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Abstract: Nanogeoscience is a highly comprehensive and overlapping subject, with combination of nanotechnology and geosci-
ence. It is hard to partition nanogeoscience into single discipline of the classical sense. Its research objects mainly include nano-
materials and nanopores, which are widely distributed on the earth and have diverse causes and obvious scale effects. To nano-
materials, researchers use various image analysis methods to observe their shape, size and aggregation model, also investigate
the crystal structure and molecular structure through all kinds of spectroscopy methods. To nanopores, researchers use image
analysis, fluid invasion combined with numerical simulation methods, to characterize pore morphology, pore size distribution,
connectivity and other characteristics. On the basis and framework of traditional geoscience research, the systematic research of
nanogeoscience as a discipline is to solve the scientific problems about nanomaterials and nanopores in each sphere of the earth.
such as formation, migration, aggregation and existence form of nanomaterials, as well as formation and evolution of nanop-
ores. Consequently, it deepens the cognition of nanoscale characteristics of branches like mineralogy, petrology, structural ge-
ology, geochemistry as well as resources, disasters and environment, The emergence and development of nanogeoscience have
brought human beings into a new level in understanding and transforming nature. It is the inevitable way for the development of
the earth and planetary sciences. Related research has provided new theoretical basis for mineral deposit exploration, resource

development, new energy utilization, prevention and treatment of environmental pollution and geological disaster, etc. It has

immeasurable scientific significance and application values.
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M IR} 27 20k JL A 00 K R S A8 R WL RN RO 85
BE B 7RI R RS R E D
R 27 TF [ 88 2 00 0 RR WOUL G A 5 1) & B < AT B
BB EAGUK HER B2 AE IR 5T R RS KN
THORL T 38 A7 7E 94 K O B V8 2 R 6] T H 28 W
/LEN:RY K N RO TR TS GIANY N AN B V¢
IV 7 W 5~ B A8 g ROST RI00E . 44 OK i Bk R
ot F LTI MK & B2 rh g oK R ORLIE I a8
F R FAAEIE X S AL BRE 115 18 A 25 2% 1
FH i A8 K e A AIL i i B 2 AT B b B A T 1) 4 oK R
RO T B AR AR 5 KR A A S AL fE
i D20 oK RUE T 5 b 35k 2% V8l J2 ) B JE 3 L 45 48 L AL
3 s DT 46 718 1l 35K 4% 18] J2 ) o i s i 48 oK RO AR B
(PR SCH,20165Ju et al., 2017). 545 [ P AP 3L 28
AECFE M 20 th22 80 AR LIR) Y BIF 5% 3 Jie (J 2%
AR, 1991 TR AR A2 PR, 1993 R, 1994
Katsube and Williamson, 1994; 2% ¥ %, 1995;
Daulton et al., 1996; K& FH MEIEMR ,1996; = 4
BH 4%, 1998; Ferraris et al., 2000; Herwegh and
Kunze, 2002; Hochella, 2002a, 2002b, 2008;
Lower et al., 2002; ¥ ' 3C %, 2004 Bk K 8 4%,
2005; Ju et al., 2005a, 2005b, 2014, 2015, 2017;
Lee et al., 2005; Reich et al., 2005, 2006; Anand
et al., 2007; Bargar et al., 2008; Hassellov and
von der Kammer, 2008; Waychunas et al., 2008;
Seut K4, 2009; Loucks et al., 2009, 2012; fh 4+

4% ,2009; Schleicher, 2010; Emmanuel and Ague,
2011; Langworthy et al., 2011; Oleynikova and
Panova, 2011; Cheng et al., 2012; Miller and
Wang, 2012; de Paola, 2013; Siman-Tov et al.,
2013; Sun et al., 2013; He et al., 2014; Verberne
et al., 2014; Viti et al., 2014; £ 2R %, 2014;
Yuan et al., 2014; de Paola et al., 2015; Das et
al., 2016; L F = %, 2016; Wang et al., 2016b;
Chen et al., 2017; Meng et al., 20173 Zhao et al.,
2017) , M BRBE 27 AU Y 2 2 7 TN TR A4 oK R
IR ERY) iz Bl it 72 B 5 5 B 580 B AT
S M IR A5 V2 0 K RUBSE A S G R, AT S B T
YK IR 1 2%

YK Ml KR} 27 R I A R MR B2 5 KR 4
RAE N K e O 1) ] B iy % 403, KOR T T M Bk
T2 25 A 4B Y IO T T 55 5 49 0K b BR B 2 1 D EDRE
2320 21 40 b BROBE 2 1Y JR T Ok R A 1 1 TRER A
7T AR A 1l 3K AR 27 70 M oW R | 1 J R 2 .

HIN R 99 K B 51 A R 2% 1 43 32 403,
FEAT IR GR A B 0K Mo BR fb 2% L 98 K 1 R
YK BE VI BT A8 K B PR DA K 9 oK B 55 b 2 25 7 T
HEAT TN R RE B B WF 5T (5 2 22 R 1 98 oK b 2
U R BB AR SR 2 [R) R, G T A R 4 K R
HEAT R GG UK o IR 7 1 BB AR R B R T
YK T AT 1Y R A A TR K B B B B B B
YA TL 27 M BB 2 Y AE 5T T B L B I R R L i —
A0 JHL T 20 K 1 BROBE 2 i B AS N TR DL K S SE T
To) . TE 29 K M Bk OB 27 K J i B v N SE o R 2 e B
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SESCHY AR )2 IT e RV B N R Z S AE 42
T X2 2 290 2K 3t BB 27 B A oK RSB SCA B £ T H 2
Ky RGEWFIE TR i e 20 K Hb KB 27 1) R R R G
BB )AL, DT = 55 0 242 % 490 0K i 2R o BRI A
D75 B W) 5 R R AR A L BE IR S B R
BRI e L B BS54 R 9 3 930000 452 T 422 A1 o 2
e A

