulated in Cr (green). The distribution of the isotopic label 57Fe (blue) has been

emphasised (Taylor et al . 2019); (f) pyrite specimen showing the distribution of As (Purple), Ni (Yellow) and Sb

(Green). The trace elements are organised in an array of dislocations (unpublished data set from Fougerouse et al .

2019); (g) barite with layering of Ba and H2O (figure 9C of Weber et al . 2016); (h) monazite specimen showing S

(blue) exsolution in discrete clusters (Seydoux-Guillaume et al . 2019); (i) mineral–organic interface in calcite from

mussel shells. The atom map shows all atoms ranged in the data set (P�erez-Huerta and Laiginhas 2018); (j)

recrystallised feldspar from meteorite NWA6342. The 3% Ca isoconcentration surface (red) illustrates 10–60 nm

thick parallel, compositional features (modified after White et al . 2018c). (a) Reprinted from Chemical Geology ,

volume 349, 99–109, Gin et al. , Contribution of atom-probe tomography to a better understanding of glass

alteration mechanisms: Application to a nuclear glass specimen altered 25 years in a granitic environment

© 2013, with permission from Elsevier. (b) Reprinted from Ultramicroscopy , volume 159, 248–254, Lewis et al. ,

C 12/C 13 – ratio determination in nanodiamonds by atomprobe tomography © 2015, with permission from

Elsevier. (d) Reprinted from American Mineralogist , volume 100, 852–860, Parman et al. © 2015 with permission

from the Mineralogical Society of America. (g) Reprinted from Chemical Geology , volume 424, 51–59, Weber et al.,

Nano-structural features of barite crystals observed by electron microscopy and atom probe tomography © 2016,

with permission from Elsevier.
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Primary metal, mineral and fluid inclusions

APT can place compositional constraints on nanoscale
domains, including distinct domains within a single atom

probe specimen. In a study of gold distribution in arsenopyrite,
~ 10 nm gold clusters were interpreted to have developed
during growth and form as a function of growth rate and the
ability of gold to migrate along the growing arsenopyrite

(a) Concordant zircon (b) Discordant zircon

Figure 18. APT data from (a) ‘undisturbed’ Hadean zircon (no Pb loss) where cluster formation in Pb and Y is

interpreted to represent the migration of Pb to un-annealed damaged domains (Valley et al . 2015) and (b)

discordant zircon (Pb loss) where clusters (labelled I–VIII) represent Pb trapped in dislocation loops formed during

annealing of radiation damaged zircon (Peterman et al . 2016). Coloured spheres represent the position of atoms as

determined by APT. (a) Reprinted from American Mineralogist , volume 100, 1355–1377, Valley et al. © 2015 with

permission from the Mineralogical Society of America.

20 nm

Pb
S

(a) (b)

20 nm

Si
Li

O

Figure 19. APT reconstructions of low Mohs' hardness scale (~ 2.5) material for (a) galena (PbS) and (b) Li-bearing

mica (zinnwaldite; KLiFeAl(AlSi3)O10(OH,F)2). In (b), the crystallographic c-axis lies parallel to the specimen long

axis. These data demonstrate the ability for APT to be applied to both soft and anisotropic, low-symmetry minerals.

Sample in (b) was provided by M. Aylemore.
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surface (Fougerouse et al. 2016; Figure 21a). In cases such as
this, where compositionally distinct inclusions are present, the
reconstruction of spatial relationships is critical. However, these
data illustrated potential issues in the reconstruction of such
small compositional features because the field required for
evaporation differsmarkedly between the nanoscale inclusion
(Figure 11), in this case gold, and the host arsenopyrite matrix
(Figure 21a). Similar features have been seen in atom probe
studies of synthetic specimens of spherical gold nanoparticles
in MgO (Devaraj et al. 2014). The alternative scenario of
nanoparticles requiring a lower field for evaporation than the
host has also been reported for Pb clusters in zircon
(Figure 18b; Peterman et al. 2016). Such studies serve to
illustrate that care should be taken in interpreting recon-
structed inclusion morphologies when the field required for
evaporation is markedly different between host and inclusion.

