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Nanogeosciences are the international frontier field for the recent cross-development of geosciences
and nanotechnology, also are the combination of nanometer and earth. It is possible to research
the morphology, structures, and components of the earth on a nanoscale and further reveal the
nanoscale information recorded by the substances on the earth, relying on research means, expe-
rience, and achievements of fast-developing nanotechnology and in combination with geoscience.
Based on the summarization of the existing academic achievements in ultra-microscopic reasearch
on geosciences, the concept of nanogeosciences is put forward. Nanogeosciences are a series of
geosciences, taking the matters on different layers of the earth as a research target, to reveal the
information of nanoparticles and nanopores and their relationship with geoscientific phenomena and
especially genetic types during the geoscientific processes on the basis of nanoscience and geo-
science, as well as nanotechnology and geoscientific tools. Nanotechnology has been introduced
in various branches of geosciences, at first nanogeology since the 1980s. From the nanogeology to
nanogeosciences, nanogeosciences have witnessed three major developmental stages: exploratory
research, development of several research directions, and the preliminary formation of the sub-
ject based on comprehensive research. Among them, relevant nanophenomena found in the field
of geoscience have been observed and relevant geoscientific issues have been explored. In the
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nanogeosciences, the various branches formed by the combination of nanotechnology and
geosciences has analyzed systematically, including: nano-mineralogy, nano-petrology, nano-
geochemistry, nano-structural geology, nano-energy geology, nano-ore deposit geology, nano-
earthquake geology, nano-environmental geology, nano-atmospheric science, and nano-marine
science. The significant and groundbreaking scientific issues, along with the developing trend of
nanogeosciences also has discussed, mainly include basic geological study, nano-ore deposit and
unconventional energy, nano-mineralogy and coal-based materials, nanoparticles and environmen-
tal pollution, and nanostructure and geological disaster. Nanogeosciences are still in its initial stages
but with a revolutionary challenge and huge prospects for development in geosciences.

Keywords: Nanogeosciences, Nanoparticles, Nanopores, Nanotechnology, Science
Cutting-Edge, Development Trend.
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engineer in Huaibei Mining (Group) Co. Ltd., China. He received his M.S. and Ph.D.
degrees at China University of Mining and Technology in 1994 and 2003, respectively; he
became a postdoctoral researcher in 2003 and a full professor in 2010 at the University of
Chinese Academy of Sciences, including a Senior Visitor scientist at Virginia Tech, USA
in 2010–2011. His main interests focus on structural geology and energy basin geology,
unconventional energy geology, coal and gas geology, and nanogeology. Currently, he also
serves as the vice chairman of the China Energy Society, the Director of the Nanogeology

Specialized Committee of Geological Society of China, the Vice President of the Chinese Sub-Society for Soft Rock
Engineering and Deep Disaster Control, and member of the American Chemical Society (ACS), American Nano Soci-
ety, and American Association of Petroleum Geologists (AAPG). He serves as chief guest editor for the special issue
of the Journal of Nanoscience and Nanotechnology and Bulletin of Mineralogy, Petrology and Geochemistry, guest
editor for the special issue of the Journal of Geological Research, an editorial board member of the Journal of Mining
and Journal of China Coal Society, etc. He has played principle leader of more than 20 national scientific research
projects in China, namely National Natural Science Key Foundation of China, National Major Science and Technology
Projects of China, National Basic Research Program of China (973 Program), and Strategic Priority Research Program
of the Chinese Academy of Sciences. He has authored more than 170 journal publications, including more than 60
SCI-indexed scientific papers, and three books.

1. INTRODUCTION
A nanometer, or nano, is a unit of length (1 nm= 10−3 �m).
Nanoparticles have many physiochemical properties dif-
ferent from those of macroscopic objects: surface and
interfacial effect, small size effect, macroscopic quantum
tunneling effect, quantum size effect, and more.1�2 For
materials with the same chemical composition and struc-
ture, size is the dominant factor affecting their properties.3

The research ideas of nanomaterials were first pro-
posed by the physics community. American physicist
R. P. Feynman, who won the Nobel Prize in Physics
in 1965, proposed the idea of arranging atoms accord-
ing to people’s will to produce the desired products.4

In the 1970s, the Massachusetts Institute of Technology
began molecular device research, naming it nanotechnol-
ogy, and then set up a nanotechnology research group in
Stanford University. In July 1990, the first International
Nanoscience and Technology (Nano-ST) meeting was held
in Baltimore, where nanotechnology was divided into six
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Researcher (the National Natural Science Foundation of China, NSFC) in 2007. His research fields include mineral
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is the authors of 18 patents and has published more than 180 SCI-indexed scientific papers. His H-index is 41. Now,
he serves as an associate editor for Clays and Clay Minerals and Solid Earth Science, and an editorial board member
for Applied Clay Science, Acta Mineralogica Sinica and Bulletin of Mineralogy, Petrology and Geochemistry.

Xueqiu Wang was born in Liaoning, China in 1963. He received his B.Sc., M.Sc. and Ph.D.
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works as a geochemist, senior geochemist, chief geochemist, research fellow at the Institute
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Exploration of the Ministry of Land and Resources in 2012 and Executive director for
UNESCO International Centre on Global-scale Geochemistry in 2014. He is an Emeritus
Professor at China University of Geosciences, Chang’an University, Jilin University, and
Chengdu University of Science and Technology. His research works focuses on exploration
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universities and academy, have mentored 3 Post-doc, 16 Ph.D. and 7 Master students. He

has publishedmore than 200 papers and 40 SCI-indexed papers. He was awarded for China State GovernmentOutstanding
Scientist Honor in 2008, China State Second-class Prize for Science and Technology Progress in 2012.

branches: nanophysics, nanochemistry, nanobiology, nano-
electronics, nanofabrication technique, and nanometrology,
marking the formal birth of nanotechnology. Meanwhile,
two professional international publications, “Nanotechnol-
ogy” and “Nanobiology” came into being. In March 1990,
China held a symposium, organized by the Technical Insti-
tute of Physics and Chemistry of the Chinese Academy
of Sciences, on nanosolids, demonstrating its foresight in
cutting-edge disciplines.5 The International Conference on

Micro and Nanoengineering in 1994 and the World Tech-
nology Evaluation Center (WTEC) organized authorita-
tive nano scientists to publish nano research works such
as “Nano Structural Science and Technology: A World-
wide Study,” which pushed nanotechnology research into
a new stage and extended it to various disciplines. Today’s
society is in a rapid development of the “nano-era,” in
which “nano” has evolved from a concept to technology
and products, and is gradually becoming familiar to and

J. Nanosci. Nanotechnol. 17, 5930–5965, 2017 5933



IP: 205.208.120.166 On: Sat, 31 Mar 2018 11:39:59
Copyright: American Scientific Publishers

 Delivered by Ingenta

Nanogeosciences: Research History, Current Status, and Development Trends Ju et al.

Caineng Zou was born in Chongqing, China in 1963. Currently, Professor Zou is the
Vice President of Research Institute of Petroleum Exploration and Development (RIPED),
Chair of Langfang Division. Moreover, he is the director of National R&D Center of
Shale Gas, chief scientist of National Basic Research Program of China (973 Program)
and vice president of Chinese Society for Mineralogy, Petrology and Geochemistry. He
received his B.S. in petroleum geology from Southwest Petroleum University in 1987
and his Ph.D. in petroleum geology from RIPED in 2004. He has been engaged more
than 20 years in unconventional oil and gas geology, lithologic stratigraphic oil and gas
reservoir, continuous oil and gas accumulation, fundamental geological theory, etc. He
promoted the strategic layout of China’s oil and gas exploration from structural reservoir
to lithologic and stratigraphic reservoir, and made an important contribution on leading

China’s oil and gas exploration from conventional to unconventional viewpoint. He has published more than 100
research papers in high-ranked journals such as “Earth science review” and “Scientific reports.” He also published a
monograph entitled “Unconventional Petroleum Geology” which further established his reputation worldwide.

Jianguang Wu, Professor of Engineering, Ph.D., Deputy General Manager of China
United Coalbed Methane Corporation Ltd., Deputy Chief Engineer of National Major Sci-
ence and Technology Projects of China “Large-scale Oil and Gas Field and CBM Devel-
opment,” A member of Coal geological Specialized Committee of China Coal Society,
A member of the Coalbed Methane Specialized Committee of China Petroleum Society,
Vice Chairman of the First CBM Technology Standardization Committee, The first group
of experts in Coal Mining Industry Standardization, Expert of 863 Project of Ministry of
Science and Technology and International Cooperation Projects. He has led more than 20
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Industry Science and Technology and a First Prize of the National Energy. In particular,
He started to participate in National Major Science and Technology Projects of China

(Large-scale Oil and Gas Field and CBM Development) from 2006, as the leader of the 39th Project and the 60th Pilot
Project. Mr. Wu published over 30 papers in academic journals.
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structural geology, and so on. He, as a Supervisor of Ph.D. at University of Chinese Academy of Sciences, have
mentored 1 Post-doc, 2 Ph.D. and 8 Master students. He has published more than 170 papers, 17 SCI-indexed papers,
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applied by the majority of scientific and technical workers.
The development of nanotechnology has provided fruitful
new ideas and insights for humans to tackle the critical
problems in the fields of environment, life, and energy.6–8

As early as the beginning of the 1980s, some geol-
ogists introduced nanotechnology into geology.9 And
Chinese geologists initially formed the combination of
nanotechnology and geology: they proposed the basic con-
cept of nanogeology10–13 and obtained preliminary under-
standing of several branches, such as nano-mineralogy,1

nano-ore deposit geology14 and nano-geochemistry.15 In
addition, a significant number of early studies have

confirmed that nano-materials are widely found in the
atmosphere, ocean, fresh water, rocks, soils, and even
organisms and celestial bodies in a variety of states
(aerosols, suspensions, solid deposition, etc.), forms (par-
ticles, coatings, pores, etc.), and with components (met-
als, oxides, sulfides, clay minerals).16–21 Geologists such
as Hochella22 and Lower et al.23 discussed the application
of nanotechnology in the sphere of geoscience, and looked
forward to the development of nanogeosciences.
In recent years, some geologists have conducted

a series of research studies on the related fields of
nanogeosciences. New research directions have been
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created, especially with regard to nano-petrology24–26

nano-structural geology,27–31 nano-energy geology,27�32–36

nano-earthquake geology,37–39 nano-environmental
geology20�40–44 and new progress has also been made
on the existing branches of nanogeosciences.18�45–50 Dur-
ing this period, summaries of the research on geologic
processing at the nanoscale51–53 made by European,
American, and Japanese geologists also provided some
theoretical basis for our further study of nanogeosciences
and accumulation and mineralization.

After several hundred years of development, great
progress has been made in geoscience in the macro and
micro fields. Along with the great progress of science and
technology, geoscience has developed toward two poles,
i.e., more macroscopic and microscopic: celestial plane-
tary science and nanogeosciences. As nanoparticles and
nanopores have significant specific properties, it is of great
scientific value to study the formation mechanism, evolu-
tion mechanism, and aggregation state of nanostructures
during geological processes. Nanotechnology will bring a
new leap to the development of geoscience in the 21st cen-
tury, thus helping geoscience obtain breakthroughs at the
mesoscopic scale. Nanotechnology has been introduced
into various branches of geoscience. Among them, relevant
phenomena found in the field of nanogeosciences have
been predominantly observed, and relevant scientific issues
have been explored. Since the concept of nanogeosciences
has been put forward, to date a kind of comprehensive sub-
ject was formed.22�23�54�55 However, no research on nano-
geological effects and the mechanism of accumulation and
mineralization has been systematically conducted. A nano-
geosciences theory system has not been established, and
the overall understanding of nano accumulation and min-
eralization is not perfect.

This paper, based on former research about nanogeo-
sciences, aims to guide geoscience to a more microscopic
level, to study nano-minerals and petrology (nanocrystals
and surface effect as well as petrogenesis), nano-structural
geology and geochemistry (nano-deformation and chemi-
cal behavior and its mechanism), nano-energy geology and
ore deposits (nano accumulation and mineralization effects
and dynamical mechanisms), and apply the nanogeosci-
entific theory to environmental protection and disaster

prediction, etc. At the same time, it further synthesizes
and clarifies the important and key cutting-edge issues
in the fields of nanogeosciences, and explores the essen-
tial contact between “Nano” and “Earth.” Thus enrich-
ing and developing nanogeosciences theories and methods,
and providing an important scientific basis for the utiliza-
tion of mineral and carbon based material, the exploration
and development of energy and mineral resources, envi-
ronmental protection, and disaster prediction.

