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AJTEGK R B RS ALBRIE S 55 i 7120 R
J1 B A% (atomic force microscope, AFM)A]ZENE44K
R BE R 3RBUCFLBR 0 T2 S S5 AR B A 8 T, TR
TR AL TR ISR L, T E B R AR G-
FLYE P B oA 5 He AR, R (nuclear
magnetic resonance, NMR)HZ A i 5l 7 i 1) 135 Sz £ L
B RCH oA S v, 38T ARG 2 0 R A R
i), LIFIB-SEM A4 K38 B X 4R 1 74 5% (nano-
TXM) RO =B A 0O, ATE 0K Bk
RBER = 4EfLBR M 2%, mRICILBEE . &R 51T
IR G



ISk

1.4 S Fal)rddl S e sk

O33N 12 A T R A S L)
DL EERBUR /57 R S5 BT, MHENS A
TR A AR IE 5 MR A2 o BEATL ] A B2 R
FBt. o0 7 2# i i 1 S Al A A 35 eR
BOFB R ILE Zh 8k, nTARHCAN K 32 B2 (8] N iy
BRI G M EA RSN %2580 SR RP Tk,
A FE N 245K % (grand  canonical Monte Carlo,
GCMOQ), H:THERGH S XKL N SR F 1)
W2 RS/ B PR S A T B AL R AR, J2 TN CH, . CO,
FEMAE TUA GURAL A IRAIR S SR N 7 5 ) =25
PO A U B BEE (density functional
theory, DFT) 4% 0, VAt ) 5 S 3 Ry S, i ik
KK ohn-Sham 77 B2 SR EUAR 5 HLF- 2548, REASAE )R R
FEXGTRART YRR S L AR 5 W
SN REZR, MRS AR ) AH 2B A AT 2R 1 B
W ICE AR W) FR1H A & SR P HESE — e 2 1 Y
PSR,

L5 GORHERRAP LA A ) 9N TRRENF L )il

ML= 2 IETE U AR BBk BB 5 iR A &R
R TR HAEHIFEE U3l i2e . B
PRENGSFE AR, MURE X mdE . 206 s
SERURFIESR IR, AU S e i ildn, Plgss:>]
AT AR A shor ) . BBRE R S35 . FLERIN
LRSI . BT ARR S RO ER AR, LA ST
Bl 72 RN B RS T S AR . HL
52 ) AT AE [ AR R B2 rh R T R 2 0 i RRE £
B, ROEATNGY, MLgseE I e S5FRBLE s
2R I 5 2R RTTI B R RE D T LV Y. Bt
2R e kG, REdET & 5 AN T8 et
AR BTRBE A IE 4 sh 4 K BBk BL 1 A B8 3K 311 1
BBt BRI 2% (convolutional neural network,
CNN) A 52 9 12t L il S R b R K ) 1) ) BT
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Figure 1 (Color online) Classification and representative images of major nanomaterials and nanostructures in Earth’s spheres. (a) SEM image of
diatomaceous opal[37]; (b) SEM image of ordered macropores in porous carbon®”; (¢) TEM image of nanoscale copper crystals in ores from the
Zhou’an Cu—Ni deposit, Nanyang, Henan Province!'®’; (d) native metallic nanomaterials in animal tissues from a mining area®®); (¢) HRTEM image
showing dispersed, isolated and poorly oriented basic structural units (BSUs) in low-rank tectonically deformed coal™’; (f) HRTEM image showing
worm-like and stripe-like, strongly oriented BSUs in high-rank tectonically deformed coalt®”; (g) HAADF-STEM image of the finest inclusions
arranged as continuous arrays (<20 nm)™’; (h) HAADF-STEM image showing a mixture of nanoscale inclusions and voids®”; (i) TEM image of bullet-
shape[ﬂ)]magnetite crystals in magnetotactic bacterium WYHR-1%); (j) TEM image of magnetite-type magnetofossils from sediment core MD11—
3353
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WK SRR fEERAIURTUS SR MZE T, &
FE PR T FE WA - P b AR gl A 3R T 4 ks i
Be . RLIE]FLIR S A ML S B R FLIE N, B LA
A, ARSI AN EWA IR KR E
PARIOL JH AR, IRAR A0 R 45 Hh A 9 R AL B R A
B FIC BRI E A7, BDAOKBR IRk Y 2 i 2E T fL
WIRIR AT I ST 2, ZfLEE e

W2, GORFLIEWNIEIEINIE AT . BT BUR R
H 5 RN R 3 i 25,
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2. LAV )T it e ShE A U R 5], R LB A £
ZIRURFNRG 3 AR 45 0 S s i, F gl ok ROSF 52 00
B HALR SHR S L. #53k TUA i fLAR g H 24
H2.46~7.84F130 nm, Tk TUA LR IEMEL K
2.46~7.84F130 nm([%12(a, b)), MiFEEHER N, . %
JZ DU I FLAR WA 20 7 1) S /N RO (B 2(e, D). 7
XA EAVLTHZ S, LA T0.1~100 nm A HLETZH
KALBR G A ZI80% %%, AHELZ T, KT 100 nmft ik
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Figure 2 (Color online) Nanopore-size distribution of the Longmaxi Formation shale in and around the Sichuan Basin. (a, b) Outcrop samples O1 and
02; (¢, d) middle-depth samples M1 and M5; (e, f) deep-buried samples D1 and D115
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Figure 3 (Color online) Representative nanomaterials and nanostructures in different Earth-system. (a) Nanominerals and fluid inclusions in diamond
from ophiolites®'’; (b) SEM morphology of nanomaterials in the Red River fault zone®®"; (c) SEM image of organic-matter pores in shale®”; (d) TEM
image of nanoparticles in geogas, soil and ore from the Zhou’an Cu-Ni deposit, Nanyang, Henan Province!’”); (e) TEM image of Ti-bearing
nanomaterials in ascending geogas from a fault zone in a gold deposit, Henan Province!®”); (f) TEM and HRTEM images of Pb-O-bearing nanomaterials