The presence and identification of nanoscale inclusions
in mineral hosts is known from TEM and other high-spatial-
resolution techniques (Champness 1997, Dobrzhinetskaya
et al. 2006, Lee 2010, Ferraris and Auchterlonie 2013). The
advantage of APT is its ability to place compositional
constraints on the trace element and isotope geochemistry of
the included phase. For example, Ca-rich clusters in
monazite (Figure 21b), interpreted to represent inclusions
of nanoscale apatite (Fougerouse et al. 2018), also contain
trace amounts of Si and Pb which is enriched when
compared with the host monazite. The apatite inclusions
have been interpreted to segregate shortly after monazite
growth and they preferentially partition common Pb within
the monazite lattice. In this specific example, the amount of
common Pb is small. Nevertheless, APT is able to identify
nanoscale segregated Pb domains of distinct isotopic

Figure 20. Sulfur analysis from an ~ 100 nm diameter refractory metal nuggets from a chondritic meteorite. The

nugget was targeted using backscatter electron imaging and site-specific FIB-SEM extraction. Refer to Daly et al .

(2017) for details. Figure reprinted from Geology, volume 45, 847–850, © 2017 with permission from the

Geological Society of America.
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composition (Fougerouse et al. 2018, Seydoux-Guillaume
et al. 2019).

One potential area of future research is in the analysis of
nanoscale fluid inclusions within minerals. A likely example is
the presence of OH3 peaks associated with the tips of
segregated Fe-rich lamellae in rutile (Figure 21c). In this
case, the reconstruction of OH3 distribution shows an
unusual pattern of dispersion that likely represents trajectory
aberrations associated with rapid evaporation of the
inclusion contents once the inclusion has been breached.
This will make the incidental analysis of such features difficult.
In addition, the potential for overlapping contaminating
peaks (see the section on Nanoscale stable isotope analysis)
may complicate interpretations. However, specific targeting
of such features by careful selection of acquisition param-
eters may be possible.

Secondary trace element clusters in minerals

Elemental nanoscale clusters in minerals, need not be
distinct mineral phases, but may be defined by more subtle
trace element compositional variations. In zircon, several
studies have reported the presence of clusters of Y, Pb and Al
(Valley et al. 2014, 2015, Peterman et al. 2016, Piazolo
et al. 2016, Blum et al. 2018, Peterman et al. 2019).
Isolation of these clusters, using 3D volumes defined by
isoconcentration surfaces (Hellman et al. 2000) or cluster
analysis routines (e.g., Stephenson et al. 2007, Dong et al.
2019), significantly reduces the analytical background and
permits quantification of compositional and isotopic analysis
of these clusters. 207Pb/206Pb measurements of clusters in
both concordant and discordant zircon (Figure 18) have
been shown to be distinct from bulk isotopic compositions
outside the cluster and this has allowed the isotopic

(a) Gold nanoparticles 
in arsenopyrite

20 nm Au

(b) Apatite inclusion 
in monazite

20 nm Ca

(c) Aqueous fluid 
inclusion in rutile

20 nm OH
3

Fe

Figure 21. Atom probe reconstructions showing nanoscale compositional features interpreted to have formed

during, or slightly after, initial growth of the host mineral. (a) Gold nanoparticles in arsenopyrite (after Fougerouse

et al . 2016). (b) Exsolved apatite clusters in monazite (after Fougerouse et al . 2018). (c) OH3 molecular species

located at the tip of Fe exsolution features in rutile. The composition and evaporation characteristics are consistent

with analysis of nanoscale fluid inclusions.
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compositions of the clusters to be used to constrain the timing
of geological events (Valley et al. 2014, 2015, Peterman
et al. 2016).

In the cases of Pb clusters in zircon highlighted above,
the mechanisms of cluster formation are reportedly different.
The toroidal morphology of some Pb clusters, combined with
the 207Pb/206Pb ratio and timing of cluster formation, have
been used to infer that clusters formed by Pb entrapment in
dislocation loops generated during thermally driven anneal-
ing of radiation damage associated with U decay (Peterman
et al. 2016, 2019). In contrast, cluster formation in Hadean
zircon from Jack Hill’s Western Australia, is interpreted to
reflect volume diffusion of Pb into non-annealed radiation
damaged domains during metamorphic heating (Valley
et al. 2014, 2015).

Lead clusters have also been found in other minerals
and again the mechanisms of cluster formation are notably
different. As outlined earlier, Pb associated with nano-
inclusions of apatite in monazite (Figure 21b) have been
interpreted to reflect partitioning of Pb into apatite during
unmixing of phosphate end-member compositions immedi-
ately after growth (Fougerouse et al. 2018). However, APT
and TEM data from high-temperature monazite grains from

Rogaland, Norway, contain CaSO4 nanoclusters that ap-
pear to be linked to Pb mobility associated with cluster
formation during a younger, high-temperature metamorphic
event (Laurent et al. 2016, Seydoux-Guillaume et al. 2019).
Lead clusters in pyrite have also been reported to form at the
intersection of deformation-related, non-parallel dislocations
(Fougerouse et al. 2019).

