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Radon 2 H (19 £ 52 28 e i 2, X — BRIS 5 9l Ay 44 Agostini et al., 2019; Alfidi et al., 1975; Forghani et
A “Radon Z8 4, Bl — ¥R w5 B G TR 1 al., 2017; Higashigaito et al., 2022; Rigauts et al.,
B3 4 47 B (Radon, 1917; #4558, 20000, 7EH  1990; Siegel et al., 2016)
FHepih b, 2R F R R R 508 (Corma- 1.2 X-CT HABGERFRIE
ck, 1964; Hounsfield, 1973; Korenblum et al., 1958; X-CT Fi RS A W, — K 2%
Oldendorf, 1961; Tetelbaum, 1956, 1957), fix & fE  GEhyH TR X JF2 28 it H AR5 5 B2 A8 1k 14 A
1971 48, #E 4 7R E GG IK297 X-CT Bl &, 8RR “ X T2t B2 7 )2 A% (X-ray ab-
(Hounsfield, 1973, 1976), H It T X-CT #i K sorption-contrast computed tomography) ” ; %5 —2&
FHE N A 52 0 T JEEE TR XS4 2 32 ) Jo A 67 722 Ak 1) AR
X-CT S5k ss 2 3 MK D: OfF B “ X S 4T B W72 1 1% (X-ray phase-
TG, ARG X PR . BRI S AR 2L SE; @11 contrast computed tomography)”  (Endrizzi, 2018;
BHLR G, 75 A7 lis B4R 5 09 5 @K Takeuchi et al., 2013; Withers et al., 2021; 2 1 I 45,
B RR SR G, FFMAEMBERTIEILERE  2023; TAEHSE, 2021, BAR X SFLARN A B 1
() 1€l #% (Hsieh, 2003; Withers et al., 2021; # 3,  QBIFERE X 528 I B2 (0.01~0.1 nm) X 4 25
20000 R LM RGE D, X-CT HARME  F /7 BRI P 52 B 35 1 g 2 U, fig
AR - RE AR B T B R, MO ae AN B HE— 2 X A RE A 4H 95 RRAIE (Bravin et al., 2013;
220 1] 49 JO0 DN 08 45 A S o A b TR 00 W TSR 4, AN, Takeuchi et al., 2013), {H T 22 #i J24E S X G2k
HAAITCE NI RERY £ BE X-CT HL(Adams, 1998; WL Uick B W7 J2 AR i #h 78 . Rt A SC EEAS

(b)
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BT b B 5 A0 A9 52 2E B9 Phoenix Vitomelx s CT F354% Ca) K H:FH5 R FE /R 2 K (b) ( Liu et al., 2024)
Fig. 1 The advanced Phoenix V|tome|x s CT scanner used in the field of geological research (a) and its schematic diagram illustrat-

ing scanning principle (b) (Liu et al., 2024)
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Table 1 The evolutionary history of X-ray CT scanner
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TR GE M) X S MR B2 T2 AR, 5 TR ik
Y, SERT X LAY SR (X-CT) ",
EEEREM X FHL A 0.01 ~10 nm) X4
AR 18 B — BT T R AT R (D 1(b)), £F 4 Lambert-
Beers & fft (Hsieh, 2003), R 24 5 — R (1) X §F4%
LY FARR R, R B AR A AT DL A RN

I=1e™, (1

Ao 1, F L5300 02 X5 2 A B iR B R 5 o R
A 5 0 T A0 B 5 g 2 B A 0 A 1 e el R 4
ESYR AR TR BEL K X S Ee
15 A7 & (Curry I et al., 1990; Hsieh, 2003; Van Geet
etal., 2000); x /2 X SIRAEREA T2 RS

MR R X P AR B AR, ik
TR ATAE R

I=Ie ", (2

AP Lo X ARG B SRR, u(x) 52 L
S X AR IR B B B R A R
IR w AR — T 1) b R HE R A, RIAT e
HE L LR IS W R 1 — R B2 KR, IF R H
CT FE M YR 0 R A e 0531 . R A
[R]85 0 % X B 4 25 1 A R R R A s 0, TR
T B FR B e W AT ST BT A R Y A A
FRAE
1.3 X-CT HARBIMIEREMLEE

X-CT AR BE Ay b A4 bR 1 22 RUBE A%, B
A [ 25 ] 73 AR A R . X-CT =4 K1R )
2SR PRI “ARR” LA “voxel” , 2
H “volume” F1 “pixel” P> FA38) B & 1M1 Bl (X1
A, 2023), & LARRIT Z4ER-Bm “1B2ER” .
IR ], X-CT HAR AR 73 B 10 KN 5 15 A
i B K /NA % (Ketcham and Carlson, 2001; Rivers
et al., 2004; Wildenschild and Sheppard, 2013), P #
KECEH R LR RCGR 2, FELPRUFR S, 8%
5 B F AN Tl H X-CT e £ % KR F R i itk 47
FRAR, A LIRS 2 K O 2 K G 43 B
B, KRSF A 1) X-CT UL, PR3 AR
S HER— A 250 pm(Baraka-Lokmane et al., 2009;
Coles et al., 1998) . 475 ZLHKS 40 WL I 3 5 A A
R FLBR . LB LA A W) O A S ROU AR AE B, —
PR i 3 X-CTCHRFRPE pCTO L ALHE X-CT 4
R45, VIR RAFHOK | T OK EE 2 90 K 9 1 {4