2. BASIC CONCEPTS AND RESEARCH
METHODS OF NANOGEOSCIENCES

Based on the foreseeability of the combination of nan-
otechnology and mineralogy, Hochella pointed out that
with nanogeosciences, it is possible to understand a
variety of geochemical processes and mechanisms from
nanoscale, the law of element migration, the effect of
nanoparticles and nanopore structure on geochemical pro-
cesses and behaviors, as well as interpret geological
evolution and Earth development information from the
mesoscale.22 And on account of the summarization of
the existing academic achievements in ultra-microscopic
reasearch on geosciences, Ju et al.54 comprehensively put
forward the initial concept of nanogeology. In this paper,
nanogeosciences are further summarized as follows: nano-
geosciences, relying on nanotechnology and geosciences,
with the nanotechnology and geoscientific research method
as the means and the matters of the earth as the object, are
a series of sciences that explores and researches nanopar-
ticles and pores known or to be known in different layers
of the earth, for the purpose of revealing the relationship
between nano-effect and geoscientific phenomena during
the geological process as well as the law of the forma-
tion. Nanogeosciences are the highly integrated, cross-
disciplinary fields, which require comprehensive study of
several disciplines, and thus it is difficult to conduct tradi-
tionally single-disciplinary research.
The studies of nanogeosciences be related to the

evolution processes and mechanism of the nanopar-
ticles or nanopores in different layers of the earth,
such as formation, migration, and accumulation. Accord-
ing to the current research direction and research
progress, based on the frame of previous “nanogeology,”
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nano-mineralogy

nano-petrology

nano-geochemistry

nano-structural geology

nano-energy geology

nano-ore deposit geology

nano-earthquake geology

nano-environmental geology

nano-atmospheric science

nano-marine science

nanogeosciences

Figure 1. The main classification of nanogeosciences.

we divide nanogeosciences into ten branches: nano-
mineralogy, nano-petrology, nano-geochemistry, nano-
structural geology, nano-energy geology, nano-ore deposit
geology, nano-earthquake geology, nano-environmental
geology, nano-atmospheric science, and nano-marine sci-
ence (Fig. 1). As a preliminary classification scheme, it
needs to be complemented and perfected in the follow-up
research work.
The different layers of the earth contains the largest

amount of nanoparticles. In a sense, nanoparticles, which
are different from both macroscopic matters and micro-
cosmic matters, are an important constituent part of the
layers. They are nanoscale materials assembled by atoms
and molecules or crushed by the macro materials.55�56 Cor-
respondingly, nanopores exist widely in porous geologic
media, and because of their small size and large overall
storage space, they may play an important role in the geo-
logical process. Research shows that the specific surface
area of nanopores may occupy more than 90% of the total
specific surface area of the medium.32�46�56

Except regular ways, the technological means of nano-
geosciences mainly rely on nanoscale material direct
observation techniques which based on the scanning
tunneling effect etc., nanostructure characterization of
materials represented by various spectral methods, and
characterization of nanopores such as low temperature and
low pressure fluid adsorption, as well as numerical simu-
lation methods represented by molecular dynamics simu-
lation of seepage.
In detail, the direct observation techniques mentioned

above include Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Scanning Tun-
neling Microscopy (STM), Atomic Force Microscopy
(AFM), and CT scanning (CT), etc. These methods can be
used for observation in the atmosphere and in solution and

can be developed into molecular and atomic control tech-
nology and nanoprocessing technology. They can fully be
used in scientific reasearch, processing and utilization in
geological materials, geologic processing, and the mining
industry at the nanometer level.7�13

The characterization methods of nanostructure of mate-
rials includes X-ray diffraction, Fourier Transform Infrared
Spectroscopy (FTIR), Laser Raman, 13C Nuclear Magnetic
Resonance Spectroscopy (13C NMR), pulsed laser deposi-
tion for detecting the dynamic changes of nanostructure,
etc.,26�57�58 which are applied in the study of macromolec-
ular structure of organic matter.
The research of nanopores is inseparable from the tech-

nical means and analytical method, with the resolution
up to nanoscale. The characterization and quantitative
research of shale pores have shown important progress
in the laboratory. TEM,59�60 AFM,52�61 Mercury Intrusion
Capillary Pressure (MICP),62 Ultra-Low Pressure Liquid
N2/CO2 Adsorption,32�63–65 NMR,26�66–68 etc. have been
applied to the characterization of nanopores and have
achieved good results. In recent years, for the study of the
pore characteristics of tight reservoirs, especially organic-
rich shale reservoirs, only the improvement of resolution
has been unable to meet the demand, and thus observa-
tion and simulation of their three-dimensional pore char-
acteristics are gradually developing.36�69–74 With Focused
Ion Beam Scanning Electron Microscopy (FIB-SEM) and
Nano-Transmission Microscopy (Nano-TXM, also called
Nano-CT) as the representative, these studies are based
on a large amount of experimental data to make digital
core models and explore the three-dimensional develop-
ment characteristics of nanopores and their relationship
with the surrounding material components.
In recent years, many scholars have combined the Monte

Carlo method and the molecular dynamics method to study
the law of material diffusion and adsorption behaviors
under microcosmic conditions. The Monte Carlo method
and the molecular dynamics simulation method provide
an effective means for studying the characteristics of fluid
occurrence in the nanopores of tight rock.75–78 The for-
mer, based on the theory of probability and statistics, uses
corresponding mathematical methods to establish the prob-
abilistic model and uses the computer to carry on the sim-
ulation experiment, to finally obtain the result that meets
the requirements, while the latter, by setting the interac-
tion (potential function) between the atoms (molecules)
and the associated system (i.e., the action objects and con-
ditions), determines the basic simulation categories. The
lattice Boltzmann simulation method, developed based on
molecular dynamics, is also a typical microcosmic method.
It is not limited by the continuity hypothesis and can
simulate the flow of oil and gas in micro-channels in
porous media.79�80 At the same time, the lattice Boltzmann
method has the advantages of high computational effi-
ciency and easy realization of boundary conditions com-
pared with other numerical methods. This method has been

5938 J. Nanosci. Nanotechnol. 17, 5930–5965, 2017



IP: 205.208.120.166 On: Sat, 31 Mar 2018 11:39:59
Copyright: American Scientific Publishers

 Delivered by Ingenta

Ju et al. Nanogeosciences: Research History, Current Status, and Development Trends

applied to the study of fluid transport mechanism of shale
reservoirs.53�81

3. NANOPARTICLES AND NANOPORES
ON THE EARTH

With regard to scale, nanoparticles can be divided into:
zero-dimensional nanoparticles, one-dimensional rod-like
nanoparticles, and two-dimensional nanostructure.

Zero-dimensional nanoparticles (as shown in Fig. 2,
observed by Hailing Liu), such as natural gold particles
with a size of 7–10 nm in the Carlin-type gold mine, gold
particles with a size of 5–20 nm in illite, colloidal par-
ticles in water, and more.41�43�82�83 Li et al. found that
nanoscale natural gold particles (Au0) exist in coarse-
grained pyrite by Scanning Electron Microscopy X-ray
Energy Dispersive Microanalysis (SEM-EDX), Electron
Probe Microanalysis, and Laser Ablation Inductively Cou-
pled Plasma Mass Spectrometry (LA-ICP-MS). At the
end of the 1980s, 2–5 nm nanoscale ultrafine particles
were found in late-Mesozoic granitic mylonite slippery
blades when measurement of deep drilling core sam-
ples with SEM was taken in California, USA.29 One-
dimensional rod-like nanoparticles, (as shown in Fig. 2,
observed by Chen and Liu) represented by nano-rod calcite,
provides a new clue for reconstructing the paleoclimate
and is of significance in the research of nanome-
ter minerals in the environment, genesis of carbonate

in loess, and paleoclimate reconstruction.84 Moreover,
one-dimensional tubular nanoparticles, such as tubular
nanometer halloysite,55�84 have excellent adsorption perfor-
mance in the removal of industrial wastewater containing
chromium after being subject to chemical modification.85

In addition, the one-dimensional nanoparticles include
sepiolite, attapulgite, and more. The two-dimensional
nanoparticles (as shown in Fig. 2, observed by Liu) include
montmorillonite, hydrotalcite, etc. Porous nanoparticles
include diatomite, perlite, etc. In addition, there is a series
of research studies about organic rocks in nanoscale, espe-
cially macromolecular structure of coal, which help in
understanding the physical properties of coal reservoirs
and provide preventive measures for gas outburst.86

Revealing the origin of nanoparticles in different layers
of the earth is a prerequisite for deeper understanding. It
is helpful to reveal the correlation between nanoparticles
of minerals and macromolecule structures of organic mat-
ters in the earth system and also conductive to studying
the extractive technology of the nanoparticles. Nanoparti-
cles are produced under extreme conditions, which play
an important role in the formation of macroscopic mate-
rials, the understanding of the formation of gemstones,
the construction of the earth, and the exploitation and uti-
lization of nanoparticles. Several major causes of natural
nanomaterials have been discussed:47�55 Some matter stays
in the nanoscale stage during celestial evolution and geo-
logic processing; on the fault zone formed by sliding, the

(a) (b)

(c) (d)

Figure 2. Several kinds of typical nanoparticles on the earth. (a) SEM image of loose accumulation of nanoparticles in granite, (b) TEM image of
palygorskite in Anhui province, (c) SEM image of kaolinite nanoscroll exfoliated from plate kaolinite, (d) SEM image of original kaolinite plate.
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rock can be ground into nanoparticles, round and spheric
nanoparticles can be varied and formed into lamellar struc-
tures and various tectonic patterns. In the process of earth-
quake fission, the interaction between materials such as
high-speed shearing force and collisional friction will gen-
erate nanomaterials by reason of thermal decomposition,
abrasion, grinding, and powdering. Substances in the sea,
lakes, groundwater, hydrothermal fluid, and magma will
precipitate and grow up to form nanomaterials under cer-
tain conditions.
Natural nanoparticles are widespread in nature, and the

complexity of the geological environment has resulted in
the original diversity of natural nanoparticles. Deducing

the geological conditions at the time of the formation of
nanoparticles through the study of the origin of nanoparti-
cles, along with how they push the whole earth process in
an unusual way, is of great research value and significance
to reconstruct earth system science from the nanoscale.55

The observation and analysis of the natural nanoparti-
cles in nature can help us to understand the mechanism
of the formation of macroscopic geological phenomena,
while the study of nanoscale pores will help us to explore
the enrichment law of energy from another aspect, develop
the adsorption ability of the material, and explain the
mechanism of gas outburst of coals, etc. At present, based
on the worldwide exploration and development of oil and

(a) (b)

(c) (d)

(e) (f)

Figure 3. SEM images of nanopores of organic shales. (a–c) Samples from permain of Huaibei coalfield of China. (d–f) Samples from Longmaxi
formation of Sichuan basin of China.
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gas resources of tight rock strata, global oil and gas explo-
ration targets have also changed from the conventional oil
and gas trap fields of micrometer-millimeter pore throats
to continuous oil-gas accumulation with source-reservoir
integration or source-reservoir intergrowth of nanopore
throats. Unconventional oil and gas (especially coalbed
methane, shale oil and gas, tight sandstone oil and gas,
etc.) has gradually become a kind of research hotspot of oil
and gas exploration and development in the world.34�87–91

In recent years, more and more research has been done
on the characteristics of porosity and permeability of tight
reservoirs, and understanding has also improved. However,
as the pores of unconventional reservoirs are extremely
small (mostly nanoscale), and the forms are also complex,
there are still many problems to be studied urgently.92�93

The new understanding of hydrocarbon storage capacity
of the nanoscale pores of tight rock formations that orig-
inally act as source rock and cap rock not only subverts
the traditional theory of oil and gas but also provides a
new direction of oil and gas exploration. At present, many
research papers have been published on the characteris-
tics of nanoscale pores of tight reservoirs35�36�59�64�94–102

(Fig. 3, observed by Ju), covering the studies on classi-
fication of genetic types, heterogeneous distribution, and
connectivity, as well as the relationship between material
composition, geochemical characteristics, and the develop-
mental condition of shale, the establishment of oil and gas
storage and transportation models, and other aspects.