These studies indicate that cluster formation is not
indicative of a single mechanism and the presence of
clusters may represent different processes that operate as a
response to the intrinsic defect properties of the mineral
combined with extrinsic geological conditions. As such, the
mechanisms of nanoscale atom-cluster formation in minerals
are likely to be complex and reflect a range of processes.
However, such clusters represent the nanoscale manifesta-
tion of geological processes that may not be recorded at
larger scales, and the examination of elemental and isotopic
compositions of clusters has the potential to yield valuable
information to constrain the nature and timing of poorly
recorded geological events.

In the above examples of atom clustering, the recogni-
tion of the clusters is easily made by visual inspection of the
different elemental species in the reconstructed atom probe

Figure 22. (a) 2D sections of atom probe data from a Palaeoproterozoic zircon showing a single dislocation defined

by the segregation of interstitial Mg2+ and Al3+ ions. Yellow isoconcentration surface in upper left Mg + Al

reconstruction represents 0.1 at% Al. No segregation of larger ionic radius trace elements is seen. (b) Schematic

model to illustrate the Cottrell atmosphere nature of the segregation. Orange line shows edge dislocation, and

black lines represent lattice planes (not to scale). Grey zone represents region of lattice distortion into which

interstitial cations (Mg and Al) may segregate. Data collected at Cameca, Madison, USA.
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data. Once identified, they can be readily analysed.
However, in some examples, clusters may be subtle and
difficult to resolve visually. It is therefore worth noting that
there are a number of methods to establish the presence,
composition and characteristics of atom clusters within atom
probe data, even when such clusters are visually cryptic
(Hyde and English 2001, Vaumousse et al. 2003, Stephen-
son et al. 2007, Hyde et al. 2009, Philippe et al. 2009,
Marquis and Hyde 2010, Zelenty et al. 2017).

Mineral defects

The lattices of minerals contain a variety of defects
associated with deviations from a periodic arrangement of
atoms. These defects may develop both during crystal
growth (Klapper 2010) and subsequent deformation and
recrystallisation (e.g., Barber et al. 2010). They are important
because such defects are critical in controlling mineral
properties, behaviour, and the mechanisms of intracrystalline
element mobility, and there is a clear and important link
between incompatible trace element distribution and the
formation and evolution of mineral defects (Buseck and
Veblen 1978, Argunova et al. 2003, Zhang et al. 2010,
Camacho et al. 2012, Zhang and Wright 2012, Wu and
Buseck 2013). Their significance has meant that defects
have been widely studied by high-resolution imaging and
analytical techniques such as TEM (Champness 1977,
Veblen et al. 1993, Lee 2010). Such studies provide
valuable constraints on the interaction of mineral defects

and major element geochemistry. However, the link between
defects and trace element geochemistry and the temporal
evolution of defect–mineral interactions has been difficult to
constrain by TEM. The materials science and semiconductor
literature has shown that the detailed interaction of defects
and trace element distributions can be successfully studied
by APT (Miller 2006, Thompson et al. 2007a, Marquis and
Hyde 2010, Smith et al. 2013), and a growing number of
atom probe studies are providing valuable constraints on
defect–geochemistry relationships within minerals.

Point defects: Atom probe tomography has been used
to show that the stoichiometric change from Cu(In,Ge)Se2 to
an ordered vacancy compound phase represents the
presence of ordered defect pairs, from which point defect
distributions can be calculated (Stokes et al. 2016). In the
field of minerals research, as yet there are no examples of
atom probe data constraining the distribution of point
defects at this scale. Individual vacancies are impossible to
image because detector efficiencies mean that only 35–
50% of all atoms are measured in reflectron-based atom
probe systems. Point defects associated with interstitial solute
ions generally have low concentrations in minerals so there is
always uncertainty as to whether the position of individual
ions represents a real part of the signal or a background
component. Identifying individual point defects in minerals is
therefore untenable with the currently available atom probe
technology. However, point defect type and distribution have
the potential to be imaged with future developments in

Ni

Sb

Sb

Cu

Pb

Tl

Figure 23. Atom probe reconstructions of specimen of Witwatersrand pyrite showing intersecting dislocations and

clustering. Dislocations are clearly seen in Ni and Sb data, whereas Cu, Pb and Tl are more segregated at the point of

dislocation intersection. Figure modified after Fougerouse et al . (2019).
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detector efficiency and reconstruction methodologies (Beinke
et al. 2016, Kelly 2017). Significantly, interstitial solute ions
commonly segregate to areas of mineral lattice distortion to
minimise free energy and the concentration and spatial
distribution of these atoms in line defects and interfaces may
then be detected.