L AR ERR 2 B 55 1k

G0 K b BR B 7 1 R Y 5 vE A T AR
5 DL 1 5% 3 2500 S5 S FE Al 1) 44 oK RUEE By o U N B
AL SR 2 7 1k R AR A W 5 4 0K 25 4 R AR
AR IR AP P AR 132 A B8 0 K LB A SR AE T kL LA R 52
R R A3 1 2 2 SRR B A0 oK RO 9 BB iy
PR WL 2 A A0 45 45 4 1 7 2 BB (SEMD L35 5
W7 B CTEMD 45 #4508 B 38 (STMD (3 4
PREF Gl BE (SPMD | R ) B BUHE CAFMD ()
s (MFMD 0K — 99K CT (Micro- and Nano-
CT) MBI 40t (CLD , B AR I i A A 05 1 H AT
e T AR R WESE L H I SPMLAFM 45
T BB TE AW b AT W00, I W] & R oy -
J PR A B B ok T4 R, L4 T JF i ek &R
G K 2 B R REE ROR 5 A 7 IR R T AE
(Bhushan, 2005;Milliken and Curtis, 2016).

Yy B 20 K 25 K 1 RAE 7 AL XS R AT
S L A e 21 A O % (FTIRD L #O6 $r 2 06 3%
(Laser Ramen) % #IL4R3E ( C NMR) | GE 98 £ Il
YA G548 S A A IR o OE % (Ju and Lis 20095
Yao et al., 2010;Ge et al., 2014) . Lk J ZI i Hb Bk
T A I R b g oK W B Y Bl 2 R A B R O AT X
SR K 250 A AE A AL R 2y T A BB
A R

XoF 299 2K AL B Y T 5 25 AN T 23 B AR GK 40 oK RUBE 1Y
BOR T BRI B 5 15, DA FRE 2 L IR Y SR AE RN E
HUPRAES R E O A WS T R AN TR
i %% (Bernard et al., 2012; Chalmers et al.,
2012) JJR T J1 B 5% 5% (Javadpour, 2009; £ 7% 4E,
2014) AR R A/ — ALk W B (Clarkson et al. s
2013; Wang and Ju, 2015; Wei ez al., 2016) %
Pz (Ju et al., 2005b; Odusina and Sigal, 2011)
S N FAE 1 X 9 oK LB 09 3R AE |, U TN
AR TR 5 B A0k B X B0 A )2 L 0 R A LB T
AR EALBURAE I WF 5T AU 3 B R R S B A

HE T A2 75 5K 5 T 2 T A Jie S WL ¢ VB0 HE = 2 AL B
HFE (Curtis et al., 20125 Ma et al., 2015; Sun ez
al., 2016; Wang et al., 2016c; Zhou et al.,
2016b) » PSR RS 7 SRS L 1 2 BB (FIB-SEMD
g kKE G X B2k B8 (Nano-TXM, tHL#iFkA
Nano-CT) RACER B AR T K it 250 B8 8 th 3+
DB R OK LB =4k R F RAE b 5 R il
AN R4 BT 4 A B AR

VDA R, i Bl 2 3 28 G 52 R % 7 1 0 1 8l
71277 1 LB SO0 25 40 0 S0 ™ HR A A W B A 7
NSRS IR MY 1 8 1 2w BN T vk R SR B
WA AR AL IR AR R AR R AR A T — AN R
F- Bt (Bartus and Brodka, 2011; Mosher et al.,
2013; Zhang et al., 2014) , {i & AER ST HEIE K
BE o AR R A B2 T 1% N R IR A
SEPLIEAT AU S 00 B SR U & SR 2R R &
W58 3ok 15 2 A (43 ) =Z 8] B8 AR AR T (AR B0 A
FHOC K 2 G CIS BIAE R X R A S A4 L ok il 2 H IR AR
RS ALL IS W T 26 T 23 5 8l ) 2 B R R R 1 A%
+ Boltzmann BUE I Jy 12 [FAE J& — R i A1 (1) SO0
Tk N2 i SR By BR A AT DA 22 LA s v
M T P B 8l (Zhang et al., 2014) . [R]B,
¥ Boltzmann 75 ¥ 5 HABKUE T3 I7 M 1L B
AR AR R MAE S S T R
22380 W T DUE AR AR 2 i A 0z A% HL I BF 5T (Fathi
and Akkutlu, 2012), # F Boltzmann £ {H 8 #{ 77
AR 0% 2 LA B ok — 90K RUBE B It AR It 2l 45
Wl BT R B T S O R 4, 2016).

2 AR S AR ALER

MOBRERf R S bR U 40K Wy B #3032 AR S
(4 T A LS 43, B R M ER R G R A T
SRR A0 oK RUBE 9 ) J5T 0 39 A TR B, 2016) L 2K
Y5 A F AR IR b oAb A A, I £ Bk R 48 1 4% 1
BlZ Ca b B R VO REAFE (- D, U
Mo ERSCHET Hh T 2 WA (B B3, 2018) . BRI KR W)
St BAT V22 7 [ 1 G 22 0 0 AR 1) 0 A P 5 52 i)
BRAR G2 45k 5 AL R E i TR RN,
G R EAR A BR ) T X% A TR AT ST 5 A
Xt IO R FLAE B FLAY iR T A AE L Hoi T AL
AR /I AR TR B0 £t 5 5 [, 7 b R 2R e i Ak 5 AR b T
RER A T H 2R BT R WL 9 K ALY e 3w AL
RE (5 4 B HE R AR Y 90240 LI L (Wang er al.,
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Fig.1 Widely developed nanomaterials/nanostructures

a. B ST B EUR IR I A AR AE (Tian et al., 2015) ;b F3 4 B BT 1%
L2 T TP R B BRI 5 e R BR IR SR VS TE (M A 8 R A (Ju
et al., 2017) s d J 3 FUBEIEIAG , 0k B DDA b @) 1 R BT D) T R B
IR EEH (Liu et al., 2017) ;e B4 B8R, &0 K L7 L4 iy
G — LK UKL (Wang et al., 2017) ;.35 5 A1 B2 R0 2 T HEE 4
I RDIRBR 29 K 45 (Wang et al., 2006) ; g% 5T B85 K15 5 5w R 1
2% e B % BRIURE (Shao er al. . 2017) ; h. 3% 55 B B8 14, 65 % A 3% 56
11 v e B 40 K B0RE (Gartman ez al., 2014)

20033 7 55 ,2016).