% /1 ¥E Z (De Boever et al., 2015; Liu et al., 2023;
Purcell et al., 2009; Van Geet et al., 2000; Wilden-
schild and Sheppard, 2013), X75 55 (2023) KR H T
20 AR A3 HER CEVERTY 0.7~61 pm), Xf 50 4~
T 3E A FEEARAR AT T X-CT 2 R, 7714
T 5 RN B ST AR MR, d TR A A AR
AR B H2F A IAIN . X-CT H AR B AT LALE & H
TR, e — > 2 48 B iUR 5 i R 4¢ .
(I IR N & IR A ES IVl N - | TN IR A T
CT(pCT) . T WA 4 AL 45 (BSEMD FIL R f2 1 1
R H L BE (FIB-SEMD 45 45 ke >k, JE [] 43 B7 1 ik
MR ke i 2 n FLBR A AL, IR AR T LR 4 F ik
SRR HL AR B T AR R A5 T R
A= Y RZ IR (Sok et al., 2010 .

F2 X-CTHANE RE K% Z 3 (Ketcham and Carl-
son, 2001)
Table2 Types of multi-scale imaging of X-CT technology
(Ketcham and Carlson, 2001)

FEIRE  BAR o B

XTI SN F
# # CT( conventional CT) K% 1000
17 43 ¥ % CTChigh-resolution CT) KK 100
i R 4 B R CTC(ultra-high-resolution CT)  JHL K &% 10
12 % CT(microtomography, =% uCT) =K% 1

14 X-CTHASHM=4SHMEEGEHEARHOLILE

FUAT, 75 5T U, B T X-CT $oAR4h, 1
AH W) YR A R BR A R 4]
J 4% R (serial sections technology, A< 3C fiij #X &7 SS)
(Lymberopoulos and Payatakes, 1992) , 5 255 ¥ -
4 S BB DU R $ R (focused ion beam-
scanning electron microscope, fiij #X & FIB-SEM) (%
Pk B4, 2009, i 24 B4 (magnetic resonance
imaging, & #K & MRI) (Lauterbur, 1973)F1 i, ¥ 7
HICS AT 93 4 7R Celectron backscattered diffraction, ]
Frky EBSD) CH L FIX2 5K, 2006055

SS A E — B A AR B AR, 38 7 AR
— RN LB e Y) i UGk A = 4 AR R
(Chawla et al., 2006; Vogel and Roth, 2001) . %y
PR 57 Bl BE R FERTHR DL R AR 3 1 G AR RUHE
FER G, ORI

FIB-SEM HARTE BRI b T LR B 0 A Sy 2%
I 45 R R TR, B R )& T B A4
T —HRRENE TR RS T, R EAY
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910 nm) . FIH R A B AT L DI FIRE &, R
2E A FIHE 7 B A0S (SEMD XA S BT 15 BT H
F AR R B AR, AL SE R = 4 SR )
##(Sloyan et al., 2021; 4+ 37 #T FIZE 41, 2020; K4k
K 4%, 2009)

MRI $ A8 1o X YA 3 A BT B A

A B L VR W A, R R B W 3 v R TR A7
T S5 7 B ) 25 5, R AT )2 1T e B A 0 . AE AT G A
U 23 2 i, 177 S AT 5 19 25 18] 2 7, e 24 58 il
= YERE LR % . MRI AR — Fh JC 8 BUR A,
ZH T HEWE RIS GRS, R
FENE AR RBE 28 400K R A FLBR 25 4 B A8 1k
R, 2020; REFS, 2021; 5KHES, 2018),

EBSD W& AW ZFHT SEM &, FIHA
S5 FL T SRR S AR AR B AR (S A R AR
T, TE LR A B AT S AR, 300 3 % Eb b o 45 80 2

HHRF [R) B 53 AR R AR AR L, DL PR b br o H bR
VR A AT, SR SR ISR CE
W FIXIR K, 2006; XIR K55, 2008; 5K 5 FIZ2EE,
202D ARG R AR B A (FIB) A OU N T.fig
77, BIVBE 2 B G R A8 = 4k SO &5 P B A% G e i
45,2021, HTT, EBSD $ AR =0 HH T i A8 544
T S AR AT G T IR, 2021)