Dislocations: There are several examples of disloca-
tions and dislocation arrays being captured within miner-
alogical atom probe specimens. In zircon, individual
dislocations record enrichment in small interstitial elements,
for example, Al and Mg, which are localised around the
dislocation but have a volume extending many unit cells
away from the direct dislocation core (Figure 22). Such a
distribution is consistent with the diffusion of interstitial ions
into lower energy distorted lattice sites that surround the
dislocation. For small, interstitial cations, the ‘Cottrell atmo-
spheres’ around dislocations, theoretically predicted by
Cottrell and Bilby (1949), were first imaged 50 years later
by atom probe analysis of boron distribution in Fe-Al alloys
(Blavette et al. 1999). Subsequent work has shown that
elemental distributions along individual dislocations may be
heterogeneous, with the formation of precipitates on the
dislocation (e.g., Miller 2006). Such features may affect the
properties of the host material, but have yet to be observed
in minerals. For example, clouds of impurity atoms around
line defects may pin the dislocation and reduce strain until a
critical de-pinning stress is reached, the Portevin–Le Chate-
lier effect. Alternatively, dislocation pile-ups at sites of
interstitial ion enrichment may rapidly migrate to grain
boundaries. Both of these yield periodic stress–strain rela-
tionships but have yet to be studied in detail in geological
materials.

Arrays of dislocations in tectonically deformed minerals
also show co-location of small interstitial ions with substitu-
tional ions such as Y and U (Piazolo et al. 2016, Kirkland
et al. 2018). The cores of these dislocations may behave as
fast pathways for element diffusion (e.g., Lee 1995). How-
ever, in the case of static dislocations, the bulk diffusion rate
depends on the ability of elements to travel to the core
region by volume diffusion through the pristine lattice. This
dependency may limit the ability of the dislocation core to
facilitate fast-path diffusion. However, in mobile dislocations
the ability for dislocation cores to collect solute atoms during
migration, and carry associated Cottrell atmospheres of
interstitial ions, is increased and the efficiency of dislocation-
accommodated trace element mobility may be significant.
Such a model has been proposed for interstitial trace
element enrichment in low-angle boundaries in shocked
zircon (Reddy et al. 2016).

Atom probe studies on tectonically deformed pyrite have
also captured orthogonally intersecting, Ni- and Sb-deco-
rated dislocations that display Pb, Cu and Tl enrichment at
the intersection of the dislocation cores (Figure 23; Fouger-
ouse et al. 2019). Despite the dislocations being pathways
for enhanced Pb mobility, Pb concentrations are still
enriched, relative to the matrix, within these dislocations
(Figure 23). Although Pb mobility in pyrite is enhanced by
transport along dislocation cores, these data indicate that
elemental transport in deformed minerals is dependent
upon the mechanisms by which different defects interact
during the microstructural evolution of the mineral. In this
case, the intersection point of the dislocations provides an
energetically favourable site for nanoscale segregation of
large ions, thereby inhibiting trace element mobility.

Interfaces: The material properties of single crystals
differ markedly from those of bulk materials due largely to
the presence of interfaces in polycrystalline materials (Sutton
and Balluffi 2006). Interfaces are an intrinsic component of
all polycrystalline materials and can be considered in two
basic forms: interphase boundaries across which there is a
change in chemistry or structure, and grain boundaries
where there are only orientation variations across the
interface. Such interfaces are important because of their
ability to interact with other defect types (Priester 2001,
Beyerlein et al. 2015), provide rapid pathways for material
diffusion and enable the localised segregation of solute
atoms, which will affect the structure and energy of
boundaries and thus their behaviour (Pang and Wynblatt
2006). Consequently, interfaces play a fundamental role in
controlling material properties of polycrystalline aggregates,
as well as deformation characteristics and the microstructural
stability of the host material (Sutton and Balluffi 2006).

Research on interfaces has historically focussed on
metals and ceramics (e.g., Sakuma et al. 1997, Lej�cek
2010), and although there are many aspects to interface
research, a critical aspect deals with the interface segrega-
tion of solute atoms and how this may affect the properties of
the bulk material. Fundamentally, elements that are less
soluble in the mineral host will tend to segregate to
boundary interfaces, leading to a general decrease in grain
boundary energy. However, element solubility in minerals,
and therefore segregation to interfaces, is temperature-
dependent and a number of other factors can influence the
degree of segregation. For example, a positive correlation
between cross-boundary disorientation and the degree of
segregation, except at specific coincident site lattice
arrangements, supports a coupled relationship between
segregation and boundary dislocation density (Watanabe
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et al. 1978, Watanabe 1985). Such correlations indicate
that the segregation of trace elements to mineral–mineral
interfaces will be heterogeneous and dependent both on
boundary geometry and on crystallographic relationships
(Marquardt and Faul 2018).