G IR — A G G 1 FRIE 7 R R 2 1 B
FEH TSR H A OCTE X G R AR R
YK G A AL B AR A AL BT K A3 S R AN OK R
Yy MR AR Y R G AR SR L T PR AR AR AT
A A G K ) JoT 1 3 .

KT BT T B AR R, E A
5 A VRORE BE 41 /N 2 Ok B T Ok (B ) L B
A — YR ZE K I SR VR (g9 oK A 45 48 1Y
BIE A HAT QUK G R R R (RS
T A AR 5 R A KRS B Ok 7
W BFEAT S L il % | AT SRR A A Ak 0 M L B TR T

1% 3 3003 55 T T 22 57 0 3 (RHR 55, 2018) . SE B )
) HRTEM,STM ., AFM #F 5% 2 B, 5" 4 v (1) 4 >k
UKL RN 25 74 J2& % A7 7E 1Y 760 ) 2 100 A 5T 13X
Tl K B0 G2 0 A 3k, L AE — BB B W AR A A
PR 2 I GOK OR R G 1k, EE AR LY
HRT R L U AN OK S5 A A R AR oK S A
DL 28 f o R B KR 25K RE AR KT 1 pm BB W 1B
P Wy 4 K OE R B LT 0.1~100 nm AL 42 #Y
TORL I B 18 B2 5 W JF G 45 b A0 2. T iR 4B
(199D IR IN I VTEN AR ER ZIE 28 21k &
0 AR B A AR A R b A R O B NOR AR R X
5 18 22 R g B A 58 6 b s e R 40 0 O o 1) 1) 40
AL AR

A AR M S A A IE A B R [ B b 2
REZM IR A — 99K 9 (<100 nm) 5§
AR (<1 o) RUBE B U0 A 42 2 1K R 6% 10 Sf L
52 E0 Y Z 8] AR N s — R R T
o BB B R AT IR AL ] Bk A SOU AR B L TR
(ISP AE= P S oy AP T A 1R e /X b5
fil (Herwegh and Kunze, 2002) , i 1% 5 B 7 o i B4
(TEM) %5 & S A% 14 18] 1 2y BF 59 0 4 oK 25 0 44 oK
U A AL AR ARG 0 25 A RS b SRR AR SR R T
A RS A B A LS 25 R e B IR L TE
TR Wl UE o O PLBT DU b S R
14 FiE R B IR JFL o 3 AR SR A LT A Y K A T A
FROEAR 2] 1 08 222 5 WK 40 0 5%, A HL ST K 40 F fig
% ) WA LIS S Y A AL R R L DO RR A B L AR T AR
TR B A A5 2 O BT A Ml o ) A e I
WA, e R AE R R A AL K 43 19 4 L s8R0 A HE
AT AR A Of Jiz e LA I 2 B 3 U T, S TR Y
JE(Ju et al., 2005a;]Ju and Li, 2009).7E & f1 i A8
() G K 25 0 J5 T, ] 2% 35 % B NS (8] X880 A i
7 ol R R LA oK R A I AR R AR A T LA 2 RIS
(X2, 2009 5 FMA 25, 2016) PN o 25 38 3 V174 728 J
il AR T B AL A B OB (SEMD L
R IR T 0 A AE 9 KR 2R G5 I A A
=S T S IE 5 7E 5T V) AL ok AR v g K UKL (B AR
40~95 nm) & wifb — b — e, MRIE R A
SLEERE R W 5 R M A 3 AR B (3
Y1 g AL — 55 4 VEH — 2 #I4E D % U1 G HK
HET AT MK — SRR AR TEAT Sy 48 75 1 38 55 U i iou iz
B 2L (P55, 2009) . 58 1t K 55 76 48 1 55 V) 18 3%
i 7 E A0 K IO 45 4 23 ) Al b X L AR v I By 2
W )22 e B it ST e R 2E R O AT A L S O
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Fig.2 Nanopores developing in geologic body
a 3 B MR SUA A AL L (Zhao et al., 2017) b JRF )
B G R P T2 R R O G AL B B B R ALk (Pan et
al., 2015); c. 1K CT B R, B % 6 & 19 LB (Zeng et al.,
2017) 5 d.3% 5 f B8 RS TS A TN A 0 1 UKL R R B 4 ok R
B3l (Wang et al., 2003)

N e B« % B0 Ay 485 T $558 2 e S 1 % R T 4 1 R ol
Sl AN TR EEEORN W 1 RS T B0 e 1 BT D) AR R Al R
R KGR CRPERAE,2009).

XF [ SRR SR AR T (R ER o b A BT R
TR B A 22 U0l I B 5 1) ol A LB T X 48 oK R
JEE LB B A 5 DU Bl AT N 53— 00 T R R R 1Y
AR L KO R Y I B A A (8] 2) R XA
gk g AL B Y B 5E R AE Tt BT A, IR E A
(2004) 5 38 1 X 44 1 B 6 BIF 5%, 45 Hh 4 2 AR T A
TE PR HE 0 DR 43 45 48 1Y) [) B, A 2 5% e 3] G 40 oK
PRALBR G L 9K DAL B 2 AR 32 s
(] T AT 2Rt 2 AR LA 2 B R AR B A DGR I
A 3 IO7 3 A 5 555 A0 5 i) X6 FL B R A 2 50 A0 T A ke 2
FEAME (Ju et al., 2005a; 2 3 %, 2005) M R 01 %
IR RSB R DT A R 2 e (A DA R
VEIEZE 1) e )22 3O 4 5 B 200 4F R X 5 &R
VA FL 24 B RR AE AT 9 41 43 B B 98 (Wang et
al., 2015) W], 72 KB WK BB DL S8R = 1
TOC fEHg 58 T EW M SR HE

F R 56 T 55 90 1Bl PN o 2% o )2 ol R TR
BRI K B8, R S B AR A TROK — 222K
FL 0 11 R L A ek 7= 0 3 ) 400 DK Lk %) D i — 1K
T8 fith e A= 32 252 TR 9 ASSR A R SR TR L AR H R TR
CREARBEZ A DU MR B A MRS E B P
B A0 I A R R A (Curtis, 20025

Chalmers and Bustin, 2007; 4B A fE 2%, 2011;
Zou et al., 2013; Ju et al., 2015).