In geoscience, in addition to the tight unconventional
oil and gas reservoirs, plenty of nanopores are also devel-
oped in minerals/matter such as natural zeolites and coal-
based porous carbon.103�104 Huge specific surface area and
pore volume give them unparalleled adsorption capacity,
and therefore, they can be used as adsorbents to remove
harmful substances in gas or liquid for environmental pol-
lution control. In natural minerals, clay minerals are most
representative.105�106 Also based on good adsorption prop-
erty, liquefying and sequestering CO2 into deep rock for-
mations is a predictable ideal solution to the greenhouse
effect. The nanoporous materials in nature are important
storage media.107�108

4. DEVELOPING STAGES OF
NANOGEOSCIENCES

Relying on the research means, experience, and achieve-
ments of fast-developing nanotechnology, and with the
combination of geosciences, it is possible to research the
morphology, structures, and components of the substances
of the earth from nanoscale and further reveal the informa-
tion of nanoscale recorded by different layers of the earth.
Based on research progress in recent years (mainly since
the 1980s), scholars in the fields of geoscience began to
realize the importance of understanding the motion pro-
cess of earth substances on a nanoscale, further resulting

in the emergence of nanogeosciences. From the nanogeol-
ogy to nanogeosciences, nanogeosciences have witnessed
three major development stages.
(1) Exploratory research on nanogeosciences (1980s to
about year of 2000)
As early as the 1980s, some geologists introduced

nanotechnology into geology, symbolizing a preliminary
combination of nanotechnology and geoscience: They
proposed the basic concept of nanogeology as well as
preliminarily established several related branch subjects,
carried on early-stage exploration.5�9–14�109–116 Chen1 sum-
marized the emerging nanotechnology, in which he intro-
duced nanosolids as well as TEM, STM, AFM, and
other research methods. He proposed that the develop-
ment of nanotechnology initiated a new research area of
geoscience, pushing the understanding and transformation
of nature to a new level and enabling the development
of geoscience to reach a higher level. Shi117 emphati-
cally discussed the impacts of nano effect on geology,
especially the theory of ore deposits, and concluded that
nano effect was one of the major natural actions for the
migration, enrichment, sedimentation, and mineralization
of metallogenic materials. It had been already found that
the geogas method was a new way to search for deep and
concealed ore deposits,118�119 they selected the sampling
pieces with abnormal distribution of geogas in field geogas
measurement and interior model test to observe with AFM,
TEM, and SEM, finally proving that geogas substances
migrated in the form of nanoparticles. In the field of nano-
geosciences, the preliminary exploration was focused on
introducing its basic concept and predicting the applica-
tion prospect of the combination of nanotechnology and
geoscience.
(2) The introduction of nanogeosciences and researches
on the development of several research directions (year of
2000 to year of 2010)
In the research on natural nanoparticles, nothing was

better known than the discovery of sharp drop phe-
nomenon of nanogold particles’ fusing point.120 However,
its achievements were mainly about the material science
or physicochemical properties of matter, but less related to
geoscience. Until the early 21st century, Hochella,4�22�121

Lower et al.23 and other geologists had discussed the
prospect of applying nanotechnology into geoscience
and predicted the development of nanogeosciences. They
pointed out that natural nanoparticles widely existed in
the natural world, and many of them had been known to
us long ago. What made nanogeosciences really ascend
to a scientific height was the research on materials and
structures at the nanoscale in recent years, by which
to measure, deduce, and even predict macro geological
phenomena. From early research about nano-mineralogy
to various of branches of nanogeosciences, remarkable
achievements had been obtained.16�17�26�32�33�38�103�122–129

(3) Comprehensive researches on nanogeosciences and
the initial formation of the subject (year of 2010 so far)
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During the past few years, geologists all over the
world have made a series of research studies in vari-
ous fields related to nanogeosciences and made major
improvements.90�105�106�130–157 Nanogeosciences have
gained more and more attention from the overall inter-
national geoscience field. Since 2009, the Annual
Goldschmidt Geochemistry Conference has repeatedly
listed geochemistry issues at the nanoscale as a special
theme of equal importance to other major research fields.56

By reason of demand for energy and mineral products,
more concern about environmental problems, frequent
geological disasters, and other matters, China has focused
more attention on the study of the micro mechanism of
the geological process, which has made nanogeosciences
develop rapidly. The initial formation of nanogeosciences
as academic subjects in China has been promoted by
several landmark events below:

(1) The Xiangshan Science Conference in Beijing, China.
The Xiangshan Science Conference of China is a high-

level, interdisciplinary, and small-scale standing academic
meeting committed to exploring the cutting-edges of sci-
ence and promoting knowledge innovation for the Chinese
scientific community.

From November 5 to 7 of 2013, the Xiangshan Science
Conference held the 476th Symposium with the theme
“Cutting-edge Scientific Issues about Nanogeosciences
and Nano Accumulation and Mineralization” (Cutting-
edge Scientific Issues about Nanogeosciences and Nano
Accumulation and Mineralization, 2016, the first author of
this paper as the applicant and the organizer) in Beijing.
This conference primarily covered the following central
topics:� Nano-mineralogy and petrology: nanolattice and

surface effect and genesis of rock ore;� Nano-structural geology and geochemistry: nano-
deformation and chemical behavior and the mechanism;� Nano-energy geology and ore deposit: nano accu-
mulation and mineralization effect and dynamic
mechanism;� Nanogeosciences and environment and disaster
problems: new prospect and challenges.

This conference deeply explored the future development
trend of nanogeosciences and promoted development of
the subject.
(2) Establishment of the Nanogeology Specialized Com-
mittee, Geological Society of China and holding of rele-
vant academic conferences.

As no national research team has been established aim-
ing at scientific exploration of advantages in research
direction of the international cutting-edge in the nanogeo-
sciences field, the Nanogeology Specialized Committee,
Geological Society of China (GSC) was therefore founded
in August 2014, and relevant research institutes and aca-
demic organizations were also formed. As the first inter-
national research organization in the area of nanogeology

and even nanogeosciences worldwide, this Committee
helps in gathering dominant scientific forces, forging a
high-level academic team, and solving major scientific
problems arising in the field of nanogeosciences and study
of the process of accumulation and mineralization.
The 2015 GSC Annual Meeting was held in Xi’an.

At this meeting, the session of nanogeology and accu-
mulation and mineralization was separately set, indicates
strong indicator that nanogeosciences have attracted sig-
nificant attention in China. In October of the same year,
the Nanogeology Specialized Committee co-sponsored the
Third Unconventional Petroleum Geology Symposium in
Qingdao. In December, under the organization of the first
author of this paper, the First Academic Symposium on
Nanogeosciences of China and the Founding Conference
of the Nanogeology Specialized Committee, Geological
Society of China, under the theme of “Nanogeosciences:
Revolutionary Challenge in Geoscience Fields,” was suc-
cessfully held in Beijing. This meeting covered many
research aspects of nanogeosciences, mainly including
nano mineral and rock, nano structural geology and geo-
chemistry, nano-energy geology and ore deposit, nano
mineral and carbon-based new composite materials, nano-
geology, disaster and environmental problems, applica-
tion of nanotechnology into earth spheres and their
interactions, research techniques and methods of nano-
geosciences. To further display and exchange the latest
domestic and foreign research achievements in nanogeo-
sciences and summarize material and key scientific prob-
lems of the field, the Second Academic Symposium on
Nanogeosciences of China and the 2016 International Aca-
demic Symposium on Nanogeosciences, which covers all
aspects of nanogeosciences research, was held in Novem-
ber in Qingdao, China.
(3) Journals related to international nanogeosciences and
financial support from national program-related funds.
In recent years, several journals related to international

nanogeosciences have been published, including Reviews
in Mineralogy and Geochemistry (2001, Volume 44), Envi-
ronmental Science and Technology (2005, Volume 39),
Elements (2008, Volume 4), Ore Geology Reviews (2011,
Volume 42), Bulletin of Mineralogy, Petrology and Geo-
chemistry (2016, Volume 35) of China, and other academic
journals. In the special issue of nanogeosciences published
in the first issue of Bulletin of Mineralogy, Petrology and
Geochemistry of China in 2016, ten comprehensive rep-
resentative papers of various directions were published,
aiming to further strengthen basic and application research
and improve self-innovation capability in the field of nano-
geosciences with the help of nanotechnology and geology
research means, experience, and achievements. The spe-
cial issue on emerging nanogeosciences launched at this
time by the Journal of Nanoscience and Nanotechnology
further promoted international academic communication,
gathered academic hot topics, and expanded the influence
of nanogeosciences.
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Figure 4. The funding for nanogeosciences of the national natural sci-
ence foundation of China after 1999.

According to the statistics and surveys made by the
author, just for China, strong support has been provided
by the National Basic Research Program of China, the
National Major Projects of China, the Natural Science
Foundation of China, etc. Taking the Natural Science
Foundation of China as an example, the first financial
support was offered in 1999. Thereafter, the number of
the funded programs has basically shown a year-by-year
growing trend, and especially since 2010, has even soared
(Fig. 4). In China, domestic research achievements with
regard to nanogeosciences have increased sharply in recent
years, signifying that a great upsurge of refreshing the
understanding of geological phenomena and processes at
the nanoscale has emerged, which would be impossible
without the great funding at the national level.

5. RESEARCH PROGRESS OF
NANOGEOSCIENCES

Nanogeosciences are a series of sciences intended to
research the Earth with advanced nanotechnology and geo-
science methods. In recent years, certain extent studies
have been made in this field, achieving great progress.
Now classified detailed exposition are being made on var-
ious branch subjects of nanogeosciences.

5.1. Nano-Mineralogy
A mineral has both a resource attribute and an environ-
mental attribute, and is the information carrier and recorder
of all geological processes. Mineralogy is a basic sub-
ject of geology, which uses Å as one of the basic mea-
surements. As 1 nm = 10 Å, the measurements used in
nano science are closely related to those used in miner-
alogy. Research on crystal structure in the field of min-
eralogy involves many problems such as crystalline form,
defect, order, and disorder, as well as color, optical prop-
erty, paramagnetism, electric conductivity, piezoelectricity,
and trace impure elements of minerals. In addition, criti-
cal zones of the earth are under the interactive effect of
water-mineral-living beings and have extensively recorded
nanoscale substances and geological processes, which are

also the emphases of nanotechnology research. The main
means and methods used to research these problems are
the same as those used in nanotechnology. Therefore, the
main research content and methods of mineralogy and nan-
otechnology are basically the same.1�4�5

Nano-mineralogy is the intersection and integration of
nanotechnology and mineralogy. With HRTEM, STM, and
AFM and other atomic-scale resolution technologies as the
characterization methods, mineralogy reveals the meso-
scopic structure, morphology, and interface relations and
formation mechanism of minerals and is focused on the
studies of mineral growth, dissolution, transformation and
evolution, biomineralization, and interaction between liv-
ing beings and minerals, so that mineralogy will have
a broader development space and application prospect
(Fig. 5, observed by Wu; Fig. 6, observed by He; Fig. 7,
observed by Chen).17�134�143�158–162 People’s knowledge of
mineralogy tends to be focused on the morphology and
related characteristics of macro mineral monomer and
polymer, without in-depth and intensive research on nano
mineral particles, nano solid minerals, and structures of
nano minerals. In traditional mineralogy research studies,
minerals are regarded as ideal crystal lattice, but in nano-
mineralogy research, emphasis is placed on nano mineral
particles, nano mineral solids, and structural characteris-
tics of nano mineral structure, as well as related petrology,

Figure 5. The new mixed-layer mineral phases (B5S4, B2S2 and B4S4�

were discovered by HRTEM in parisite [BS(CaCe2(CO3�3F2�; B layer,
CeCO3F; S layer, CeCO3F ·CaCO3] of the calcium rare-earth fluorocar-
bonate mineral series in Sichuan province, Southwest China. (a) B5S4,
Ca4Ce9(CO3�13F9; (b) the phase transformation and syntactic intergrowths
among the BS, B2S2 (Ca2Ce4(CO3�6F4� and B4S4 (Ca4Ce8(CO3�12F8�

formed by stacking faults in parisite.
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Figure 6. TEM images of nano-layer in organoclay.

ore deposits, structural geology, geochemistry, and other
geological subjects.1�2 Nano-mineralogy, if combined with
material science research, will provide a theoretical basis
for the preparation, characterization, and structure inter-
pretation of new nano materials.25 If combined with micro-
biology, it will spur research on the growth of minerals
inside and outside microbial cells at the nanoscale, pro-
viding theoretical and technical methods for biomineral-
ization, interaction between living beings and minerals,
biological chemical weathering, biological self-organizing
material synthesis, the origin of life, etc. If combined
with energy geology, it will enable research on the forma-
tion mechanism of nanoscale minerals existing in energy
and mineral resources, further helping in inferring favor-
able energy storage environment and producing certain
tracing significance.163 If combined with geochemistry, it
will facilitate research on geochemical behaviors of ele-
ments in the processes of mineral dissolution, crystalliza-
tion, metasomatism, weathering, and transformation on a
nanoscale, and exploration into element migration mech-
anism, geochemical cycle of elements, and more. Nowa-
days, nanoscale synthetic minerals are also acquired and
observed under electron microscopes164 (Fig. 8, observed
by Wan and He).

Nano minerals themselves to nanoscale, or with nano-
structure, appear together in the form of aggregate in most
cases. They include mineral particles with a grain size
as small as nanoscale, minerals of one-dimensional nano-
structure (such as halloysite of nanotube structure), lay-
ered minerals of two-dimensional nanostructure (such as
clay minerals). HRTEM, STM, and AFM studies of actual
minerals have shown that nanoparticles and nanostructure
objectively exist in minerals, and such nanophenomenon
is more common in crystal surface and interface. Within
several to dozens of nanometers’ depth in the crystal sur-
face, the composition is different from that inside the
crystal, and such difference is represented by crystal sur-
face composition segregation, surface adsorption of exotic
atoms or molecules, and the interaction between the for-
mer two. The special nanostructure and composition of the
crystal surface determine its surface properties, and there-
fore research on the surface properties of crystals plays
an important role in discussing the physical and chemi-
cal environment for the formation of minerals as well as
the formation reasons of minerals.165 Between two mineral
facies, not only nanoscale particles exist, but nanoparti-
cle aggregates will also appear under particular physical
and chemical conditions, such as clay mineral, zeolite,
colloidal mineral, volcanic lava, volcanic glass, meteorite
glass, fusion crust, and tectonite, and mainly includes four
categories:
(1) Clay minerals. Clay minerals are not only fine but
also have complicated structures, and often show regular
or irregular mixed layers within nanoscale. The surface
reactivity of clay minerals is the key to determine their
function and industrial value in geological and geochemi-
cal processes.
(2) Quasi-crystal nanostructure. Numerous research stud-
ies indicate that ideal quasi-crystal structure can be
deemed as the result of multiple-fractal-dimension
arrangement of nanoparticles.166

(3) Nanostructure in colloids. Colloidal mineral is the
aggregate of nanoparticles (1–100 nm) in minerals and
included in the nano solid category; with particles

(a) (b)

Figure 7. SEM images of genetic relationship between several kinds of minerals. (a) Genetic relationship between attapulgite-montmorillonite-
dolomite, (b) genetic relationship between attapulgite and dolomite.
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(a) (b)

Figure 8. Nanoscale synthetic minerals. (a) Nanoparticles of synthetic gold. (b) Nanoparticles of synthetic pyrite.

arranged in an irregular and disorderly manner, colloidal
mineral has an extremely large surface area.
(4) Nanostructure in crystalline rocks. Many kinds of
nanoscale minerals have been discovered in volcanic
rocks, meteorolites ever subject to strong impact metamor-
phism, and continental rocks ever subject to ultrahigh pres-
sure metamorphism, which provide plenty of information
and hard evidence for inferring the formation mechanism
of rocks and deducing geological-tectonic environment.