In recent years, atom probe research into interfaces has
focussed on simple metal and ceramic systems, with the aim
of understanding the mechanisms of element segregation
into interfaces and how this can be engineered to develop
advanced materials (Raabe et al. 2014). Much of this work
has been empirically driven through the use of auger
imaging and high-resolution TEM. In contrast, the geoscience
field has seen few nanoscale geochemical studies of
interfaces, and therefore, our understanding of the role of

interface segregation in controlling the material properties of
rocks is far less known.

The crystallographically simplest form of mineral inter-
faces is twin boundaries. Correlative APT and TEM analysis of
a twin boundary in rutile has revealed coincidence of linear
segregations of trace elements with systematically ordered
dislocations (Figure 24). However, most studies that have
taken place in geological systems have largely focussed on
grain boundaries in olivine-dominated rocks (see recent
review by Marquardt and Faul (2018)) and it has been
known for some time that the interfaces between olivine
grains can be enriched in incompatible trace elements
(Hiraga et al. 2003, 2004). Similar results have been
obtained by APT analyses. Yet in this case, there is a clear

(a)

(c)

100 nm
isosurface

0.8 at. % OH

(b)

200 nm

Figure 24. Correlative APT and TEM microscopy of a twin boundary in rutile. (a) APT reconstruction of rutile with a

0.8 at.% OH isoconcentration surface located at the twin interface. The isoconcentration surface shows the region

enriched in trace elements. (b) TEM HAADF image of the twin boundary in rutile showing dislocations along the twin

interface. (c) Isoconcentration surface viewed perpendicular to the twin plane. The shape of the polygon formed by

dislocation in the top image is similar to that defined by the isoconcentration surface.
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distinction in interface composition dependent on the
orientation of the interface (Figure 25), a feature that is
recognised in interface complexions in manufactured mate-
rials (e.g., Cantwell et al. 2014). Additional studies on low-
angle boundaries in zircon (Piazolo et al. 2016, Reddy et al.
2016), titanite (Kirkland et al. 2018) and baddeleyite (White
et al. 2017, 2018b) have all documented the interfacial
segregation of incompatible trace elements.

Within polymineralic rocks, there are a range of possible
interfaces and each of these have a dramatic effect on the
properties of the rock or mineral in which they are found. There
has been increasing interest in the nature of mineral–fluid
interfaces, which are broadly responsible for weathering and
mineral dissolution at Earth’s surface (e.g., L€uttge and Arvidson
2008) and interface-coupled dissolution–precipitation and

metamorphic reaction under hydrothermal conditions (Borg
et al. 2014). However, currently there are few atom probe
studies of phase boundaries in geological materials. Two
notable examples include the trace element analysis of
experimentally produced olivine–clinopyroxene phase bound-
aries (Cukjati et al. 2019) and trace element segregation to the
shock-induced, polymorphic interface between zircon and
reidite (Montalvo et al. 2019). In the latter case, the observed
trace element enrichment is interpreted tobe related to interface
formation and requires amodification of the existingmartensitic
transformationmodel for the shockmetamorphic transformation
of zircon to reidite (Figure 26; Montalvo et al. 2019).

Such studies show that atom probe analysis of mineral–
mineral interfaces has the potential to yield fundamental
new insights into both interphase and grain boundary types,
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and it is anticipated that this research area will be an
important component of atom probe investigations in future
years. The recent recognition of thermodynamically stable,
interface-localised phases, referred to as complexions (Dillon
et al. 2007, Cantwell et al. 2014), that can change
discontinuously as thermodynamic conditions change pro-
vides further impetus for studying elemental segregation
along geologic interfaces (e.g., Harmer 2011).