VAR K X T BUH % 2 LB FRAE (04 BIF 28R X 8
Z NI W AE R4 & L 5 il T 208 62 19 FLBR
Wesls s R ZAEGK R B 28 W H A 4%, B N A7
TEVF 25 )8 i 75 91 2. Al A I A0 Bl 4R P IR
FRERNTAEYEMm” (Kerr, 2010; Wang et al.,
2014 JEAAE AR IR 5 2 M BUR A 2 i TR
PN A0 K AL A I B T R A IR R A A T AR S
A A RS B T — AN i A R T . H
i B R T R B X BO# Ak 2 99 K RO fL B4 A
M AF 5% L 2 (Chalmers and Bustin, 2007; Ross and
Bustin, 2009; Chalmers et al., 2012; Curtis et
al., 2012; Zou et al., 2013; Yang et al., 2016;
Wang et al., 2016a; Chen et al., 2017; Zhao et
al., 2017) B 1 X5 Ho g PR 2R B 0 %) 73 b LR 2y
B3 A BL RGBT S X H 3 S R B TS X R
Ol 5 U8 DU W) JBT 2H 1 b AR AR AR 9 G FR AT ST X
AU BB 1Y N A A T

TE 3 BR R 2 U AN AL BR T 308 1Y R H IR
it )2 MR AR A1 R R W 2 AL 5E . 071/ W) oL I
AT REBYPKILBE (Lee et al., 2005), B KA H
F M AR ALK TR S T AT TC 518 L A W B RE ) A
IH T AR Sy TR A 59 25 B3 AR B P A W B
TR TS Y IR B, R ARE W b JC LORS 18 W) B B
R ZFM: (Cheng et al., 2012; Miller and Wang, 2012).
(i) 5 O B A R 3k — R o CO. WAL T 47
TIEER S R T L A A e T 2 RN Y BEAE T
B iy [ R T K 22 L D) 2 T A A AT A T
(Mao et al., 2011; Cudjoe and Barati, 2017).

3 AOKY) 55 S AL I R RS

9K M IR B E W5 b BT B i R IR 9K ) B S
G AL FLRCR 2R WA SRR IR T 25 LA S5 ) R
AR AL B ST AN BT (o DR RUBE D 1Y 4 A
REMEM 5 H W LU A LB A A DL R A
SERORAE SR R AL B A 9 oK RUBE () ) i 5 2%
Ty HAT RUBE SO 38 3k P R0 AN (] T 23 W08 40 o 7 At
PR S HRAE.
3.1 WRYBREEHHE

Hochella ez al.(2008) & % 44K W ¥) (nanomin-
erals) FTH" 4 44 2K ki (mineral nanoparticles) E T
D365 0 T 3 5 SC 9K B ) R ALAELE T4 oK R
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Fig.3 The formation process of natural nanomaterials

BRI H Liu et al.(2017)

JETR B8 1 RURL 0 ) 400 K SBORE DU Sy 2 W) Jo 52 b
T A JH 45 52 Wi DB 3 1) A K AORE o AR 7E ) 18 JHE Bl PR
W AVETE X 47

KR AW ot I8 Bk B AT 4y S PR 26
(1 3) AHAE A AR 254 L 38 4 J2 I Fh o 7 B A AR
A7 R I AT 0. — 28 Sy 7% WL T 22 R L LA L R
ol YD) A% 45 b SR R B an 00 XA A T fE
T EC THI ) J5 25 A6 1 T DR G 2 2R B ) 9 R (RS
£5,2004) AR A T B A ab 4R T DL R0 B AF kR
ARG AR TR IX I s 2 W — R Ak — B AR B 7 A
A JE Y L T FR A 94 K 94 IF (nano-modulated) . 44 K
%R AE F (nano-smear layering) (Musil, 2000), ;= 4=
H B2 W 99 K JORL AT 25 (Sun e al., 2014) F0NE 45 3
TR — GOV WL S BN T 2 43 1T K Wi 224 5 V) 4
KEEHIIE N — K F — AR i LI — 5546748
& — i {1k ZE ¥ (enbrittlement deformation) 3 4~ ¥ B,
FAH R B9 94 2K ¥4 |2 (nanocoating) — 44 K 55 1k (nano
weakening) — 44 >k )2 Z! (nanodelaminating) 3 Ff /£
(Fh 45, 2018).

T RN T T A A AL RO A
Y A58 180 0K 407 ) 8 7 A0 oK R I B 1Y
TR AR I 5 N R T R AE W A I
A K ORI B I I2 A% 5 TR HE R A R
YA AT B 42 3K 5l B A AR DG S AR 1 22 R 4
KUK (Bazylinski and Frankel, 2004 ) ; #4448 # 7]
FEAN L NS BN K RS R BE 38— (25 b R 4F

2B S R ) Fe, O, 5k Fey Sy 43 1 Bl /N A SR 5
TS B S ER ) A T K Ve A R R AR TR 2B
DR W) 9 K UL Y IS K Sl 45 % 1 32 ) B R TR
A A K TURE 2 8 e A

YK LB B A 2 Al A AR 22 AR A0 i AR B
A HLJBE T 90 K 9 AL BR 1Y 4 28 (Nelson, 2009
Loucks et al., 2009, 2012; Chalmers et al.,
2012) , ARy FERR VA 94 0 LT JLAR ST - TLAR | HE G
b A R B R R Y SR AR LB L UK 4 0 BE
KL DA ) ik BT AL LAk PR B AL B | 224 JE 1 AUk
T R 4 2 /I DX 3l 908 A R 0 M P S ] ) L Bt A2
JE S AE TR A 40 2K L B 55 5 0 P ik 18 19 fL
Bl o G ) UKL B 43 B4 R VS A T I S5 AL 5 )
45 i /B oS 45/ FE )i LIS n 4 L B 254
JE 45 35 P D 2R LB s B 0 FLB R R B
45 A% Z ) 1 LB s A7 AL A SR IR i FLIBRE R 20 A7
BLBTAE TUAR SR A R FE v A e S R AR L 2
LN RS TR
32 WMARYBRSEHHEE

