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Fig. 1 Comparison of analysis volumes for common microanalysis techniques. Left side panel: each volume is represented on a

schematic monazite grain (diagram to scale). APT is capable of measuring the isotopic compositions of minerals at the

nanoscale for volumes <0.0007um’ (Modified from Fougerouse, et al sy,
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a—Working principle of APT (Modified from Gault, et al [33]); b—Mass spectrum by APT (Modified from Wu, et al [35]); ¢ Distribution of

elements by APT (Modified from Wu, et al 1*1 ).
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Fig. 2 Schematic diagram of working principle and analysis results of APT.
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Fig. 3 Characterization workflow of geological samples before APT analysis. Illustrated workflow starts with geological mapping and

progresses through high spatial resolution techniques (Modified from Reddy, et al sl
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a—Pt deposition of target microzone on the sample surface; b—Cut the target microzone; c—Target sample is extracted by micromanipulator;

d—Immobilize target sample on APT-specific silicon array tips; e—Circular cutting and fine polishing of target sample.
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Fig. 4 Processes for the preparation of APT tip sample (Modified from Gault, et al B,
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Fig. 5 Structurally bound Au and discrete nanoparticles of Au.
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a, b—Each sphere represents an atom. Low-angle boundary plane is composed of sub-horizontal Au-, Ni-, Cu-, and Bi-enriched dislocations;

¢, d—One-dimensional (1-D) concentration profiles for As showing depletion on one side of dislocation or the other, exclusively. “at%” represents the

atomic percent.
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a—Reconstruction of APT specimen displays the distribution of Fe (pink dots), As (turquoise isosurfaces) and O (red isosurfaces) compositions,
revealing globular high-density features (fluid inclusions) and one linear feature linking two larger high-density features. b—Clipping of region of interest
surrounding linear feature with 2D contour plots of As along x-, y-, and z-axes revealing elevated As concentration along the linear feature and linked high-

density features. c—Composition profiles across a high-density feature (X-X') confirming the elevated As- and O-rich compositions and revealing Na and

K within the feature. “at%” represents the atomic percent.
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Fig. 8 Nanoscale imaging of fluid inclusions (Modified from Dubosg, et a
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Atom Probe Tomography (APT) and Its Application in Ore Deposits

TAO Pengl’z, XIE Shiwen®", LONG Tao*, MA Mingzhuz, CHE Xiaochao®
(1. China University of Geosciences (Beijing), Beijing 100083, China;

2. Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China)

HIGHLIGHTS

(1) The development history, working principle, selection method of region of interest, and needle tip sample

preparation of APT are described briefly.

(2) The applications of APT in occurrence state of ore-forming elements, nano inclusion and stable isotope

composition are summarized.

(3) APT needs further development and improvement in data interpretation and 3D reconstruction.

ABSTRACT

Atom Probe Tomography (APT) is a test analysis technique that provides quantitative three-dimensional element
and isotope analysis at subnanometer resolution, with extremely high spatial resolution and low detection limits'".
Compared with traditional geological analysis techniques, APT has unique technical advantages, which can be used

to analyze the elemental composition of minerals <0.0007um’ in volume!""

, reveal the complexity of mineral
composition at the nanoscale, and provide a new understanding of the geological evolution process.

APT has been in development for over 50 years, and continuous technological advancements have led to its
wider application range. At the beginning of APT design, it was only used for conductive materials. From the end of
the 20th century to the beginning of the 21st century, the application of laser pulse mode enabled APT to be applied
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to semiconductors and insulating materials'>"*), and the application of Local Electrode TM Atom Probe (LEAP)
improved several key parameters such as the data acquisition rate and mass resolution of APT by several orders of
magnitude®”. At present, most of the geological application work of APT is carried out by LEAP in laser-assisted
mode!"). In recent years, the unique technical advantages of APT have attracted increasing attention in geological
research, and their advantages in ore deposit research have become more prominent. Some important research
results have been published”' . However, on the whole, its application in ore deposits and even geology is still in
its infancy.

The development history, basic principle, selection method of area of interest and needle tip sample preparation
of APT are briefly introduced in this paper. Based on this, representative application achievements of APT in ore
deposit research by domestic and foreign scholars in recent years are collected and summarized. In ore deposit
research, APT is mainly applied in three aspects: the occurrence states of ore-forming elements, nanoscale
inclusions, and stable isotope composition'*''. At present, most research results focus on the analysis of the
occurrence status of ore-forming elements, especially pyrite or other minerals with simple chemical composition
related to gold deposits. APT has successfully revealed three main occurrence states of ore-forming elements on the
atomic scale: uniform distribution, nanoparticle and enrichment at low angle grain boundaries and dislocations*' .
For example, gold can be uniformly distributed in the form of dispersed lattice bound gold in the arsenic-rich
overgrowth rim of pyrite!”!, and can form nanoclusters of different sizes in arsenopyrite!””). It can also host in the
low angle boundary of pyrite related to deformation"!. In terms of nano inclusions and stable isotope composition,

the research mainly focuses on pyrite nano fluid inclusions and S isotopes*®"

. For example, nano telluride
inclusions along pyrite fractures in low-sulfidation type epithermal Au-Ag-Te deposit™ and the method for
obtaining quantitative J°*S measurement value from APT datasets of pyrite™. The relevant results are shown in
Fig.E.1. So far, the applications of APT in ore deposits research have mainly focused on the occurrence state of ore-
forming elements, achieving three-dimensional visualization of atomic scale element distribution that was
previously unimaginable, providing a new perspective for people to understand and explain the ore-forming process.
In terms of nano inclusions and stable isotope composition, although the applications of APT are not as rich as the
former, some important new understandings have been obtained, showing a good application prospect.

While APT is rapidly developing in the field of ore deposits, there are still many problems to be solved in its
practical application. For example, the extremely small sample volume, time-consuming selection of specific areas,
the background noise carried by the mass spectrometry itself, the correct interpretation of complex spectral peaks,
and the accuracy of data three-dimensional reconstruction. However, it is foreseeable that with the continuous
progress of technology, APT will become more popular and easier to use, increasing numbers of deposit researchers
will pay attention to APT, and more ore deposit samples with complex types, structures and chemical compositions
will apply this technology for in-depth research, which may change or even completely subvert our understanding of

some basic scientific problems in ore deposits.

KEY WORDS: atom probe tomography; ore deposit research; atomic scale; three-dimensional reconstruction; ore-

forming elements
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Fig. E.1 The working principle of APT and its representative applications in ore deposits research. a—Working principle of APT.

Modified from Gault, et al**); b—APT 3D atom map of the Au in arsenopyrite. Each sphere represents an Au atom. Au

atoms are segregated in clusters. The top left illustration is Snm slice through the largest Au cluster. Modified from

Fougerouse, et al®?); c—Nanoscale imaging of fluid inclusions. Reconstruction of APT specimen displays the distribution of

Fe (pink dots), As (turquoise isosurfaces) and O (red isosurfaces) compositions, revealing globular high-density features (fuid

inclusions) and one linear feature linking two larger high-density features. Modified from Dubosq, et al®”; d—APT datasets

from R47 01719 chlorapatite. Selected isoconcentration surfaces (ICS) are shown for each whole dataset (Fe=blue,

Cl=green, Mn=red). Modified from Darling, et al®*'.
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