Das et al. studied low-rank coal samples in Northeast
India by means of SEM, HRTEM, X-ray diffraction, etc.
and discovered carbon nanoparticles, free carbon nano-
tubes, and cluster carbon nanotubes of different sizes (with
a diameter up to several or dozens of nanometers). He made
a preliminary analysis on their favorable formation envi-
ronment and explored their formation reasons as well as
potential research and economic values.148 As a typical rep-
resentative of nano materials, carbon nanotube has been
extensively used, but its preparation process is complicated,
while the “extraction” of nanotube and other substances
naturally formed in a natural environment undoubtedly pro-
vides a new research direction and thinking. By analysis
of typical samples of Luochuan loess section with TEM
and field emission scanning electron microscopy (FESEM),
Chen, Xie and other scholars found there was nano-rod cal-
cite in loess and observed their content and regular changes
of micro structure. This kind of calcite has a diameter of
30 nm–50 nm and a length of several hundred nanome-
ters to several micro meters. Nano-rod calcite crystals are
round fibers with varying thicknesses. The crystals are
bent along the direction of the crystal length. They some-
times display an interlaced arrangement and arborescent or
frame forms. As estimated from nanoscale research results,
the formation of such nano-rod calcite has something to
do with the induced directional crystallization of biologi-
cal derivatives.17 Nano-rod calcite is an important drought
environment index mineral in the period of loess accumu-
lation. The discovery of nano-rod calcite is of important
value to research studies on nano minerals in the environ-
ment, formation reasons of carbonate in loess, and ancient

climate. Based on which, Xie et al.167 discovered the distri-
bution rule of attapulgite in loess-red sticky sequence clay,
put forward a clay mineral response mechanism of ancient
climate changes, and established genetic mineralogy the-
ories for the strengthening of magnetic susceptibility of
ancient soil.
Minerals with a grain size larger than 1 �m can provide

information on the late growth stage of minerals; however,
a grain size between 0.1 and 100 nm can provide informa-
tion about the initial crystallization of minerals. Zhenhua
Ding also believed the polymorph, polytype, multi-body,
and micro-intergrowth of minerals at the nanoscale were
the actual minimum keepers of geological information.168

Therefore, these two kinds of information have to be
integrated to more completely reflect the physical and
chemical environment in which minerals were formed.
Current research studies on minerals with larger grain size
have been made rather thoroughly and have brought to
light many important results, but the research studies on
nanoscale particles are still in the starting stages. Conse-
quently, nanoscale minerals are endowed with extensive
development and application prospects. The size change
of nano minerals and nanoscale particles will lead to big
differences in mineral geochemical characteristics and bio-
geochemical characteristics, which might be caused by the
change of atomic structure in or near the crystal surface.19

We should pursue active exploration into the techniques
and methods for developing and utilizing nanoscale min-
erals and strive to make breakthroughs both in theory and
in practice, so that mineralogists can ascend to a new level
of understanding the natural world.

5.2. Nano-Petrology
Petrology is a subject aimed at the study of rocks’ com-
position, structure, occurrence, distribution, formation rea-
sons, and evolution history, and their relationship with
mineralization, and is one of the important branches of
geology. Rocks are classified into two categories: inorganic
and organic rocks, and now relatively thorough research
on inorganic rocks has been conducted.
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Nano-petrology is a new subject formed by comb-
ing nanotechnology with petrology, and the discovery of
nanoscale particles on the slip plane represents the typical
progress of nano-petrology. By observing living examples
of the penetrative foliation slip planes of metamorphic rock
and dynamometamorphic rock with SEM, Sun et al. found
that nanoparticle layered structure was widely distributed
in its surface layer. And by proper simulation through tri-
axial stress experimentation, they reproduced the actually
observed phenomenon. According to detailed recognition,
observation, formation stage division and other work per-
formed on the individual and complex components of this
nanolayer, they estimated that it was a friction—sticky
zone with viscoelastic deformation in essence that had
the effects of lubrication and drag reduction.30�139 In addi-
tion, research studies on nanoscale rock characteristics of
pressure-solution stylolites produced similar conclusions:
Under the pressure-solution effect, clay minerals of low
friction coefficient will be produced on the section (stylo-
lite); their nanostructures are clearly characterized by obvi-
ous directional arrangement, and they have a certain effect
of smearing and sealing.146

The research on fluid geological process in the field of
petrology has become one of the important cutting-edge
research fields in the international geoscience domain. As
research methods have been continuously renewed, the
research work involving fluid inclusions and geological
fluid has made a series of important achievements in both
breadth and depth. So far, the research on fluid inclu-
sions larger than 1 �m have been made mainly by way of
optical microscopy, microscopic thermometer, electronic
probe, laser Raman spectrometer, and other testing meth-
ods. For those less than 1 �m, especially for nanoscale
fluid inclusions, fewer research studies have been made,
which is mainly caused by the limitations of testing instru-
ments and research methods. The emerging of TEM has
created favorable conditions for research on the fine struc-
ture and chemical characteristics of fluid inclusions at the
submicron order (<1 �m) or nanoscale (<100 nm).
Jadeite quartzite has been researched in the ultrahigh-

pressure metamorphic belts in the Dabie Mountain,
Shuanghe, Anhui as well as mylonite and basic granulite
in the middle part of the Himalayas, Tibet, and found
the fluid inclusions in jadeite quartzite were distributed
in the form of a network separately or in clusters. In
mylonite and basic granulite, they found fluid inclusions
were distributed along dislocation walls, subgrains, and
healed nanofractures in host minerals and appeared in
the state of single phase, multiphase, and melting phase.
Meanwhile, the unexpected discovery of fluid residue in
rocks and minerals pushed many aspects of fluid research
to a core position of geoscience, which is greatly signif-
icant for understanding the formation reasons of rocks,
fluid effects, etc.24�169 (Fig. 9, observed by Wu). The struc-
ture and chemical characteristics of nanoscale fluid inclu-
sions reflected the possible leakage routes of fluid in the

Figure 9. Fluid inclusions and cluster of water molecules on the nano-
scale of quartz, and the clusters of water molecules show the feature of
deformation in feldspar-quartz mylonite of the metamorphic core com-
plex from Himalayan orogen belt. (a) Fluid inclusions spread along
subgrain boundaries; (b) the right is the rice-shaped clusters of water
molecules (// �001�) that spread along healed nanocracks. These fluids
and cluster of water molecules could accelerate the plastic deformation
of the metamorphic core complexes.

circulation stage and changed the original components and
density of fluid inclusions, which helps in understand-
ing the relation between inclusions and structural defects
and strain domains, interaction and boundary with origi-
nal rocks, identification of development process, etc. They
provided information about important interaction between
fluid inclusions and host minerals from the nanoscale or
submicron scale, showed important micro evidence for the
formation process and exhumation mechanism of high-
pressure and ultrahigh-pressure metamorphic rocks, and
set a precedent for research on nanostructure, nanopar-
ticles, and therefore, created a new research field for
petrology, i.e., nano-petrology.124 In metamorphic rocks,
nanoparticle and nanostructure phenomena are rather com-
mon, especially on ab-axis fabric surfaces and narrow slip
planes of the foliation of metamorphic rocks; under stress
action, the internal friction, dynamic differentiation effect,
etc. may lead to changes in the physicochemical field of
rocks, further affecting the arrangement and distribution of
nanoparticles in these kinds of narrow deformation con-
centration areas129�170 and producing nano-modulated and
nano-smear layering effects so-called in physics of metals
through ductile slip-pelletization-plastic fluid changes.171

Organic rocks include various coals (lignite, bitumi-
nous coal, and anthracite coal), oil shale, dispersed organic
shale, albanite, etc., and are an important energy resource.
Many scholars also have conducted long-term research
on them, and in recent years, have begun to pursue in-
depth research from a more micro perspective. Ju et al.
conducted careful analysis from the aspects of struc-
ture, stress, coal chemical structure, nanoscale deforma-
tion, etc., especially the impact of nanoscale pore and
nanoscale deformation on the physical properties and
gas storage capability of coal matrix, which plays a
good guiding role in the development and utilization of
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Figure 10. Nano-sized graphitic carbons are found in the HRTEM
images of coals.

unconventional energies.125�172 How to realize refined and
high value-added processing and utilization of organized
rock resource is a major problem to be solved. Moreover,
nano and micron carbon materials with unique structures
and functions are a kind of new-type material currently
attracting high domestic and foreign attention, and their
controllable and cheap batch preparation is one of the
cutting-edges and hot sports in the research field of the
material chemical industry. At present, some nano-sized
carbons and graphite in the coals have attracted much
attention and achieved some progress25�173�174 (Fig. 10,
observed by Ju; Fig. 11, observed by Qiu).

Nanoscale rock particles exist in all formational and
developmental stages of rocks and have preserved plenty
of important geological information that was unknown
before due to the limitation of technical conditions, but
the emergence of the high-resolution electron microscopy
and other equipment has made direct observation of
nanoscale particles possible. Although the research on
nanoscale particles in the area of petrology has made
certain achievements, it is still in the starting stage and
more thorough research studies are needed.

Figure 11. Coal-based nano carbons are observed in the HRTEM
images.

5.3. Nano-Geochemistry
Nano-geochemistry is an interdisciplinary field evolving
from a combination of nanotechnology and geochem-
istry. It studies formation and special properties of the
ubiquitous, naturally-occurring nanoparticles as well as
their impacts on geochemical processes.21�56 By using
nanoporous carbonaceous materials to adsorb CCl4 and
NH3, Lee et al.

103 found that the surface area and nanopore
volume of materials control the adsorption process at
higher pressure, whereas the adsorption at lower pres-
sure is dominated by surface chemical properties. This
experiment proves both the strong adsorption capacity of
nanoporous materials and the important effect of surface
chemical properties on adsorption.
As a cutting-edge research field of geochemical detec-

tion, nanoscale geochemistry has made great achievements
and geological discoveries in more and more areas.136�144

Geogas prospecting, developed in the early 1980s, is a new
approach in the search for deep and concealed deposits,
the mechanism of which is that the ascending air in the
earth’s crust carries mineralized materials to the earth’s
surface.111�115 After observation with AFM, TEM, and
SEM, it is confirmed that the geogas substances migrate
in the form of nanoparticles.119�175 According to research,
the nanocrystal interface is of a gas-like structure in the
solid state of higher disorder degree, different from either
the crystalline state of long-range order or the amorphous
state of short-range order. In addition, a nanoparticle is of
shell structure on the surface layer and adsorption layer.
The surface layer is close to the gaseous state and easy
to absorb gas molecules due to good activity of sur-
face atoms, so the nanoparticles of mineralized materi-
als can absorb gas to become special gas-like structure
and migrate together with the ascending air in the earth’s
crust. Therefore, with strong penetration capability, these
nanoparticles can rise vertically from the deep to the sur-
face to form a geogas anomaly, thus providing new infor-
mation for prediction of mineral resources.119�176–178 It is
able to obtain the morphology and composition informa-
tion of these nanoparticles with the aid of TEM and other
instruments of nanoscale resolution.50�149�179 Wang et al.180

discovered the aggregates of copper, titanium, and other
metal particles (Fig. 12, observed by Wang) in both gas
(“geogas”) and solid media in the upper soil of concealed
copper-nickel deposits of 400 m depth. It has been ver-
ified through laboratory research that the two media are
generally similar in terms of particle size, morphology fea-
ture, and composition, which indicates that there is certain
genetic connection between them, and they are formed
under endogenous conditions because the metal nanopar-
ticles are of ordered crystal structure. The discovery not
only provides direct microscopic evidence for deep pene-
trating geochemistry but also has great application value
in the search for concealed deposits; that is, the separated
particles can be used for direct detection of concealed
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(a) (b)

(c) (d)

Figure 12. TEM images of some nanoscale metal particles. (a) The hexagonal nanoscale gold crystals. (b) Nanoscale cuprum particles. (c, d)
Aggregate of nanoscale cuprum particles.