Nanoscale stable isotope analysis

The bulk trace element characterisation of atom probe
specimens has the potential to yield valuable geochemical
information. However, isotopic analysis by APT has arguably
greater potential in investigating the geological processes
responsible for the nanoscale variations that occur through
natural and anthropogenic processes and which modify
stable and radiogenic isotopic compositions. Isotopic anal-
ysis by atom probe is a relatively recent development, which
has received only minor interest from the atom probe
community, because isotopic ratios have not been particu-
larly important in most material science applications. How-
ever, a small number of studies on experimentally perturbed
isotopic compositions have demonstrated the potential for
APT to be a valuable tool for nanoscale isotopic

measurements. These materials science studies include
stable isotopic characterisation of both anions and cations
and include C (Thuvander et al. 2011), O (Kinno et al.
2014), S (Gopon et al. 2019), N (Kinno et al. 2015), Si
(Shimizu et al. 2009), Fe (Taylor et al. 2018, Frierdich et al.
2019), Zn (Ironside et al. 2017) and Ge (Shimizu et al.
2013). The sensitivity of isotopic analysis at nanometre scales
is fundamentally limited by the number of atoms available
within a small analytical volume (Figure 1). For spherical
volumes around 100 nm in size, which can be accommo-
dated within a typical APT reconstruction, isotopic sensitivities
of 1 per mille may be achieved for elements present at 1–
5% concentration.

The few published APT studies on the isotopic analysis of
minerals have focussed on the stable isotope composition of
12C/13C ratios in synthetic (Nishikawa et al. 1998, Schirhagl
et al. 2015) and meteoritic nanodiamonds (Heck et al.
2014, Lewis et al. 2015). However, there is considerable
potential for atom probe analysis of stable isotopes,
particularly at the low-mass end of the periodic table, for
example, lithium and boron, where there are few interfering
mass peaks and the isotopic fractionations caused by
geological processes can be large. However, the APT
analysis of many stable isotopes remains problematic. For
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example, the atom probe can potentially discriminate
between singly charged hydrogen and deuterium peaks,
which opens up the possibility of deuterium-doped exper-
iments to look at hydrogen distribution (e.g., Chen et al.
2017). However, the potential for D+ and H2

+ interferences,
plus the current inability to completely remove H ions from
the analysis chamber, makes the significance of any H data
from geological materials difficult to unravel. Similarly,
molecular species 16OH+ and 17OH+ potentially overlap
with 17O+ and 18O+, respectively, while 32O2

2+ dimers
overlapping with 16O+ at 16 Daltons have the potential to
compromise stoichiometric calculations of O-bearing miner-
als (Bachhav et al. 2013). A similar problem may also arise
in the analysis of sulfur, though a recent study, modelling the
deconvolution of S2 peaks to eliminate the interference
problem, appears promising (Gopon et al. 2019). Future
developments in atom probe technology to increase detec-
tor efficiency, provide energy-sensitive detectors and
improved mass resolution, and inhibit chamber-sourced H
(Kelly 2017), will significantly improve stable isotope quan-
tification.

Nanoscale geochronology

The decay of the radioactive elements (e.g., U and Th)
stored in minerals to stable daughter isotopes provides the
means of dating geological events. The current state-of-the-
art methods for isotope analysis require minerals that are at
least several micrometres in diameter. Some minerals of
interest for geochronological dating may be smaller than
this. In addition, features of interest within minerals, for
example, deformation interfaces, may be below the spatial
resolution of conventional methods. Hence, the development
of APT to be able to quantify nanoscale isotopic composi-
tions has the potential to provide new temporal constraints
on materials that have eluded analysis by other techniques.

A fundamental assumption in radiometric dating is that
the original parent isotope and the radiogenic daughter
isotope remain captured, and coupled, within the analysed
volume of material. Although this may be the case in some
situations, it is often apparent, through isotopic discordance
and techniques such as scanning ion imaging, that the
isotopic parent and/or daughter have been disturbed (e.g.,
Mezger and Krogstad 1997, Bellucci et al. 2016). Under-
standing this disturbance and the mechanisms by which
different elements may migrate in different minerals is critical
to correctly interpreting the ages that are extracted from
minerals.

The atom probe provides a unique tool for investigating
the nanoscale isotopic composition of minerals.

Benchmarking of atom probe analysis of U isotopes in
certified U3O8 reference materials has shown that major
isotopic ratios agree with known compositional values
(Fahey et al. 2016) and there are comparative thermal ion
mass spectrometry (TIMS) and atom probe studies that show
that Re-Os analysis by atom probe may yield similar, though
less precise, ages to more traditional TIMS analyses (Daly
et al. 2018). A number of studies have also investigated the
mechanisms that can affect the distribution of radiogenic
207Pb/206Pb ratios in zircon (Figure 18; Valley et al. 2014,
2015, Peterman et al. 2016, Blum et al. 2018), baddeleyite
(White et al. 2017, Moser et al. 2019) and monazite
(Fougerouse et al. 2018, Seydoux-Guillaume et al. 2019).
The nanoscale distribution of common Pb associated with
deformation-related defects has also been studied in titanite
(Kirkland et al. 2018) and pyrite (Fougerouse et al. 2019).
Such data provide a means of placing temporal constraints
on enigmatic thermal and fluid-flow events. Increased
sensitivity and better isotope analysis protocols will increase
the opportunity for robust nanogeochronology studies in the
future.

