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Figure 1 TEM images of typical pyrite nanoparticles in seafloor hydrothermal systems, exhibiting complex microstructural and morphological
features. (a, b) Pyrite nanoparticles observed in hydrothermal fluids from a black smoker chimney at the East Pacific Rise!'.. (c) Pyrite nanocrystals

identified in hydrothermal fluid samples collected from the Lau Basin vent sites

[19]
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Figure 2 Nanoscale native gold particles, probably transported in the form of colloidal particles, observed in low-temperature diffuse flow samples
collected from the Niua South hydrothermal vent field, southwestern Pacific Ocean. (a, b) TEM images of gold nanoparticles coprecipitated with

common sulfides, and (c) their selected-area electron diffraction pattern
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Figure 3 (Color online) TEM bright-field images and corresponding EDS elemental maps of Ag, As, Cu, and Pb showing abundant Ag-Cu-rich fine-
grained mineral particles within sphalerite (Sp)-chalcopyrite (Ccp)-sulfosalt assemblages from the Edmond hydrothermal field. (a, b) Submicroscopic
native silver (Ag) occurring as veinlet-like or lamellar forms. (c, d) Irregularly shaped nanoscale native copper (Cu) inclusions
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Figure 4 (Color online) Microscopic morphological evidence for nanoparticle-mediated growth of native gold in seafloor hydrothermal sulfide
deposits. (a) Representative TEM image of a cross-section of native gold (Au) grain prepared by FIB. (b) A cluster of electrum (Ele) nanocrystals
attached to the grain boundaries of native gold and adjacent opal (Opl) nanopores. (c) High-resolution lattice fringe image of electrum nanoparticles

showing polycrystalline structural characteristics’®®!
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Figure 5 Ultrastructural features of biogenic mineralized sclerites on a
scaly-foot gastropod from the Indian Ocean hydrothermal vent fields. (a)
TEM micrographs showing subparallel rod-shaped nanoparticles formed
in the iron sulfide layer. (b) Single-crystal SAED pattern and (c) high-
resolution lattice fringe image of the interstitial iron sulfides, identifying
the rod-shaped particles as greigite nanocrystals!®!!
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Figure 6 TEM images displaying different types of biogenic mineralized structures in hydrothermal nontronite deposits from the low-temperature
diffuse flow at the South Mid-Atlantic Ridge. (a) The rod-shaped microbe coated by lamellar materials. (b) The bacillus-type cell wall sparsely
mineralized. (¢) The coccus-type bacterial cell wall partly mineralized. (d) The spore-like cell encrusted by matrix of nontronite. (¢) TEM ultrathin
section showing an oval void probably caused by degradation of intracellular components. (f) Selective enlargement showing detailed microstructural

features of microbial surfaces encrusted by lamellar nontronite!**!
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Modern submarine hydrothermal mineralization represents one of the most dynamic frontiers in contemporary geoscience
research. Over the past few decades, seafloor massive sulfide (SMS) deposits discovered along mid-ocean ridges, back-arc
basins, and arc volcanoes have attracted increasing attention due to their enrichment in a variety of ore-forming elements,
particularly precious and critical metals such as gold and silver. However, the occurrences of these metals are often highly
complex, with uneven spatial distributions and ultrafine grain sizes. They typically exist in “invisible” forms—such as
nanoscale inclusions, lattice-bound states, and metastable submicroscopic particles—rather than as discrete mineral grains.
These features make it difficult to constrain their geochemical behavior and enrichment mechanisms using conventional
petrographic and bulk geochemical analyses. In this context, nanogeology and advanced in-situ microanalytical techniques
have emerged as essential tools to decipher ore-forming processes at the nanoscale. Recent studies employing high-
resolution methods such as transmission electron microscopy (TEM), focused ion beam-scanning electron microscopy
(FIB-SEM), and nanoscale secondary ion mass spectrometry (NanoSIMS) have provided novel insights into the
mineralization characteristics of these metals in submarine hydrothermal systems. For instance, gold has been shown to
occur in colloidal or nanoparticulate phases within hydrothermal fluids, where physicochemical processes such as vent
fluid-seawater mixing, cooling, and boiling promote colloid flocculation and coprecipitation with sulfide minerals.
Subsequent recrystallization, secondary enrichment, or even remobilization may further modify their distribution patterns,
which are strongly influenced by the crystallographic structures and microtextures of host minerals such as sphalerite and
sulfosalts, as well as by the multistage evolution of hydrothermal fluids. Moreover, microorganisms also play indispensable
roles in the alteration and transformation of hydrothermal precipitates through nanoscale biomineralization pathways.
These include redox cycling, extracellular mineral precipitation, and dissolution-reprecipitation reactions, which
collectively promote the formation of Fe-Mn oxyhydroxides, biogenic clay minerals (e.g., nontronite), and other authigenic
phases during supergene weathering of massive sulfide deposits. Ultrastructural evidence from vent fauna (e.g., scaly-foot
gastropods) further demonstrates that biological mediation can facilitate the nucleation and growth of iron sulfide
nanoparticles at low temperatures, providing a unique perspective on the biogeochemical coupling of life and
mineralization in extreme environments. In summary, this review synthesizes recent progress in the application of
nanogeology to submarine hydrothermal mineralization from four major perspectives: (1) evidence that gold, pyrite, and
other sulfides can migrate and participate in nanoparticulate form within SMS deposits; (2) constraints on the nanoscale
occurrence modes of trace elements (such as precious and critical metals) in ore minerals; (3) identification of
ultrastructural features of polymetallic sulfides and their metallogenic implications; and (4) elucidation of microbial
mediation in hydrothermal mineralization processes at the nanoscale. By systematically integrating mineralogical,
geochemical, and microbiological evidence, this review emphasizes the pivotal role of nanogeological tools in advancing
our mechanistic understanding of seafloor hydrothermal metallogenesis. Looking ahead, future research should focus on
developing quantitative nanoscale analytical protocols, integrating multiscale datasets from field, experimental, and
modeling studies, and clarifying the multistage evolution of ore-forming fluids. Particular attention should also be given to
the nanoscale coupling between microbial activity, mineral surfaces, and hydrothermal fluid chemistry. Such efforts will
not only deepen our knowledge of ore-forming processes in modern seafloor hydrothermal systems but also provide a
robust framework for reconstructing the genesis of ancient land-based volcanogenic massive sulfide (VMS) deposits.
Ultimately, these advances will contribute to refined metallogenic models and offer a micro-to-nanoscale foundation for the
sustainable exploration and assessment of deep-sea mineral resources.

nanogeology, submarine hydrothermal mineralization, nanoparticles, precious-metal mineralization, microbial
mineralization
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