deposits with the soil as the sampling medium. The gold
particles of the nano-micron scale are discovered in the
plant root tissue above the ore body, which also provides
direct microscopic evidence for the presence and migration
mechanism of mineral nanoparticles.128

The research content in the nano-geochemical field
mainly includes: the structure and properties of water in
nanopores; the chemical reaction and material migration in
nanopores; the distribution of nanoparticles, nanophases,
and nanostructure materials in the natural environment;
the constraint of nano effect on growth of minerals
and dissolution kinetics, as well as phase transition,
phase stability, solubility, chemical reactivity, and ele-
ment migration; the geochemical process of nanoparti-
cle formation; the information records of geochemical
processes of nanoscale and the geologic significance of
nanoscale phenomena; knowledge of mineral-fluid inter-
face processes and understanding the process and rule
of distribution, retention, migration, and transformation
of pollutants in the solid-liquid phases at the nanoscale;
and knowledge of biological-mineral interaction and its

constraint on biological weathering and elemental geo-
chemical cycle at the nanoscale, thus reveling the mecha-
nism, composition, morphology, structural characteristics,
and life indication of biomineralization, as well as its rela-
tionship with mineralization and enrichment of harmful
elements.
The geological process is inseparable from the migration

and enrichment of chemical elements, and especially the
activity of some trace elements with a significant impact
on the environment or geological activities. Therefore, it
is a top priority to understand their migration mechanism.
The discovery of nanoparticles proves that the elements
can move in the form of nanoscale polymer. The particles
will possess various special properties different from those
of their macroscopic solids when their particle size reaches
nanoscale, so the geochemical properties of nanoparticles
will also be different. Therefore, the research on various
physical and chemical properties of nanoparticles will help
to explain various complicated geological phenomena from
the microscopic and mesoscopic perspectives, which is of
great theoretical significance and practical value.
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(a) (b)

Figure 13. SEM images of quartz schist with strong deformation. (a) Layer structure with accumulated nanoparticles were formed at the first phase
of activity. Nanoscale folds and interlayer sliding were formed at the second phase of activity which led to a loose accumulation between the layers.
(b) Under the effect of extrusion stress, nanolayers developed ductile deformation (folds), then brittle deformation (fractures).

5.4. Nano-Structural Geology
In the middle of the 20th century, the research on struc-
tural geology mainly focused on the observation of elastic-
plastic and brittle-ductile deformation, and then transferred
to the investigation of rigid-viscous deformation. How-
ever, as the two research subjects of structural geology,
the shear movements of folds and faults both demonstrate
comprehensively elasticity, viscosity, and other mechani-
cal behaviors according to rheological analysis.30�133 Nano-
structure can faithfully record the deformation process
(Fig. 13, observed by Liu; Fig. 14, observed by Liu and
Sun). The nanoparticles are ubiquitous on the slip layer
of shear movement. The motion of its structural plane
is dominated by rolling slip, and the nanoparticle layer
plays the role of lubrication and drag reduction, which can
accelerate fault activity and expand the scale. Moreover,
grinding grain structure of nanoscale contains abundant
geological information, especially of great significance in
microcosmic dynamics (dynamic thermal metamorphism,
fluid infiltration, particle self-spin and geological catal-
ysis), and requires our further thorough research and
exploration.129�153�181

The research on nanostructures on a shear plane can
reveal the microscopic kinematic mechanism of tectonic
shearing movement, and then explore the tectonic dynamic

behavior in combination with macroscopic tectonics.30

After the relevant observation and research on the lubri-
cation effect of nanoparticles on the fault plane, it has
been proved that the nanoparticles in the fault slip pro-
cess give rise to the macroscopic mirror slip developed
widely on the fault plane, which is of great significance
for understanding the frictional slip mechanism.140�141 The
ductile shearing zone is a system of nano lineation, foli-
ation, and fabric formed by nanoparticles, nanowires, and
nanolayers, and the directional fabrics dominated by its
slip are all parallel to and consistent with intuitive lin-
eation and foliation.182 Nanoparticles have been discovered
in mylonite of ductile shear zones in many areas such as
the Tanlu fault.183 Different from dynamic friction, ductile
shear is a kind of approximately static but gradual slip. The
research on ductile shearing mechanism at the nanoscale is
helpful to promote the development of microscopic tecton-
odynamics and open up a new field of tectonics. In the
light of research of granulation, fabrication, and lubrica-
tion at the nano-scale on shear slip planes,140�153�184 over-
all studies clearly indicate that fundamental nano actions
in visco-elastic formation fault zones can be subdivided
into three kinds, i.e., nano-coating caused by harden-
ing strain, nano-weakening caused by softening strain,
and nano-delaminating caused by degenerating strain, and

(a) (b)

Figure 14. SEM images of nanoparticles. (a) Nanoparticle compound in the fractures of quartz schist with good roundness and sphericity.
(b) Nanograin aggregates on the shear slip surface.
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(a) (b)

(c) (d)

Figure 15. HRTEM images of tectonically deformed coals. Brittle deformation: (a, b) basic structure units are scattered and isolated with small
diameter and no directionality; small brightness of diffraction ring (002). Ductile deformation: (c, d) basic structure units are stripy and variegated with
large diameter and strong directionality; dispersed brightness of diffraction ring (002).

these fundamental actions are closely relative with miner-
alization, hydrocarbon accumulation, and seismic forma-
tion structure.
There are also abundant research achievements regard-

ing organic rock deformation on nanoscale (Figs. 15, 16,
observed by Ju). After a preliminary study by Ju et al.,26�86

the results showed that a large number of brittle fractures

and nanopores are found in brittle deformed shale samples,
and the ductile crumples and nanopores can be seen in the
ductile deformed shale samples. In the same vein, micro-
deformation can occur to the structure of coal rocks in
different metamorphic deformation environments, and can
even be present at the nanoscale, giving rise to changes
in molecular structure. The research results show that the

Figure 16. SEM images of tectonically deformed shales. (a) Brittle deformation. (b) Ductile deformation.
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stacking degree Lc of the Basic Structure Unit (BSU) of
the tectonic coal macromolecule structures grows rapidly
from the metamorphic deformation environment of low
coal rank to that of high coal rank, which mainly reflects
the difference of tectonic coals in various metamorphic
deformation environments and deformation mechanisms.
The change in the stacking degree Lc and La/Lc param-
eter of coal BSU reflects the change in tectonic defor-
mation strength, which can be used as an indicator of
nanoscale deformation degree of tectonic coal structure.
The physical and chemical degree of order of carbon net-
works within BSU and of arrangements among BSU is
significantly strengthened mainly due to the role of direc-
tional stress, that is, the local directionality of molecules
is strengthened.28 Li et al. studied tectonic coals of dif-
ferent deformation mechanisms and degrees by means
of spectral analysis and nitrogen isotherms, etc., found
a significant impact of microcosmic tectonic deformation
on macromolecular structure of coal rock.138�185�186 After
research on the changeable property of macromolecular
structure of high-rank coal rock under different rheologi-
cal conditions, Yu et al.187 concluded that different rheo-
logical effects (brittleness, brittle ductility, ductility, etc.)
will appear under the conditions of various temperatures
and pressures, thus affecting the change in macromolecular
structure of coal rock.

Nano structural geology is the study of different tec-
tonic phenomena, especially microcosmic structure, at the
nanoscale, and then discussion of the mechanism of tec-
tonic dynamics in combination with macroscopic regional
structure. As for the deformable geologic body, the nano-
coating structure is inseparable from the shear slip motion.
Has the feedback relationship between the two revealed the
mechanism and essence of shear motion of the geologic
body? Is the nano-micron particle structure developed in
the tectonic zone of fault caused by effects such as the
extraction behavior of supercritical fluid? These problems
are still to be solved.170 However, some controversial or
unclear tectonic phenomena can be reconsidered within the
new research method of nanoscale, and it is believed that
there will be new breakthroughs.

5.5. Nano-Energy Geology
Energy geology is mainly the study of fossil fuels and
some other energy sources. The fossil fuels include con-
ventional coal, oil, natural gas, and unconventional coalbed
methane, shale gas, tight sandstone gas, and natural gas
hydrates, and other energy sources that include solar
energy, wind energy, geothermal energy, nuclear energy,
biomass energy, hydraulic energy, and hydrogen energy,
etc. The predecessors have conducted much research on
the theory of the conventional oil and gas reservoir and
established a relatively perfect theoretical system, but the
research on nanotechnology application in energy geology
brings a new bright spotlight to the field.

As the production and storage site of unconventional
coalbed methane, coal rock is of great significance for
research on such issues as formation mechanism, develop-
ment and utilization, and gas outburst.87�188 Coal rock is a
complex solid composed of matrixes and pore fissures. The
pore structure and porosity affect not only the migration
behavior of gas in coal but also the storage and adsorption
mechanism of gas in coal rock. Ju et al. considered that
tectonic deformation not only changes the macromolecu-
lar structure and chemical composition of coal to differ-
ent degrees but also affects the nanoscale pore structure
(<100 nm), and the nanoscale pore is the main adsorption
space of coalbed methane.86�87 In the liquid N2 adsorp-
tion method, Fan et al. conducted a thorough and sys-
tematic research on the nanopore structure properties of
tectonic coals of different deformation series in various
metamorphic deformation environments, and classified the
nanopores of tectonic coal into four groups, i.e., tran-
sition pores (15–100 nm), micropores (5–15 nm), sub-
micropores (2–5 nm), and ultra-micropores (<2 nm), in
combination with the analysis of macromolecular struc-
ture and pore structure with HRTEM and X-ray diffrac-
tion. These nanopores are influenced significantly by the
evolution of microstructure of tectonic coal, and have dif-
ferent effects on the adsorption of coalbed methane.189 As
for many aspects such as mining, beneficiation, coking,
gasification, liquefaction, extraction of coalbed methane,
and risk evaluation of gas outburst, the research on
coal nanopores is of great significance.32�66�67�87�131�137�190

Marta Krzesińska studied molecular and macromolecular
structure of coal with the method of molecular acous-
tics, analyzed and contrasted raw coal samples with those
extracted from solvent, the coal samples from normal
mines with those from gas outburst mines, and concluded
that mineral impurities affect the microstructure and out-
burst tendency of coal and play an indicative role in
coal mine safety.191 Yao and Ouyang, et al. respectively
applied AFM technology to research on coal nanopores,
observed the microporous structure of coals of different
ranks through the unique AFM high-resolution imaging
advantages and many quantitative analysis functions, and
made quantitative analysis of micropore size distribution
and porosity, to attempt to provide a scientific basis for
research on the adsorption mechanism of coalbed methane
and the gas outburst prediction of mines.137�192 With
the Quasi-Elastic Neutron Scattering (QENS) and Small-
Angle Neutron Scattering (SANS) techniques, Chathoth
et al. analyzed what impact the injection of CO2 and N2

into nanoporous carbonaceous aerogels could have on the
diffusion of CH4, so as to study the approach of raising
extraction of coalbed methane.135 In addition, the material
composition of coal rock is more changeable. After the
observation and analysis with HRTEM, ICP-MS, and other
instruments, it has been found that coal rock, cap rock,
and coal ash contain many nanoscale minerals of differ-
ent forms such as anatase, anhydrite, and barite, generally
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Figure 17. SEM images showing variations in nanopore morphology in organic matter of shale. (Samples are taken from 201 well of Weiyuan—the
first bite of shale gas well in China).

accompanied by enrichment of trace elements such as V
and Cr,193 and direct combustion of coal will not only be
harmful to the environment but also waste many of these
minerals and trace elements.
The exploration and exploitation of natural oil and gas

in organic-rich shale also promotes the development of
nano-energy geology at the same time as mitigating a
global energy crisis. The pore fissure system of micro-
nano scale developed from this typical tight reservoir plays
an important role in hydrocarbon enrichment and seep-
age. The relevant scholars have conducted much research
on this “subtle” but “huge” system33�35�36�52�63�64�88�132�194

(Fig. 17, observed by Zou; Fig. 18, observed by Wang;
Fig. 19, observed by Lu), especially the productive
research in recent years. With the micro/nano media mod-
els as the shale reservoirs, Ma et al.195 simulated non-
ideal gas seepage patterns, and then deduced the gas flow
coefficients in the pore network and the roles of several
ideal flow models. By changing the experimental con-
ditions of adsorption patterns such as low-pressure liq-
uid N2 adsorption and CO2 adsorption and comparing
the difference between various interpretation models and
actual data measurements, Wang et al.196 attempted to
explore the best way to describe the pore characteristics
of organic-rich shales based on fluid injection. By means

Figure 18. Oil/oil film were observed in nanopores of apatite in organic
shale.

of high-pressure mercury intrusion, low-pressure liquid N2

adsorption, FESEM, and other techniques, Zhang et al.197

observed and analyzed the pore genesis type, shape, dis-
tribution, and other characteristics of Longmaxi Formation
shale in southern China, and concluded that the open-
ings of nanopores are preferable in the studied layers
and beneficial to enrichment and seepage of shale gas.
The research on shale pore system is drawing more and
more attention to the geometric characteristics of shale,
and the quantitative pore characteristics obtained by digi-
tal image technology are providing important support for
more comprehensive and meticulous mapping of the pore
system.102�198