L) 2R KWy Jo 5 45 460 189 RUJRE S50 E . 240 K 4y o PTG
RO /IN0.1~100 nm) » BAT R 2 AN 6] F 7 W4 o
R S LR BT L TR AR RN B
Hiz # 68 gt 1 i 3 1) R 23 1) 22 WL 1] 4 ) e, g
B TE R Ve 2 R DU I A Oy kAT
KEER 27 , Qi 5¢ 9 09 b 00T DL #5 4 i oo
R LT E R, U 5% Bk b 0 S R R
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PRAGAE 7 B E 4K 45 38 o X 55 b ¥ A% 1 B 1 4 oK 45
Fa B IF 8 PN 25, 2009) HE BT L 48 K G + 75 Ik J2 5
Fh ot 1 T R B L Sl R S B Y I Sl n] fE
SR 3 B 7 T 2 AN RS Y T B R AR
BT AR P B RH DA 5 2 T AR R TR Y 44 K ik
Wikt 2000 km(Wu et al., 2011),1X K
AN TR N TR AT A B D TR At 1T A AR R A
feiib. BT AN R A By 9 K W) B i B ol T2
AU T A2 9 L 98 oK W o BE A% BTk it B
PR 2 fik | AR P A N AN, LT RETCUE T ok A
DARERR AU HE i A B A 55 19 2 K UKL 9 o X A4k
A E R A5 AR L R B g K 8 BT )/ RO il B
A BRI LR 1 AR 5T ) W B H A A0RE L 18 5 2R 4R fig
JIFE R e )y FE R 5 S PE R

BEXF K LB B 5T 2 B 5 ol 3 L BE R B 400
AW 7 HAEA T F — R, g K LB 2 A
A —SEREE T Iz B R BREARE AT R Y I B fE
T b 2 — 2% A A TP K fL B R R 2R
R A BRI T s ), o) — Oy i, DVBEE ARl
o A AR g 2 il AR AL 7 T 4 IR 28 7 380 T S A
T RIRRETR . Sy i BB T 58 MY S 0 A Rl R
HEARZ LB R R IETE A8 T LN IR R R
2 W FLME T PR 2 0.5 nm, U1 006 2 1 FLIE T
M2y 5 nm, 221z #% J5 X LU BT A 8 3 B3
MAAEZRALME TR 50 nm. B2z XY
B 0 AL ARG R RV 3 O 3 5 R A 2 B AL
M N BRZ 1000 nm, f& 3815 #% )5 ALK U B i £

(2) G oK) 505 45 40 1 % 3 . 20 K ) o 5 45 4
BARIRASE] UL ABHE) )32 43 A0 T MR (9 45 A fa %
AH A8 10 R AR 7K BRI A Pl R 42 WL 48 AR
SR TR Y BT S S5 (S ULE 1) L Ry H A e
Pk F AL T .

AT AR A BRI R A A A 28 A R U 5 7
FEAEHE TR AR v g ok W B R A A DG AT
FE, eI R 2 A5 BT DO IR
S 7% 7 ELAE I 8] R0 S ) B B AR R AN i E L
T AU R ] | 23 SO B A R 23 5 e B R S b 4ok )
J A B 23 43 4 (Shao et al., 2017). 70 i L i P 7K
A v R RE A7 TE KB 94 2K W) JBT s X YR IAE H— S X A A
AREA FEWNE SIS TR W5 R YT, E A8 0
TE AR CRT 2220 K 20 UKL B 3% 18, & 48 JF Bl 7K I
B8 (Yang et al., 2015) ;¥ ¥ 9 00 B AW 14 L 1 P B
SR TRAR AN K ) T 45 AT 20 IS A O A [ OK B
IR YT B, B R R B A5 L BBk AR

(Gartman et al., 2014). FABHE R KRR S
SERI RO R SO T L AR R AR TE R 48 K
PORL A rh oK RUBE 9 T AR A AR W 20 T A%
R 38 N AR TR 18000 99 K JBORL | 3 7 4 o AR
FH K 7% AR TR W B 4l K ) | 1 38 v 8™ 42 8 T
R G OK ORL B AR A SO I AU R P B A PLBTR
T AR A K LB B2 (Wang et al., 2016¢; Ju
et al., 2017;Liu et al., 2017;Zhao et al., 2017).

()G o1 5 25 0 1) s P R) R bl T4 K )
JBT B Ak 27 3 v T BE AR — R A W BRAL A AR A
AT+ 5 2 BB A8 Ak A £ R 22 K oK
KLEC K 2540 5 AL PR A BAH 25 & 2 A B )
TS AU A . 78 - 2 K JURE B 40 K 45 4 Oy 3
B i R R 5 e DUOR ROEE
B BTE H L GA K ROBE BIF 90 07 ¥ vh AR e A TE L I
I, REEOUL S TR A 00 s E b 20 K UKL ) R 44 K 45
Fag 2 o3 IR HE Y.