Technique limitations, analysis artefacts
and potential solutions

The recent application of APT to a broad range of
geological materials (Appendix S1) clearly shows the
immense potential of the technique to provide nanoscale
elemental and isotopic information and yield constraints on a
range of geochemical processes. However, the technique
has some limitations that users should be aware of. From a
practical point of view, site-specific targeting of atom probe
specimens requires a comprehensive workflow of correlative
analytical techniques that is both time-consuming and
analytically expensive. The preparation of needle-shaped
specimens with a FIB-SEM is also time-consuming. These
workflow and specimen preparation requirements mean that
access to a broad range of analytical techniques is a
prerequisite for APT. Much of the characterisation workflow
can be undertaken at remote sites and there is no need for
co-location of the required characterisation equipment with
the atom probe facility. However, once atom probe spec-
imens have been manufactured, the transportation of
delicate specimens should be minimised. It is therefore
beneficial to have on-site FIB facilities, as well as in-house
TEM and/or TKD capabilities for atom probe specimen
characterisation.

Arguably the most significant limitation of APT is related
to the low number of atoms that are analysed in APT relative
to other analytical techniques, and the associated issues with
precision related to counting statistics. Higher precision
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necessitates the collection of large data sets, yet this is
sometimes difficult due to specimen stability and/or laser
interactions during evaporation. Detection limits are typically
specimen and element specific because of the way in which
different elements are distributed in the specimen. For
example, trace element abundances of 10 µmol mol-1

may be undetectable if homogenously distributed through
the specimen, but could be readily analysed if the trace
element was segregated into clusters or interfaces. There is
usually no way of knowing this a priori.

Molecular species in atom probe analyses are commonly
observed in a range of covalently or ionically bonded
materials, including minerals (Tsong 1984, Liddle et al. 1988,
Saxey 2011, Schreiber et al. 2014, Gault et al. 2016). These
molecular species can form by the bonding of adsorbed,
mobile atoms and a surface atom, or by atoms collocated in
the specimen (Gault et al. 2012a), and have been
suggested to be related to a lower critical electric field at
the specimen surface (M€uller et al. 1965). Hence, the
propensity for field evaporation of molecular species is
influenced by the specimen base temperature, laser power
energy and potential (voltage) applied to the specimen. In
laser-pulsed systems, the laser pulse energy is the parameter
which is thought to be the most important to reduce the
formation of molecular species. However, a recent study on
zircon has shown that other parameters can have an effect
on molecule formation. For example, a detrimental peak
overlap between Si2O3

2+ and 208Pb2+ in zircon, is minimised
at high voltages independently of the laser energy, indicating
the importance of the electric field in controlling the formation
of molecular species (Saxey et al. 2018b).

The field evaporation of molecular species can have a
detrimental impact on the quality of the analysis, in particular
when two, or more, species have the same mass, isobaric
interferences may preclude the precise quantification of both
compositions. When an isobaric interference occurs between
two species, the mean terrestrial isotopic ratio is commonly
used to calculate the proportion of each overlapping
species to the total peak counts. Such an approach has
been successfully applied to simple isobaric interferences to
improve the compositional data of their analyses, for
example, 27Al+ and 54Fe2+, and 56Fe2+ and 14N2

+ (Miller
2000, Dmitrieva et al. 2011, Takahashi et al. 2011, Gault
et al. 2012b). With more complex data sets involving
multiple peak interferences, peak deconvolution is more
difficult, but commercial processing software does include
algorithms that attempt to quantify peak counts. However,
these do not generally work well with complex spectra
acquired from natural geological materials.