The nanoscale viewpoint also provides more accu-
rate interpretation of the research on tight reservoirs
and the mechanism of sealing cap rocks.35�90 Sun et al.
found nanoscale ultra-microsphere structure in the granitic
mylonite slices of slip in late Mesozoic, and called it
the “grinding grain.” The slip layer existing in mud rock
and containing grinding grains of nanoscale has a coating
effect and plays a role of oil gas sealing, which has been
verified in the oil and gas fields in northern Shaanxi.29

In recent years, Zou et al.34 have focused on the mud
shale and tight sandstone reservoirs developed extensively
in the marine continental basins of China, and have made
multi-dimensional multiscale elaborate representation of
microcosmic reservoir space through FESEM, nano-CT,
FIB-SEM, synchrotron radiation, and other techniques,
reconstructed three-dimensional pore-throat system model,
and carried out quantitative evaluation of size and distri-
bution of pore throat system in combination with image
analysis, mercury intrusion test, and gas adsorption data,
and all of the above is of great significance for exploration
and exploitation of shale gas and tight sandstone. Wang
et al. described meticulously the classification and micro-
pore structure characteristics of nanopores in coal-bearing
shales through ultra-low pressure N2 physical absorption,
fluid intrusion, and other experiments.64�196 After studying
the sedimentary facies and the sedimentary origin of rocks
in deep-water areas of lake basins in China, Pang et al.199

have found that the pores are developed in fine-grained
sediments in deep-water areas, adjacent to hydrocarbon
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Figure 19. Under the condition of 80 �C and 30 MPa, (a) the microstructure, (b) density distribution of n-C7H16 molecules within graphene crack of
7.5 nm width and (c) density distribution of n-C7H16 molecules within graphene cracks of different widths after the adsorption equilibrium.

source rocks and prone to aggregation and accumulation,
and have put forward nanotechnology as an important
research method at present and in the future. Therefore, the
application of nanotechnology in energy geology is giving
rise to nano-energy geology.

5.6. Nano-Ore Deposit Geology
The study of ore deposit is multidisciplinary and com-
prehensive. It refers to comprehensive research on min-
eral, rock, tectonics, geochemistry, geophysics, physics,
and chemistry. One of the research focuses is the mineral-
ization process, including the origin, excitation, migration
and sediment of mineralized materials, and the mineral-
ization mechanism, and the essential issues it involves are
the physical and chemical properties of mineralized mate-
rials. Nanoparticles of the same composition have differ-
ent physical and chemical properties, which has led to
geologists’ new understanding of ore deposit formation
theory.200 Zhengen Zhang has re-explained the mineral-
ization of ore deposits such as “micro-fine-disseminated
gold deposit” with the evidence provided by nanotech-
nology, tried to establish a new mineralization model,
and believed that the gold in these types of ore deposits
is mainly composed of nanoparticles, and it is hard to
make reasonable explanation with conventional typical
models.2�5�14 The “micro-fine-disseminated gold deposit,”
i.e., Carlin-type gold deposit, is the most typical nano-ore

deposit. It is basically characterized by the fact that the
gold in these deposits is invisible to the naked eye and
mostly in the form of natural nanoscale gold particles and
solid solution.14�82 The research on arsenic-bearing pyrites
developed widely in Carlin-type gold deposits shows that
there is a certain relationship between the existence of
gold nanoparticles and the ratio of Au/As in the pyrite,
and the melting point of gold nanoparticles falls rapidly
with the decreased size of gold nanoparticles, which is
of great significance for prediction of storage form and
capacity of gold.126�127 With a series of high-resolution
research techniques such as STM and STS, Mikhlin et al.
studied the adsorption properties of nanoparticles of pure
Au, Ag, and other metals and of their sulfides on pyrite
surface, and found that the pure metals generally form
globular nanoparticles and their sulfides tend to form flaky
ones, which has a great impact on mineral aggregation and
sorting.201 They also observed the enrichment of nanopar-
ticles of pure trace elements and of their sulfides on pyrite
surface, and proved through research that the high content
of trace elements on the pyrites observed with EMPA and
TEM-EDX is mainly attributed to the nanoparticles.202

Due to special properties, the nanoparticles in geologic
bodies are obviously different from macroscopic materi-
als in geophysical and geochemical behaviors. A nano-
material field is formed around the geologic bodies,
especially around the deposits.45�203 The ascending air car-
ries these nanoparticles vertically to the earth’s surface.
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The acquisition and analysis of these nanoparticles closely
related to ore deposits can be used for mineral exploration,
which leads to the emergence of a new kind of science—
nano prospecting. In recent years, there have been abun-
dant research results on occurrence, migration mechanism,
and prospection significance of metal nanoparticles in the
topsoil of China, and the methods of nano prospecting are
being developed and perfected.204–206 This part was dis-
cussed in detail in Section 3.3.
Recent studies show that the black rock series of Sinian

and Cambrian periods developed widely in southern China
extend in over ten provinces and cities such as Yunnan,
Guizhou, Sichuan, Hubei, Hunan, Chongqing, Jiangxi,
Guangxi, and Zhejiang and present the symbiosis and
enrichment of several useful metallic elements.207�208 The
abnormal enrichment of organic matters in the black rock
series is related to the complex interaction between metal-
lic elements. The abnormal enrichment macroscopically
controls the accumulation quantity and grade of metal-
lic elements in the black rock series, and the special
microstructure relationship between organic matters and
metals may restrict the occurrence of metal minerals in
the form of dispersed ultra-fine particles and their sepa-
rable properties from ores. In addition, a number of large
and super-large deposits with reserves of several million to
ten million tons have been found in some mining areas in
southern China, which contain highly purified non-metallic
minerals of nano-micron scale and have great resource
potentiality.
Nano-ore deposit geology is the study of the formation,

migration, and occurrence mechanisms of minerals with
nano techniques and methods and prospecting concealed
deposits from a new perspective. As nanotechnology is
developed and applied in the field of geology, ore deposit
geology will certainly make milestone progress with its
own unique advantages.

5.7. Nano-Earthquake Geology
Currently, no complete theoretical system has been formed
to explain the earthquake mechanism, and the cause of
earthquakes is not clear. In order to predict an earthquake
accurately, we need to thoroughly understand its formation
process and mechanism, and seismic geologists have been
making unremitting efforts. The development of nanotech-
nology brings new hope to many seismologists, and it is
considered that the study of friction theory at the nanoscale
may be able to explain seismic mechanisms.209�210 Lower
believed that the slide of objects along the nanoscale pulses
of self-healing cracks of interface radiation can be used
to explain the paradox of seismic heat generation in geo-
physics, but it still needs to be verified experimentally.
Moreover, he considered that the plate movement of the
earth lithosphere at kilometer scale can be studied at single
nanoscale.23

According to the criticality theory of physics, the
macrostate and microstate are complementary to each

other, and the instability of the macrosystem is attributed
to the release of energy from a very large number of
microparticles. Seismic geologists have observed the Kobe
earthquake in Japan, the Jiji earthquake in Taiwan, and
the Quaternary fault near the Tanlu fault, and found that
their seismic faults are slip zones with a width of only
several millimeters to several centimeters. It is inferred
from the study of the nanostructures on shear slip foliation
that the narrow seismic faults are the frictional viscous
zones of nanoparticle and microparticle layers, and their
shear movement in the microcosmic mechanism has under-
gone the development stages of strain-hardening, strain-
softening, and strain-degeneration.30 Nanoscale clay plays
a role of “lubricant” in the fault zone and drives the per-
turbation of ancient faults, which may be the main reason
for the relative stability of seismic fault zones.
Through research on the main surface fault zone coseis-

mic with the Wenchuan earthquake, that is, the Beichuan–
Yingxiu fault zone. Yuan et al. have found that the particles
and structures of micro-nano scale can be seen on mul-
tiple fault slip planes, and they are formed in the fault
slip of the Wenchuan earthquake, despite a temporarily
unclear formation mechanism, and reduce significantly the
frictional strength of fault.145 On this point, the relevant
scholars have made many fault simulation experiments at
different temperatures and slip rates in recent years. These
experiments show that the initial high-strain frictional heat
generation (small displacement) on the fault plane results
in “grain boundary sliding” at the nanoscale, thus form-
ing nanoparticles of lubrication, appearing in the form of a
weak zone in the subsequent earthquake (about 1 m/s) and
fault spread, reducing the fault intensity, and accelerating
the large-scale development of the fault.142�147�211 Further
experimental studies have shown that a rapid temperature
rise is an important factor leading to the weakening of
the fault, but mere formation of nanoparticles on the fault
plane is difficult in effectively lubricating the initial move-
ment of the fault.212 Other scholars have focused on the
weakening mechanism of a fault zone to confirm that the
nanostructures or nanoparticles on the fault zone are gen-
erated by aseismic slip, coseismic slip, or both, with the
former based on the observed phenomena such as pressure
dissolution and mineral corrosion and the latter explained
by phenomena such as friction melting and migration of
trace elements.213�214

Based on the certainty that the nanoparticle structure
layers are ubiquitous on the tectonic shear plane, Chao
et al. observed and analyzed the active Tanlu fault zone
in eastern China with much concern and research, and
discussed preliminarily the microscopic kinematic mecha-
nism of brittle viscous seismic fault and ductile creep seis-
mogenic fault. According to the analysis, it is considered
that the fault zone has undergone the earlier development
of ductile shearing foliation plane and the later develop-
ment of brittle fault friction plane.38 Both the dynamic fric-
tion of brittle seismic fault and the static friction of ductile
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Figure 20. Photos showing nano/micro-scale structure of scratcheson the principle sliding zone. (a) Geological profile of the Tanlu fault zone at
Zuoshan, Junan county, Shandong province. Here was the seismogenic fault of the Tancheng 8½ earthquake in 1668. � the late Quaternary iron and
manganese nodule bearing brown sandy clay (Q3�. � the fault cataclasite, its parent rock is the Cretaceous Qingshan group vocaniclastic rock (K1q).� fault fracture zone, the parent rock is the Cretaceous Wangshi group sandstone (K2w). � fault plane and the gouge belt. The area A indicates the
location of the sampling site. (b–d) SEM images, showing slickenside and grinding lines. The solid arrow points to the grind ridge and the dashed
arrow points to the grind valley.

seismogenic fault can form nanoparticles of better round-
ness and sphericity characterized by rigid shaping and an
elongated rheological property, indicating the viscoelastic
deformation behavior of shear movement. The seismic and
seismogenic faults are consistent with the common brit-
tle and ductile faults in terms of nano-kinetic mechanism
despite the great difference in development degree, scale,
and magnitude. However, much efficacy and information
regarding nanoparticles in an earthquake still needs further
study38�215 (Figs. 20, 21, observed by Chao).

It is the important research content of nano seismol-
ogy to study the development mechanism of fault activity
from the nanometer point of view and then to reveal the
microcosmic process of earthquake formation, which lays
a foundation for a breakthrough in seismic theory.

5.8. Nano-Environmental Geology
Nanotechnology has provided new opportunities and
pushed further development of the study of environmental
geology. It makes people aware of unconscious pollutions,

Figure 21. SEM images of nanolayer structure of ac-fabric in the fault zone, showing creep slipping at nano/micro-scale.
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allows detection and identification of unobservable pol-
lutants, and deals with problems of environmental pollu-
tion that could not be undertaken before. Current research
progress includes the following aspects:
(1) Study of the emission characteristics, rules, and risk
assessment methods of nanoparticles in the process of pro-
duction, application, and disposal;
(2) Study of the environmental behaviors of nanoparticles
in rock, soil, and water, and their compound behaviors
with the coexisting pollutants in the environment;
(3) Rapid determination and characterization of nanoscale
matter in the geological environment.

Natural nanoparticles play an important but overlooked
role in regulating the behavior of complex water pollutants.
After entering a body of water in nature, the deposited
particles at the micro-nano scale will become an important
source of nutrients and even toxic and harmful substances,
which will cause huge damage to the ecosystems of rivers
and lakes—but which is rarely taken seriously. With the
help of high-resolution technology like FE-SEM/EDS and
HRTEM, recently some researchers have studied the body
of water around a coal mining area where a large amount
of coal ash had been poured down, and found that the
water body is rich in substances that can destroy the
environment, for example, TiO2 nanoparticles.