KWy BT BAT F AR AR K SR T BE K B RE A AR
L2 Rl DA WO TRE Y/ UG A2 b7 B 1 YA S 1 1 e - e |
%I REE LU SR AR A IE 20K AR R A e 52 T 4 K
W ALRAT R W R R AR 22 i LI 1A 14T 5% 44 465 4y
ARETE Ty I HE AR A (RN ER A, 2018) . AT R AT R
2 BN YA B (P BT LA K K 3R B Y 52 e, AL O[] A
) UKL 4 141 SRR 285 25 B A BORRLAR B2 KRR
9 pH B BT 3R B L R SR A ALY A 28 590 ke A5
JoT A AR Ak 1T i 3 A8 4k (Hotze er al., 2010; Sheng er
al., 2016a, 2016b) 44K Y 5T 1) ] ~F 38 2 B2 iy FEA
AL RIRIAET P AR BT (7-Fe, O9) B E
PR3 H EAE T IR (a-Fe, Oy A, 25 k7 hr 12
/NTF 40 nm B FETCK IR T, AR 23 1) B AR 2k
B f A %% 4k (Chernyshova er al., 2007). 3543 40 K
W5 25 ELAT 35 (A R E M Yticel et al. (2011) %8 i
TR BT T 1 400 S50 2 R 1 S 1 WA 0 BT 4
W AR T R AR AL L B R A oK
URL S XE B AL DRI RR 8 AT K B i .

TE R IR AN K S5 48 7 TaT 38 i AR0RT L 0z 742 55 L
/N1 W 24 57 DI VE I CHED 5 ) T il B 44 1 | T 2R
B LA FRY AR 3 IR 4H 8 (low-orderfabric) A9 44 2K 2%
A T B AR S A B R R K i T 4 5T D) PR T
CHE D) W) 2 3 A2 AR B4 L B2 % B L T ) o e LA
(high-order fabric) B 40K 25 (P45, 2018) . 402K
LB 2K E T8 AILBUA A iy R ek #e b (H
AR LRI PR 9 — 20 AR AR T AR i
o3 K AL AL 1 A7 AL ST A Ak Sk il A L 4K AL
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A3 %

B o KON BOK HOT B W i ; B i THILR I E A
BLUBT 5 A e KA o 72 v 25 & AR SR O, 0 ) 1%
ol S BYEE B e D g K AL B A LA B K

HR A3 CRLAR B HE A0 /N 1) 99 K 0 55 4085 Ry 7 B
for D - Bt ok PR R R (MG . 2018) , ande A H
A4 L 0 B A S R R DL R A
SPUR X RE SR IS — R S TE—E R b
S 20 K RUBE A 25 4 45 5L A AL 5 498 oK JBORE 75 375
SR N BB A5 R MHREE TR AR
4t (Focused Ton Beam) il £ ()8 #AE & . 7] H T
22 0 I AR R 0 AR 27 1 N K RUBE A 5% (2= & AR I
W AKAR 2 2015) , SR HCXF A% it 1l 4 I BT A 1) BF 855 4%
PFEORTE L FE 5 B B 52 B A8 A B8O 42 5 1 3 17 4
KGR E B

4 AR BB SR B A B

AR 20 el 80 A A, Hi s 4 K B4
fifp TR 3t 2 0] S50 LA ST A1) (HL 999 0K 3t BR B 2 1) HE
SR AEA BRI B, 5T A (2016) 7E B S5 T
WFSE RIS & B B OF5E AR SRRl b, E— 2D B
IR T YK b BRBE 2 AR & LLAOK R 22 5 i Bk 2
FARFE AR HOR 5 1 24 0F 58 05 ko T B, LA BR
P R WE T 52, %ok 25 B 2 v 2 RN B0 RE R R K
Y5 RN K G5 AR AT IR ABIF S o DT 488 735 b 35K 35 A 5k
T A RSN 5 o IR Y O 28 S AL R k22,

A0 K 3 IR} 2 2 T ST R A P P 4R R
FEMBORLTETE 1L L 12 78 L R AR AR TE T X H AL BB
5 T A A A VR e AR R s A AL A R A AR AR
H i (B 5 77 1] FF 58 0 e T B AR 53 Sy 4K )
IR A AR M ER AL A G OK A T BT A
KB R T2 N KA PR 25 0 K Ml 5% b T 2% 9 K 3R
S5 b BT K RSB RN K R (T ). 40K
HOIRBLF o — I Vi BE L5 Y 2 S AR R 43 i 48
MR AR T E 2 RS AT

20 K M BR B} 27 A O S B AR 98 WF 52 % R A9 A TR
A LATR] 253 SR P R 36 « 40 K ) B 0T 58 0 J0 A A O 2
FHFN G K AL B BIF 58 18009 AH O 22 B B X 9 K ) ot
BIRIESE » DL 1 27 de BACRAE A B i 0 R O BOR
FB NGOR REEHB 7R T 0 4 10 SO 45 4 LT 31 L A
TG 7 AL B 50 9 A G Ol B AR AR
W AW AL RS0 AR EAE AR (R K R AR
2005; He et al., 2014; Sanchez-Roman et al.,
2014) . A 57 0 W 18 48 K ) o AT 5 o e A DX 0

B4 AR BRBLE 1 53 302 B

Fig.4 Subdisciplines of nanogeoscience

M T BRS J3E 04 B8 R 177 S B A WA A B AR A HL R
Ay T 25 M A LR 2 5 B 4 oK R B 15 BCRE 8 4B R
A B TR MR A AR BT AR Y ok #R DL KA BIL T — A
12 1) FE 1 %% (Herwegh and Kunze, 2002 ; 35 B SC 5%,
2004 ; 15 “HE A5 5, 20045 Ju and Li, 2009).7F
YKy BT T 04 I v B B 28 T S AR 1 B TR 4
JE AT B AL | AR SR T SY B R T R fE
i DL g oK WOk T8 U7 3 8 R N IR B
H R AL 27 SR A T B AR L L O IR R A T
ECERY O AE Y8 (Anand er al., 2007; E 25K 4,
2016) 5 M — L& 4 @ 57 7 A< B w2 94 K 4 s Uk 1Y 5
R HAEMREFEENRARA S R DYIKRY A RE
WKL A [ 5 AR FE AP AE 9 (Reich ez al., 2005; 4518
JEAF,2012) AR FH = A2 91K A8 T S5 F 40 K
A [ RE S8 T 40 K 4 5 (A BF 9 Y L 0 K RS R RE B
T 7% A Ml T AR O e B v A LW ST 8 T
M EAE ] (Sun et al., 20085 Yuan et al.. 2014;
Huang ez al., 2017; Liu et al., 2017) B4 h i
SRR IN A 5 7 LR ROUL 2 A S AR 4 o 2 UL 32 42 1Y)
R R A H K ) SOV~ TR T B BT B, 3 A R B
B 22 AT 5 R T D40 oK RRE 38 20 48 T 1l = 1 2
) % A HLEE (SR 3t K %, 20095 de Paola e al., 2015;
Janssen et al., 2016). KRS MK P& £ 5 W94k
TR i ) 2 5 B M R TR 2 0 A O 5 ) b R
JZ 8RS EE (He et al. 2006;Sands ez al., 2012) , 70
HOZ RAGARPURLY) , AR R A% 55 5 s T g
P AR B o R AR R A SR T B, WA
JoT b 3 AT i e W 4 oK R E JURE 1 ) J5 4 K S 45 A R
ik A BB AR IR I itk AH 5C R] 1 (Chen and Xie, 2014;
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Xu et al., 20163 Zhou et al., 2016a).