Isobaric interferences of molecular species can have an
influence on the major and trace element composition of the
material analysed, however other artefacts have been
suggested to cause stoichiometry issues. Molecular dissoci-
ation has been observed in atom probe data using
correlation histograms when two species are detected near
simultaneously (Saxey 2011). The dissociation of a
molecule can create two charged species in the case when
the original species is doubly charged, or one charged and
one neutral species if the dissociating molecule was singly
charged (Karahka and Kreuzer 2015, Gault et al. 2016). In
the latter case, the neutral element cannot be accelerated by
the potential difference and may not be detected. The
phenomenon has been suggested to lead to underestima-
tion of some element concentrations. For example, at high
laser energy, N composition in GaN may be underesti-
mated due to the formation of neutral N2 (Saxey 2011). In
geological materials, there is typically a lower O composition
than would be predicted from mineral stoichiometry and it is
notable that molecular dissociation in O-rich phases has
been suggested to be related to the possible formation of
neutral O2 during dissociation (Karahka and Kreuzer 2013;
2015; Silaeva et al. 2013). It has also been suggested that
the temperature increase associated with the interaction
between the laser and the atom probe specimen can favour
the thermal desorption of neutral gaseous molecules, such
as N2 and O2, from the specimen (Riley et al. 2012, Devaraj
et al. 2013, Kirchhofer et al. 2014) and this will also
potentially affect mineral stoichiometry.

A recurrent isobaric interference, often observed in atom
probe data, is the formation of hydride species. Hydrogen can
be an inherent component of the analysed specimens, but is
also a residual component in the ultra-high vacuum analysis
chamber. The gaseousH from the chamber can adsorb on the
specimen surface due to the cryogenic temperature at which
the specimens are kept during analysis (typically 30 to 70 K).
As a result, most analyses have H species peaks in the mass
spectra at 1 Dalton (H+), 2 Daltons (H2

+ and D+), and 3
Daltons (H3

+ and DH+). One aspect of hydride formation that
is important for geoscience applications are hydrides that
cause mass interferences that hinder the measurement of
isotopic ratios. For example, the measurement of the 12C/13C
ratio in pre-solar diamond is made difficult by the potential
overlap between 12CH+ and 13C+ (Heck et al. 2014, Lewis
et al. 2015), while potential formation of 16OH+ and 16OH2

+

can be detrimental to the measurement of the d18O in zircon
(Valley et al. 2015). Despite these limitations, some studies
have successfully analysed the 3D distribution of hydrogen in
steels to investigate its role in embrittlement (Takahashi et al.
2010, Chen et al.2017). Further development in the reduction
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of hydrogenwithin the analysis chamber, linkedwith cryogenic
atom probe systems and/or barrier coatings on the instrument
walls, will potentially allow hydrogen embrittlement to be
studied in geological materials.

As already mentioned, another well documented
analysis artefact observed in heterogeneous materials is
the local magnification effect (Miller and Hetherington
1991, Vurpillot et al. 2000a). In a heterogeneous material,
the different constituents of the material rarely have the
same field evaporation properties. Differences in these
properties will induce the preferential evaporation of the
low-field constituent relative to the high-field component
and create asperities (or topography) at the surface of the
specimen (Figure 11). This nanoscale topography will
create ion trajectory aberrations in comparison with a
smooth surface. Such ion trajectory aberrations are difficult
to correct for at the reconstruction stage (e.g., Devaraj et al.
2014, Fougerouse et al. 2016, Peterman et al. 2016) and
the shape and chemistry of the feature can be affected by
this artefact.

Conclusions and outlook

We have attempted to provide an overview of the APT
technique and give the reader an idea of the ways in which
it has been employed in the geoscience field. The applica-
tions to date have largely focussed on the nanoscale
analysis of accessory minerals and these studies have
provided a hitherto unimaginable nanoscale visualisation of
heterogeneous elemental and isotopic distributions that
reflect an aspect of the geological history of the analysed
material. Almost every atom probe paper published to date
in the geoscience field has provided a new and funda-
mental insight into the processes by which trace elements
may become mobile in geological systems. Such studies
underpin our understanding and interpretation of geochem-
ical and geochronological data collected by larger analyt-
ical volume techniques. As such, the future development of
APT and its application to an increasing number of minerals,
from a range of different geological environments, will yield
significant advances to major scientific questions.

There is no other technique that allows such high sensitivity
at sub-nanometre resolutions and the atom probe is therefore
unique in its ability to provide constraints on atomic-scale
processes. However, the small analytical volume of the atom
probemeans that specimens are not representative of the bulk
and a critical aspect of atom probe analysis is therefore a
comprehensive, analytical workflow that enables site-specific
targeting to address specific scientific questions. As such, APT

complements, rather than replaces, existing analytical
approaches and it is clear that APT cannot be used in
isolation. With this in mind, APT represents a powerful and
unique analytical technique that will only develop further by
collaboration with existing analytical facilities. We hope that
this paper will inspire researchers without atom probe
experience to develop these collaborations with the increas-
ing number of atom probe facilities around the world.
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