216�217 Their
study shows that the residual effects of coal combustion
can lead to increased concentrations of toxic metal ele-
ments in surface water and underground water, which have
a long-term negative effect on the environment and the
human body. Though research studies on these long-term
effects are still limited, some results have confirmed that
diffusion and long-distance transport in water of these
toxic elements in coal ash are key factors in controlling
environmental risks.218–220 According to the study of iron-
rich or silicon-rich nanoparticles and colloid polymers in
weak acidic mine drainage, Johnson et al. argued that in
order to comprehensively understand complex metal pollu-
tant systems, it is more important to analyze the structure
of the environment at the nanoscale, rather than depending
only on conventional macro-systems.221

Because of its large specific surface area and good
adsorption properties, the nanopores of minerals can
be used as adsorbent for the treatment of environment
pollution, and the most representative one is the clay
minerals.105�106 In recent years, the groundwater reme-
diation technology of nanometer zero-valent iron has
developed rapidly. It can degrade various halogenated
hydrocarbons and some organic pollutants without halogen
elements. However, as a kind of efficient environmental
remediation materials, the size effect of nanoscale zero-
valent iron may lead to a potential toxicity risk in nature.
Therefore, the importance of potential toxicity and envi-
ronmental effects should be adequately assessed before the
application of nanoparticles.222–224 The geological storage
of CO2, the major greenhouse gas, is also a worldwide hot

issue, and CO2 liquefaction and sequestration in deep rock
formations is an ideal solution to the greenhouse effect.
The reason why nano porous materials are important stor-
age media is that the surface atomic number and surface
energy of micro-nano rocks are quite different from those
of ions and crystals, and the velocity and efficiency of CO2

fluid-rock interaction at the nanoscale are far greater than
those of other scales.44�107�108

With the fast development of the economy, the demand
for energy, mineral resources, and water resources is grow-
ing day by day in every country around the world. In
addition, due to increasing environmental pressure, the
development of low-carbon energy has become the most
important subject, which provides a good opportunity
for the exploration and development of unconventional
energy. However, in recent years, the formation of water
has been created by different causes in the development
of unconventional natural gas and a large amount of
fracturing wastewater has been produced by commonly-
used hydraulic fracturing methods in reservoir fracturing
reform.225 Therefore, a treatment technology for fractur-
ing flowback wastewater, which is efficient and economi-
cal based on the nanotechnology, is badly needed to deal
with the potential pollution issues of fracturing wastewa-
ter. According to present situation of China and the expe-
rience of the developed countries in the development of
unconventional natural gas, now the main focus is on com-
prehensive research in the following areas:
(1) Efficient and environmentally friendly fracturing fluid;
(2) Nano intelligent tracers, nano-sensors, and high-
resolution three-dimensional imaging technology of
oil/gas reservoir;
(3) Efficient and economical fracturing wastewater treat-
ment technology based on nanotechnology;
(4) Study of nanomaterial and fracturing fluid used in the
exploitation of unconventional natural gas, and the influ-
ence on the environment and human health caused by
volatile organic pollutants and other pollutants that are
produced during exploitation.

5.9. Nano-Atmospheric Science
The Earth’s atmosphere consists of a variety of gases and
liquid and solid particles suspended therein. Its total mass
is about 5�136×1018 kg, only equivalent to one millionth
of the Earth’s mass. Nevertheless, it plays an important
role in Earth’s life, and the physical phenomena and phys-
ical processes in it are closely related to human activities.
In addition to gas composition, there is also significant
solid and liquid particulate matter in the Earth’s atmo-
sphere, namely aerosol. It is generally believed that the
aerosol particles have diameters from a few nanometers to
tens of micrometers, which can form condensation nuclei
and ice nuclei, and play a role in many chemical processes
in the atmosphere.20�40�152
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(a) (b)

Figure 22. TEM images of different types of the individual aerosol particles in tibetan pleatau based on morphology and compositions. (a) Fly ash,
mainly Al and Si, with miner Ca or Fe, regular rounded shape, main source: Coal combustion. (b) Metal particles, main source: industry activities
metal particles.

As early as 2003, with the mutual verification of the
TEM and X-ray diffraction experimental data, Chen and
Xu40 studied the phase composition of atmospheric dust
and the morphology characteristics of various phases and
confirmed the source of atmospheric aerosols in a semi-
quantitative way, which provided a scientific basis for the
plan of controlling the sources and impact of air pollu-
tants in the city. China in recent years has gone through
continuous air pollution periods,226 and terms like “Haze”
and “PM 2.5” have been widely known. The nature of
these pollutants consists of suspended and floating parti-
cles at the micro-nano scale, causing great harm to human
health. The haze of the city is mainly related to artificial
particulate matter (PM) and gas-to-particle transformation,
and cause and composition of matter have been studied
and reported by many scholars in succession.227�228 With
the help of TEM/EDX and X-ray Photoelectron Spec-
troscopy (XPS), scholars have observed these particles’
images, analyzed their element distribution, and discov-
ered that organic matter is more concentrated in fine par-
ticles, while the main sources of pollutants, such as the
S, N elements, are mainly distributed in larger particles
of 0.56–1.8 �m.229�230 The different sizes and morphology
of the particles can be clearly distinguished via the TEM
images, and combined with EDX, the elemental compo-
sition of these nanoparticles can be intuitively discerned.
Learning its elemental composition is an important aspect
of understanding the properties of PM. Therefore, many
methods for detecting the composition of organic elements
and macromolecular structures have been used to study the
composition/structure changes of PM in different environ-
ments. They are as follows: applying Ion Chromatography
(IC) and ICP-MS etc. to analyze the inorganic components,
using Gas Chromatography-Mass Spectrometry (GC/MS)
to analyze the organic components, and working with

the FTIR and NMR and more to detect the composi-
tion of the organic matter’s functional groups.231–234 To
improve our knowledge regarding particles in the Tibetan
Plateau, atmospheric aerosol particles were collected on
the Tibetan Plateau. And eight different individual par-
ticle types were identified based on their morphology
and chemical composition152 (Fig. 22, observed by Shao).
The research helps us to understand the source of air
pollutants.
Large-scale air pollution events have repeatedly

occurred all over the world in recent years. All coun-
tries have devoted painstaking effort to environmental pro-
tection. With the aid of high-resolution equipment and
technical means, analyzing the composition and structure
characteristics of nanoscale particles of pollutants can pro-
vide not only accurate data and evidence for the forma-
tion of atmospheric aerosol particles, the sources of urban
air pollutants, and pollution control measures, but also
effective research methods and provenance discrimination
marks for the determination of atmospheric particulate
matter sources.

5.10. Nano-Marine Science
Deep-sea sedimentology is a key link in the geoscience
system, but the study of the sedimentation and diagene-
sis of fine particles is a relatively weak link in the field
of sedimentology. Deep-sea sediments are dominated by
fine particles. Apart from traditional chemical analysis
and clay minerals analysis, diversified analytical methods,
especially nanoscale observation methods, urgently need
to be extensively studied and applied.235–237 In the research
of fine-particle sediments and oil-gas accumulation in deep
water, most of the early studies focused on the potential
analysis of oil generation of source rock. Based on the
analysis of the development trend of fine sedimentology,
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it has been pointed out that the cutting-edge of current
research is to perfect the pertinent research method, recon-
struct the ancient sedimentary environment, and establish
the classification system and genesis modes of fine sedi-
mentary rocks.238 In order to better understand the types
and genesis of fine-grained deposits in deep water and
guide unconventional oil-gas exploration, nanotechnology
will be an important research method at present and in
future.199

For example, people find many manganese nodules
when studying the substances of the ocean basin. These
fist-sized clumps are rich in the element Mn, thus form-
ing a huge manganese deposit. It is because, in the mid-
ocean ridges, slow materials continuously erupt, and these
substances quickly cool and form small colloids. These
colloids settle at the bottom, finally form concretion,
and slowly move to other places with the drift of the
ocean floor plate. These manganese colloids are initially
nanoparticles that aggregate under the action of seawater
electrolytes.45�239�240

The “black smoker” produced by the hydrothermal vents
of the seafloor are enriched with a large number of nat-
ural nanoparticles, which has become a research hotspot
in recent years. Recent research results have confirmed
this point.241�242 After contrasting the hydrothermal vents
located at a slow spreading mid-ocean ridge, a fast spread-
ing mid-ocean ridge, and a back-arc basin, Gartman and
other scholars have found that pyrite nanoparticles are a
widespread component of black smoker emissions, and
these nanoparticles may be an important source of iron of
the world’s oceans. It is also intended to show that pyrite
and other nanoparticles are common components of black
smoker emissions from different geological settings.243�244

At the same time, the presence of elements Si and Cu
detected in the EDX data indicates that pyrite is not the
only mineral in the nanoparticle aggregates. Observational
analysis at the nanoscale reveals important differences in
the morphology of these nanoparticles, which can affect
their aggregation in seawater and their stability to oxida-
tion. A lot of silicate nanoparticles and metals such as Cu
and Zn are also identified in the black smoker, indicating
that the hydrothermal vents are the “factory” of nature,
continuously providing nanoparticles to the seawater.244

The widespread identification of nanoparticles in a
“black smoker” may provide new mechanisms for the
global transport of elements from hydrothermal vent emis-
sions, especially iron and the potential for interaction
with local organisms. Studies have shown that hydrother-
mal iron nanoparticles migrate more than 2,000 km.245

Nanoparticles of the hydrothermal vents on the seafloor
in other parts of the world are bound to be gradually dis-
covered. With further research on these nanoparticles, the
transportation law of entire marine elements will also be
clearer.

6. CUTTING-EDGE SCIENTIFIC ISSUES AND
DEVELOPMENT TREND OF
NANOGEOSCIENCES

Nanotechnology is one of the research hotspots all over
the world, propelling humans into a new stage in the trans-
formation of nature and driving geological scientists to
obtain a new ability for the recognition and transforma-
tion of nature from micron scale to nano scale. Although
there are some achievements, nanogeosciences is still in
its earliest stages, because it falls short of intensive and
detailed comprehension of the mineral microscopic forma-
tion mechanism, microelement migration path, mesostruc-
ture in-depth understanding, and nanoparticle force to
an earthquake, etc. Therefore, there are good prospects
for development in nanogeosciences. Especially in recent
years, from the dimension of nano effect, geologists in
Europe, America, Japan, and Korea have devoted them-
selves to intensive study of various formation mecha-
nisms and model paradigms of geological, mineral, and
geochemical phenomena, such as dynamic weakening of
nanoparticles,246 ordered stacking of nanoparticles,39 sec-
ondary clay nano-coating,130 and in particular, mineral
nanoscale deformation and metamorphism due to tectonic
change. This has brought the geoscience into the so-called
carrier revolution in which the maximum density of infor-
mation could be extracted from the smallest carrier and is
also the inevitable trend for modern scientific and techno-
logical development.

6.1. Basic Research on Nanogeosciences
The new inspiration for geoscience from the perspective
of nanotechnology: Many issues can be researched on the
basis of nano theory, such as the relationship between the
Big Bang and the formation of the earth; the effect and
consequence caused to the earth by impacts from planets,
meteorolites, and meteors and the formation of mineral
resources; the formation of black-holes in the universe;
“white smokers” and “black smokers” in the ocean; the
catacausis of coal and pyrrhotite; explosion caused by dust;
abnormal curve in thermodynamic calculation when the
solute tends to zero; and the development of new mineral
materials.5

Nanotechnology is extraordinary when applied in geo-
science, and every subdiscipline can make a break-
through under the guidance of nano theory. As one of
the pillar theories of nanogeosciences, the development
of nano-mineralogy and the development and utilization
of nanoscale mineral grains are another breakthrough in
the progress of the history of mineralogy; nano-petrology
proposes the observation view in nanoscale for petrolo-
gists; and nano-geochemistry will step into the micromech-
anism of the element migration process. Along with the
development and application of nanotechnology in geo-
science, the research of nano-ore deposit will certainly
make a landmark progress with its unique advantages.
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Nano-structural geology provides the methods and basis
for the research of ultramicro-scale structure; nanotechnol-
ogy has a good developing prospect for energy, especially
for unconventional energy. Nano-earthquake geology is
expected to make a breakthrough in earthquake emergency
mechanisms; nanotechnology provides a new research
opportunity for the field of environmental geology. The
development of nano-atmospheric science contributes to
the explanation of the source and cause of contamination
particles such as smog in order to thoroughly prevent and
control air pollution. And nano-marine science helps us
to recognize the sedimentation process of marine grains
and the migration rule of marine elements from a new
viewpoint.

Additionally, the development of clay mineral materi-
als is anticipated because clay minerals possess stratified
structure and nano clay mineral materials can be obtained
by intercalating and delaminating technology. Compared
with the traditional preparative technique for nanoparti-
cles, this technology has the advantages of abundant raw
materials, simple technology, and low cost, thus offering
broad application prospects. Furthermore, the appearance
of mesoporous materials provides a new growing point for
the development of nanotechnology.247 The application of
nanotechnology not only has significant scientific research
value and economic benefits but is also closely related to
human daily life.

6.2. Nanogeosciences and National Strategic Needs
6.2.1. Nano-Ore Deposit and Unconventional Energy
The study of ore deposits is disciplinary and comprehen-
sive. In recent years, a series of achievements has been
made in studying the occurrence and migration mechanism
for nanoscale metal grains in China’s topsoil, following the
development and improvement of nanomineral exploration
methods.50�205 The recent research indicates that the exten-
sively developed black rock series formed from Sinian to
Cambrian, spread over ten and more provinces in south-
ern China, display features of symbiosis and enrichment
of valuable metallic elements.207�208 Furthermore, several
large–super large ore deposits with million–ten-million
tons of reserves have been discovered. These deposits con-
tain high-purity nano-micron grade non-metallic minerals,
which have huge resource value. As the traditional ore
deposit is combined with nanotechnology and concepts,
revolutionary prospecting methods will certainly be devel-
oped to provide source assistance to resolve the mineral
resource shortage problems of the world.