BT 20 K FL B AT 5 T R 8 A A G 2 B 32 A0 4%
YK B IR HbL BT 27 RN 4N K B BE Ml BT 4 B U ) IR 26
S A BRI BN A R Tn) R, B0 4 ok, 9 43 1 G0 3 1L
AT R 8 ATTIA R B B8 2 R ok 9
FLB Y B i 4R B ), [A) I £ 2 25 28 02 1 T T
Bpep 22w B E A B AR L HOR T B AH SIS I
¥R ¥t (Javadpour, 2009; Curtis et al., 20125 Clark-
son et al., 2013; Wang and Ju, 2015; Wang et
al., 2016a; Zhang et al., 2016) , Xt = % KL <
PRIT R B BUIT 5 14 £ B PR Pt 55 1 22 07 1A A R L
R RS H TN 2% 2R BOR R Y L AR 23 A T
EA T REMINROEE A2 :0.5~1 000 nm, 57T
AAME)Z :5~200 nm, T )2 : 30~400 nm, 2L
WK M 50~ 500 nm, B B 5 )2 60~
900 nm , B I A A E :25~700 nm) , WFFT R W],
2 1 s AR LR R LA 100 nm DA B AL
Bt R gt o 3 b E A DUE AU R LR 28U
0.5~100 nm & [l . AT A 1 Al 5 RLAE 2 A0 1)
LI LA P 49 2K (10 ~ 100 nm) 15 A AAY 2 B ok R
JEE (195 35 8 ) AL, a0 2R SBURT 19 it )2 A3 7 =K 4 oK
FLBE B B P9 2 1 AN A T U R4 S 3
I BE A5 X6 R B AN K G TR BRI URL B % K (A
H R 4 R 1T AT AL TS G S AT AT RO B (Cheng
et al., 2012; Johnson et al., 2014; Yang et al.,
2015; Civeira et al., 2016), N4k RUE b #F 58 K 4%
MW RS 550 %) 2R A L O R R T o TS G 0 1 I PR SR R B A
SRR BB AE AR BT - B 35 e it B it T B A
X T A — 28 R SR HILS T BIL Ak 49 0K 25 44 1 BF 5
FEMYHCTT LA 99 Kb A 1 4 52 A4 B A1 0 JBRE 8 %
MR —E R 7R 2 S IR B S R 1 E N A
B e E M AL (Wang er al., 2006; Das et al., 2016).

2R b TEGNOK RUBE | 0T Hb 2 v R0RN B0 42 30 47 TR
AMWETE AT BT 48 78 3 3R} o BE A S5 A LB A 7
0 M R P} 27 i B 1Y — % 0 SR IR AR 90 K M BR ) 2
() 27 Bk N TR AR B TE T X b BR O [R] 1B 2 gl ok R
A TCRETETE 15 % L 5 4 A 1R 20 LA R AL BRI i
5 T A A5 R A i TR A R ) U R AR SR AR ST, AT
PR B9 a0 e A BB IR AT PR 55 43 3%
PR oK ROBERRAE A A0

5 AR ERFL S 5T X

R B ERFL 7 1E D 21 20y BR B 27 1 K g aly

R HE A P I TRBR L DA T R A5l 3R R 27 7 fOW R
R R GEHE. O 1T L BR 2 ) S OUL Y R R
T — 25 R 20 K 3t BB 2 ) ) 2 oA 0 L R B
WEFET7 1] IR AARTT ORI 12 5 00 o AOoK A
Wb 5 5 L ER AL 5 AOR BE R B T 2 5 T IR A LK
M 72 b T 5 PRI M L A K B R T Bk A%
Bl 2% B A A T A5 A 0 ) 2 [ I D B 22 R
X0 oK s BR 2 B Bk 2 T SORISE P A B4 T 767 22 1Y
[l JB 1R 2R, 5 AE 2R G0 8 45 0T 4 oh BE 2 9 K M ek B
o S A R RS A 450 Y R R AR 2 A S B T TR
L 2 1l A 0 29 K 3t RO} 2 K 4y DK e B R 5
IS 5 DT B M A 8 A K il Bk} o B T 7 %
Sh )5 R T R AR L BE U A DR £
TF % Lh e 34 558 A 4 R o B0 A% D i 4 it R
B HE A

20K B S AR O o R 2 4 [ P A F 98 B
EMARTEVRMBGE AR A T — D3
U, AR B 5 L BR B o7 B0 45 5t 2 0 AR 1 R R e
e PR TR ITE

(DM Z 22 B2 SUR B2 i — 25 R Ak A%
58 M BRBE 7 G0 K B TR BRBL 22 b i N S T
2 B SOERN AR ORISR 4R 5 R U 58
BN B B B 0 K A ) o B R TR S o K G R
AT e ) 2 B o i e o b S — TR, J2 A
KBRS PR 2 — s R £ e
7 SR T AR RUBE WL 4 0L 5T 5 40 K 3t B AL~ 5 1)
JLF I i T A SO AIL 1 308 45 5 Bl 3 9 K B AR A
SIS ML T S 87 R 2 Al e i 2 DA B A
8 D0 A A HEL R e ) R 5 0 K ) 3 b B = O
PO i O A9F ST 4R AL T 7 0K R AR s 44 R AR A
RE U 1) AUIC I AR B RE IR 5 B AR 47 14 & Jeg i
S s SR LR M B A B A MR 5% R AL R D T AR AR
GEME 5 A KA A B0 35 Ml o =7 U B (4t 1758 B4 F 5
BLIE s KRB 9 K AT Bh T B 55 4 55 75
Py BORL SR TR DR AR R L B 3 25 79 e s 40K
T = U 3 8 AT T DSR4 4 A DA ST P 0 R T AR
SORE Y SIS a5/ K¢