in spider tissues from the Fankou mining area®!
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Figure 4 (Color online) TEM images of atmospheric nanoparticles. (a) Organic particles in PM, 5 collected in Shenzhen®; (b) irregularly shaped
organic particles in PM, 5 collected in Beijing during winter™; (c) typical atmospheric carbonaceous nanomaterials!'”; (d—f) soot particles with

different morphologies and aging states!®”
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Figure 5 (Color online) Common nanoscale clay minerals and metallic nanomaterials in soils. (a) Nanoscale kaolinite (long arrow) and nanoscale iron

oxide particles (short arrow) in clay; (b) nanoscale copper particles enclosed in natural illite
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Figure 6 (Color online) Olivine in lithospheric peridotite. (a) Nanoscale granular chromian spinel (magnetite); (b—d) nanoscale metallic inclusion
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Figure 7 (Color online) Schematic diagram showing the cycling of nanomaterials among different Earth spheres
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Figure 8 (Color online) Nanomaterials and nanostructures related to nano-resources. (a) Gold nanoparticles from the Betze—Post—Screamer Carlin-
type gold deposit, Nevada, USA; (b) nanoscale structures and compositional zoning in plagioclase phenocrysts from mineralized diorite porphyry in the

102].

Baguio porphyry Cu—Au deposit, Philippines!'®?; (c, d) exsolution relationships of iron oxides in clinopyroxene from the Panzhihua V-Ti magnetite

deposit, Sichuan Province!'*!
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Figure 9 (Color online) Nitrogen adsorption—desorption isotherm (a) and pore-size distribution curve (b) of microcrystalline graphite
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Figure 10 (Color online) Common atmospheric nanomaterials and nanostructures. (a) Nanoscale gypsum—calcite intergrowths or composite particles;

(b, ¢) sulfate-bearing atmospheric nanoparticles and their internally mixed states
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Nanogeoscience is an emerging interdisciplinary field that examines how nanoscale materials, structures, pores and interfaces participate in the
formation and evolution of Earth and planetary systems. Advances in high-resolution microscopy, spectroscopy, pore characterization, molecular
simulation and data-driven methods now allow geological processes previously described mainly at macroscopic or microscopic scales to be
reinterpreted through nanoparticles, nanopores and interfacial reactions. This review presents nanogeoscience as a framework linking atomic-
scale properties and nanoscale transport with Earth-sphere material cycling, resource formation, environmental change and human health. We
first summarize its methodological foundations. Electron and scanning-probe microscopy, synchrotron imaging, spectroscopy, diffraction, NMR,
nano-CT and digital-rock approaches constrain the morphology, composition, structure and distribution of natural nanomaterials and nanopores.
Molecular dynamics, density functional theory and machine learning further resolve interfacial reactions, confined-fluid behavior and structure—
property relationships that cannot be directly observed. We then synthesize the major nanoscale geological entities, including nanominerals,
mineral and elemental nanoparticles, mineral-organic nanocomposites, organic macromolecular structures, biogenic nanominerals,
nanoinclusions and nanopores. These entities occur widely in the atmosphere, hydrosphere, pedosphere, lithosphere and biosphere, but their
occurrence and stability depend on temperature, pressure, fluid chemistry, redox conditions, biological activity and tectonic evolution. Their high
specific surface area, lattice defects, surface charge, confinement effects and size-dependent behavior modify solubility, adsorption, redox
reactivity, diffusion, mechanical response and catalytic activity, thereby influencing mineral weathering, element migration, organic-matter
evolution, rock deformation, pore-network development and fluid transport. A central theme is the coupling of nanoscale processes across Earth’s
spheres. Atmospheric nanoparticles form through nucleation, gas-to-particle conversion, combustion, weathering, sea spray and biological
emissions. In water and soil systems, nanoclays, metal oxides, organic colloids and engineered nanoparticles regulate the mobility, transformation
and bioavailability of nutrients, metals and organic pollutants. In the lithosphere, nanominerals, nanoinclusions and deformation-induced
nanostructures record deep recycling, hydrothermal activity, faulting, metamorphism and unconventional reservoir evolution. These processes
are linked by atmospheric deposition, water—rock interaction, biological uptake, sedimentation, subduction and mantle recycling. The resource
and environmental implications are substantial. Organic and inorganic nanopores govern gas adsorption, diffusion and storage in unconventional
energy systems, whereas gold nanoparticles, mineral zoning and surface-reactive minerals help explain invisible metal enrichment and may
provide exploration indicators. Natural nanoclays, iron oxides and graphite have applications in adsorption, catalysis, remediation and functional
composites. Conversely, nanoscale pollutants may co-transport toxic metals and organic contaminants, penetrate biological barriers and increase
exposure risks through air, water, soil and food chains. Future research should move from phenomenological description to mechanistic
quantification through unified identification standards, in situ characterization, quantitative constraints on cross-sphere nanomaterial fluxes, open
databases and interpretable machine-learning models constrained by geochemical principles.
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