As conventional fossil energy shows a trend of gradual
decrease in exploration, it is extremely urgent to develop
and utilize new energy resources. Relying on new tech-
nology and methods, the development of nanogeosciences
helps people to use new technology and new methods to
develop and utilize new energy resources, such as coal
bed gas, shale gas, tight sandstone gas, concealed deposits,

and more, which make up for the shortage of conventional
energy resources and enhance the national strategic reserve
capacity.
Some countries have obtained success in the explo-

ration and development of coalbed methane. However,
there is still no final conclusion regarding the occurrence
condition, the mechanism of adsorption and desorption,
the migration path, and the exploitation methods for gas
in the coal bed, but the appearance of nano theory pro-
vides the means and basis to study the nanoscale pores
and macromolecular structure of coal and establishes the
theoretical foundation to obtain a high yield of coalbed
methane. Unconventional gas, such as shale gas and tight
sandstone gas, normally occurs in the nanoscale pores
of the reservoir stratum, and hence it is inevitable to
study the nanoscale structure of the reservoir stratum in
order to exploit these types of gas. In brief, the develop-
ment of nanogeosciences provides an important theoretical
direction for the discovery, exploitation, and utilization of
unconventional energy.

6.2.2. Nano-Mineralogy and Nano
Coal-Based Materials

Carbon nanoparticles, free carbon nanotubes, and tufted
carbon nanotubes with different sizes (several or dozens
of nanometers in diameter) have been found in coal sam-
ples exploited in northeastern India. The positive formation
environment, the cause of formation, and their potential
economic value have also been analyzed and discussed.148

As a typical example of nanoparticles, carbon nanotubes
can be widely utilized but with a complicated manufactur-
ing process, but the extraction of materials formed in the
natural environment such as carbon nanotubes undoubtedly
offers a new research direction and ideas.
Nano-mineralogy focuses on studying the componential

and structural characteristics of nanoscale rock particles
and nanoscale mineral particles. Combined with materials
science, nano-mineralogy provides a theoretical basis for
the preparation, representation, and structural explanation
of new nanoparticles. Combined with microbiology and
by studying mineral growth inside and outside of micro-
bial cells from the nanoscale, it can provide the theory
and techniques for biomineralization, interaction between
organisms and minerals, biochemical weathering, materi-
als synthesis of biological self-organization, and origin of
life. Combined with energy geology, it can help in study-
ing the formation mechanism of nanoscale minerals in an
energy mineral resource, and then deduce the favorable
environment of an energy reservoir with certain tracing
significance.163 Combined with geochemistry, it can aid
in studying the elemental geochemical behaviors in the
course of mineral dissolution, crystallization, metasoma-
tism, weathering, and deformation from the nanoscale, and
discuss the element migration mechanism, elemental geo-
chemical cycle, etc.
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Nanoscale rock particles exist in each stage of the for-
mation of rocks, and they store much important geological
information. They were unknown before, due to the lim-
itation of technology, but now the nanoparticles can be
observed directly with the appearance of high-resolution
equipment. In the area of petrology, in-depth research on
nanoscale particles shall be conducted because it is still at
the fledging stage with some initial achievements.

6.2.3. Nanoparticles and Environmental Pollution
Environmental problems are a major global issue facing
today’s world. Even with a number of ways to resolve
them, there is no efficient measure to solve some world-
wide pollution problems such as the greenhouse effect.
However, the application of nanotechnology in geoscience
provides new concepts and means to resolve environ-
mental problems. Many environmental pollution problems
are actually nanoparticle pollution problems.12 Besides
radioactive substances, solar radiation, and bacteria and
viruses, nanoparticles are likely to invade and harm the
human body. Because nanoparticles can exist in solid, liq-
uid, and gas, and thus they can easily invade the human
body, stay in cells, and cause lesions, disease, and even
death. The suspended dust attaching a large number of pol-
lutants in the air and heavy metal nanoparticle aggregation
in the water are the essential reason for pollution. Ana-
lyzing the source, elements, structure, and migration rules
of these nanoscale particles can fundamentally determine
the cause of pollution, leading to the right solution. The
application of nano theory in research in environmental
sciences will have an important effect on environmental
protection as well as disease prevention and treatment.
CO2 is the primary cause for the greenhouse effect,

so it is extremely urgent to cope with climate change
and reduce emissions of greenhouse gases. Today it is
widely accepted that geologic sequestration is an efficient
approach to reduce CO2 emissions. The fundamental prin-
ciple of CO2 geologic sequestration is to liquefy CO2 and
store it in the pores of deep underground rock strata. Along
with the development and utilization of nanotechnology,
the research from the nanoscale on interaction between
CO2 fluid and rocks may improve the capacity of rock
geologic sequestration, providing economic, efficient, and
safe materials and methods for CO2 emission.44 Always a
hot topic of research on environmental engineering, envi-
ronmental chemistry, interfacial chemistry, and mineral-
petrological materials, the pollution of heavy metal ions in
industrial effluents has threatened the survival and devel-
opment of mankind as well as flora and fauna. As a nano
mineral material, the utilization of attapulgite carves out
a new way to resolve heavy mineral pollution. The atta-
pulgite has developed inner ducts and a large specific sur-
face area, thus having a perfect adsorptive property. It can
be used as an adsorbent of environmental mineral materi-
als to effectively solve environmental pollution problems.

6.2.4. Nanostructure and Geological Disaster
Geological disasters, especially coalbed gas outburst,
earthquake, and debris flow, cause huge property dam-
age and casualties to mankind, which seriously impedes
social development and evolution. Coalbed gas outburst
is a major geological disaster, and its generating mech-
anism still cannot be explained scientifically and reason-
ably. Nonetheless, it is well known that there is a close
relationship between gas outburst and tectonic coal devel-
opment. Tectonic coal generally has a crushed structure
and contains lots of coal dust and particles, and thus it
is bound to contain plenty of nanoparticles. The applica-
tion of nano theory is likely to lead to a breakthrough
in understanding of the relationship between tectonic coal
and gas outburst as well as its generating mechanism from
a new viewpoint. The research on the bursting mecha-
nism of earthquake and debris flow has been the focus of
scientists, and the existence of nanoparticles in bursting
may provide a basis to understand the disaster generating
mechanism. Thus, the production of nanogeosciences the-
ory provides a powerful theoretical basis to prevent and
treat geological disasters.
Similar to other disciplines, the development of nano-

geosciences generally needs to experience four steps or
phases, i.e., phenomenon determination, mechanism veri-
fication, efficacy development, and digital modeling.
(1) Phenomenon determination: The geological determi-
nation of the existence of nanophenomenon shall depend
on recurrent and repetitive appearance with internal
organic connection but not individual and sporadic obser-
vation. For instance, the dispersive nanoparticles in rocks
generate nano-lines and nano-layers structure.
(2) Mechanism verification: The classical rule of macro
natural phenomenon virtually is an approximation of
micro rule. This micro generating mechanism needs to
be verified in certain geomechanics, physical, and chem-
ical conditions. Besides conventional macro experiments,
unconventional micro experiments shall also be done, such
as supercritical state, etc.248

(3) Efficacy development: From the viewpoint of nano
scientists, the world of nanotechnology is full of magic,6

but it is necessary to continuously exploit and develop in
depth. For example, for kinematic mineral shells or films
that consist of nanoparticles on rock shearing surface,129

also called coating in materials science,171 it is requisite
to develop its function of petrogeneration and mineraliza-
tion, aseismogeny and seismogeny, covering and plugging
of oil and gas.
(4) Digital modeling: Based on the above-mentioned
three phases inclusive of determination, verification, and
development, or in the case of abundant information
accumulation, it is necessary to synthetically discuss and
establish digital libraries, patterns, and forms, to the
height of nano theory, breadth of areal geology, depth of
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historical geology, accuracy of microbeam analysis, and
intensity of practical application.

It is admittedly difficult to complete this phase, but also
essential for the maturing of a discipline. Without doubt,
there is a long way for the research of nanogeosciences.

As one of the forefront sciences with the most promising
development prospects, nanotechnology combined with
geoscience produces a number of unexpected results with
brilliant scientific sparks, giving geologists many real sur-
prises. Nowadays, nanogeosciences is still in the initial
stage but with huge development prospects. It is believed
that the nano era is coming and the leap of geology in the
21st century will depend on nanogeosciences.

7. CONCLUSIONS
Nanotechnology is a subject at the forefront of science,
and a new research area that is cutting-edge and inter-
disciplinary. It has made remarkable achievements in the
fields of chemistry, physics, biology, medical science,
materials science, and microelectronics, while geologists
also have recognized the potential of nano theory for
the development of geology in recent years. Predeces-
sors have used nanotechnology to make some fragmen-
tary research on geoscientific issues, but these studies
lack a systematic and complete theoretical direction. In
this paper, based on the summarization of the existing
academic achievements in ultra-microscopic studies, the
concept of nanogeosciences is further put forward. We
systematically analyzed new disciplines generated from
nanotechnology combined with various subdisciplines of
geosciences, including nano-mineralogy, nano-petrology,
nano-geochemistry, nano-structural geology, nano-energy
geology, nano-ore deposit geology, nano-earthquake geol-
ogy, nano-environmental geology, nano-atmospheric sci-
ences, nano-marine science, etc.

In the fields of mineralogy and geochemistry, the atom
and its lattice arrangement have been studied and the
effects of adsorption, infiltration, corrosion, and replace-
ment on mineral surface have been discussed. The par-
agenesis of nano minerals and the syntagmatic relation
between nano minerals and other larger minarals have
also attracted much attention. Nanoscale fluid inclusion
has been found, while the causes of rock formation and
the effects of fluid have been discussed from the micro
dimension in the field of petrology. The nanostructures
of organic matters have been revealed; nanometer miner-
als and qrganic matter particles as well as their nanoscale
pores have been analysised. With discovery of nano-
deformation and nanolayers, the movement mechanism
of nanoscale particles transferring and slipping has been
added to the theory of the ductile shearing zone in the field
of tectonic geology. In the field of energy geology, the car-
bon macromolecule structure and nanoscale pore change
in coals have been analyzed and studied, through which

we have the result that the tectonic deformation would sig-
nificantly affect the adsorption, storage, and resolution of
coalbed gas, and also initially explain the structural char-
acteristics of size, form, and connectedness of micro-nano
throats in unconventional oil and gas reservoirs as well as
the evolution rule and the occurrence mode of oil and gas.
The formation of superfine disseminated gold ore has been
analyzed from the nanoscale in the field of ore deposits,
and the new geogas method is found to explore blind
deposits. In the field of earthquake geology, it is known
that a narrow seismogenic fault zone is the viscoelastic
friction tape of nanoparticles, so the instability of a macro
system might be caused by the energy release of micro
particles, which provides nano structural methods to solve
the gas outburst problem in colliery. The emission char-
acteristics and rules as well as the risk assessment caused
by the production, utilization, and discarding of nanoma-
terials have been discussed in the field of environmental
geology. In the field of atmospheric science, regarding air
pollution events occurring in a few regions throughout the
world, the material composition and structural character-
istics of nanoscale particles of pollutants have been ana-
lyzed, providing correct information and foundations for
finding the source of air pollution and countermeasures
for pollution control. In the field of marine science, start-
ing from research on deepwater fine-grained deposits and
nanoparticles in the marine “black smoker,” a new view-
point has been provided to establish the paleo-ocean envi-
ronment and understand marine elements migration rules.
Nanogeosciences are facing a new strategic opportunity

and a revolutionary challenge. In the future, we need to
clarify the basic connotation and the main research direc-
tion of nanogeosciences with the help of nanoscience and
earth science research methods, experience, and achieve-
ments, involving the following topics: nanostructure and
surface effect of minerals and genesis of rock; evolution
mechanism of nanoparticles and nanopores in a natural
geological body; characteristics and formation mechanism
of nano-deformation; nanogeochemical processes and their
behavior; nanometer effects of hydrocarbon accumula-
tion and their dynamic mechanisms; nano metallogene-
sis and their patterns; nanomineral, carbon radicals, and
new composite material: resource potential and process-
ing application; nanogeology and disaster/environmental
problems: nanogeoscience in geological hazards and pre-
vention, environmental evolution, and regulation, and
environmental pollution and remediation; study of the
application of nanometer technology in the earth’s litho-
sphere, atmosphere, hydrosphere, and biosphere spheres
and their interaction; research techniques and methods in
nanogeosciences; a detailed interpretation of geological
evolution and the information of the earth’s development
from nano-scale. At present, we should give full play to the
advantages of multi-disciplinary study, extensively coop-
erate with global geoscientists, and promote the research
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of nanogeosciences, that we may fully communicate the
latest research achievements in nanogeosciences world-
wide and identify key scientific issues in this field, enrich
and develop the theory and methods of nanogeosciences
so as to provide an important theoretical basis for the
utilization of mineral and carbon-based material, explo-
ration and development of energy resources and mineral
resources, and disaster prevention and environmental pro-
tection, as well.
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