() ZK AT HY I 5208 A 2 BE A 3 % 9 ok
Yy WIS ok B A, X4 49y b A 2 4 G 1 L
T U 2R BUCR BB TR T — RIVBCR . 2
FH I 1 58 A AT 9 K s 0 BORLAF TR T
A A Y25 A B B G A7 T VF 2 3 5 0 b o
B TR A GG A B BT 5 AR A A
RE R Jo o | Ml Bk AL 2 S 2 B AN 2 & L BE RS $2 (1L A4
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A3 %

RhH 2 EW R BE R AR AR R T T R AT B L Y
BN o B

R FH AN F2 BARBLAE - (DGR 5 DLk
2 AR Das et al.(2016) 18 i 14 B85 L 55 40 PR
7 T LB X AT I A T B TE AR R R B
BRI T AE RAF CHBREA 380899 K) B B4 K
TURL | S A Bl 200 K A A B J IR B 20 KA Bk 20 DK A A
YRR R SR F T I A s R 2
1M KRNI SR 1A 5k 48 K 8 45 0 o ) 1l R T
FPRETCEE R RATTHRAE T — A H RSy ) R
B 5 (2 QUKD AR il X R 2 gk g
4 JE R AR I UL EE  AH G 2= R B T — AR A
R T B B ORI F B LR 58 3% L 6
XF 2% P 9ok R 4w ORI AE | 32 B AL A5 1 i 5
BT —RH R (E2K4%, 20145 Wang et al.,
2016b) 5 (3)AF 5 A8 W 19 3 74 5 IF & Bifi 4 S0 4R T
KA AR B  F R AT RE TR % A 0 1
T I B TR A6 A JE I 0T AT R, AT TR PN R
FE & A H FLRE TR A HR A R M % i T RE R 7T
JIT T R H RLRE R B AN B F R 5L T X BUE 2
g R RURE FL LB L S i A BE T 00 B DR (R B Al
AR B0 S B B A ok R W o e A R R
B AH THLA B TS SRR () 43 B LT K
AL Ml R A LR A R B W A £ R R kA
(R A B I B 2 M R R R A AN X
N B2 4 R 7= 22 4 3 B KOS 55 30 10 19 4 DG i
GV AR T T A R T R e e O R
ZURORIE B2 L, KRBT MR AE S 9ok RO
TR R BB R (Vitl, 20115 it K 4%,
2016) ; [ B 294 2K 330 B 4 AR T B iy g FH A, Ay 4y s O
SR g SR AL T —ANH Y AR B (5) TS
Yy B PR S Yy 1 K ) S B I R 4 OK ok TS
Y ) 8, KA H B R TS e W ) s RO K A
Hh ) 4 T AN K JIURE B B AR S R 36 T G 1 AR JB i
PRL 3 BT 33X 2 0 K RUJE R 1) F R L B 43 L 465 48
B ML BE A% MR VR I BH A 75 e 1) A 81 3 R 280 X6 S 19
fift I AN L X — B FL B R L L 3R AR K
M RIRT W ECE A R WEIE, s K B4 s B 1Ak
B AR AR T B A SR A T R TR AR

6 Zh5iE

H R B AF TS B 06 22 4 © kK e 1T 80H 4F L M
KA F N R T b BRFR 8T ALY B Y F

G IR BRI B W e 2 U BRI IR AT TR
W R FERR MR R IR R — R E PR B ZIH .
To— AR T N R R M Bk 2 BR 7[5 0 Fl e B

XoF HbBR ) TS O B A NS A AR
K LRRIR S5 IR S I & VR E SIS E
PHAE 30 AR A R Y 1 BR B 2 [R) 0K 409 K R T
SR 20 M sk S 1] F5T, A 40 K AL O B 33K
FATHFRE T — A3 (R0 A A7 1 3t R 5 T
BB S R 1R b 0 3 A% G AR R 40 oK L ERRL 2% 1 2%
L HCEE 2 2 AN G5 1 15 43 R L OR A Bl A
A (H T T S Ty S e A K R R 2
(A BIF 58 X6 52 32 L4 b BR 3R S8 A [R] )2 gl ok RUBE 1 R
SR 5 L B AHAS (PR T 8 L 36 S — 1T F 9% b Bk &R
GEAS[R) VB )2 1) 400 J5i0 R 45 A8 409 K RUBE 1 B LR 5B
Fo R R AT AS , 1 I it A6 . 0000 2 08 b 50 L 42 1Y)
SR CONGE KT 5 ER O R Gt % R T R
T —i.

YK M R B 0 — RV 2E R R B O G
SRR HILE AP B R R A T BEAR 2 A SE B 5
RIS (L LA ) — BB AIF 5 SR 1T R S A B, —
S A AT BE 2 Bl A L 3 R N AT 3 G 1. 4 K B R R
SRR T A B B B L BRSOk H X
L BUHLIE T R Y 3 B8 4 A8 RAA 3 1 R 1O X1
T2 K AW B 5 9 255 8 R 20 K FL B A R R 45
T I B = A T A . DRI 40 oK b BR B 2 1Y & R i
SR Tz BT, W20 F8 4 K L 2R
P I R BN ANREFE R B G AE TR 9K H R R
SRR, B PRI IR T & OB AR IR R R R
Vo e K MU E B RGP AR ) AR 1R B A
PSR .

Hi RN FARRAF AL RGER
Fo FUAT 2 KAV AL 09 L Fo A B0, B B RO B & F
A AN R 5T F A DA TG 3 0 S B )
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