¥ X-CT HARE FIR UG E AR TXT (R 3D,
AL LL R B X-CT AR 5 B AR A T Re bk
TGP b X 47 1A 2 T S HE AR 45 4 AT = 4 1S
VR, X REIAE b (8 ROST BRI A, AT X oK 280Kk
PRI T = A% . BEAh, X-CT HiARERETR
1RYK B HOK 3 BER G, B 2 RO BUR T
€ 71(Cnudde and Boone, 2013; Ketcham and Carl-
son, 2001; 3= 1 ~J 25, 2019) FIZRAG = X be B (% i
53 HEFO MR 6. 71 (Endrizzi, 2018) .

x3 WRFEARFELN=ZHEEHEMBERE AT

Table 3 Comparison of common 3D microscopic imaging techniques for geological materials

HAG A (TN =5 [H] 43 R I [H] 43 5 % 00515 Bl I3 AR UIREW S &
Ss 2R R EHOR 43 /N B A 1 {iS ik
FIB-SEM (@S EUP/S Vi A 4 Hh i
MRI 2R (D& 53 81/ B o (= GE
EBSD ek g4k il A4 = i
X-CT PNEN @S [E& SRS i o oE =

T bk JLZE — 4k W45 R R,
X-CT BARAE AR 1 -5 W 3 K 7 1 3 A7 A —
FE Y JR BRYE o R B b, AR AR R D L
RN LA K 2% [8] 43 $E % 45 (] {81 ( Cnudde and Boone,
2013; Ketcham and Carlson, 2001; Withers et al.,
2021) ¢ X-CT HAR G 52 ) #3125 Hb 52 0 45 ]
G, LAY B[] AN R I RS | FRIRE S | S 2
g A5 . 2R AR 52 FNB 43 28 BR A% 4% (Boas and
Fleischmann, 2012; Willson, 2020; Withers et al.,
2021), X A AR B BT G ok T — e Pk &
RABEHE B2 B ) B 5 AR 3R 3 B3R B
LAY 56 2 (Withers et al., 2021) . BF5E % B, 4%
Mg P DR AR — o I, 4 B A (] 0 R A 1 A, U
it A X A R S AR G B JFOR Y 8 A T
DRASE UG 3 BE AR, O TR 75 [ 2 DR i) —
2, D) B S R G 0 B JEOR Y 4 £ X,
20000 R — A BE R X Ot &, AR 2D AT

B Y X OB, H CT A% n BE 2 X FE & 1 %
A A5 5 91 7R A W18 P 52 (Withers et al., 2021;
AR 2022: 8 BG4 2021), i HUE X IEARREAR,
A] BE 2 i A H B A% W) i DNA B9 8 R ( Withers et
al., 2021) . HWK, X-CT HARTE N FHHE)™ Jr i,
[ =R ) R N o S S E TR A€ N N |
B 3 AT T e A PR

2 X-CT #EARER R HHI A

H i, X-CT $ ALK To i R ok i = 4k 5k pu 4
(3D + B[] ) B i % € /1 (Flenner et al., 2020), #
Iz N T B B 2 DLA ) Te R I L 4548 4 A
L S T U -y i S N A O e N D o
B JUHAE R AR AR, X-CT AR BT 2R
RO WEE L AR AR A
A 158 B IR Ao S R AR T A
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TICHEETTZ M E N A SCERIE A, R T R S
N2, BT RGN X-CT $7 AR 78 Hb Jit 7
b py AR, B X-CT ¥ ARAUAE#Efit £
FEAL B AR R B PR B A, A oy i T 4 K
PRAL T B AR SR A, PR EE TR b B A e ) TR
N B FNR B K R o
2.1 FHAMBEKELAA R

B3 S K P AL 2= LB TEAR 0Y 7 ), A  E—
5 06 Mo BRAH I 59 R A H SR R, BRI, B R A
K BH B 2 b R e VR 1) AR (B SR A, 2021
RSCR AR, 2017) . WA tLdE A Ba . Zbia fa
BRI A 3 28 (6 TE FNSEIS AR, 2003) . 15 4B B A
SE MBS T 25 A U1 R 3, (HIZOOr ket . B
7% HAR &y UFE R il (5 SCIR 2, 2017) 0 AHELZF,
15 o FER X-CT HOR HA W] W i O 34, g Jo
H T B3 1 A AR 2 REAE, N5 A BRORE . BRORL S St
BT LG & B Y A e 0 04 5 A BAL
B oA 4, AT RS B 10 8 1A B, IF IR T AR 4T
B ;3 SR CE 2). il i, Carlson and McCoy
(1998)F ] X-CT $ A%k % 7417 J& Bt 471 (lodranite
meteorite GRA95209) #4743 #r, & B P4 38 1 43
AV —, AIE SRR RERRERFETTAIA 5555 3 H4r
Horr, 4 P R T FR b, 53 A7 78 56 3 B A7 A1 T 1)

10 pm

A7, R T 2 e R, IS 3BT A LR AN
[ FEL 41 119 4 kA 3%, 5 7R &2 @ oo R ] DLl o 4
Ja KON T B A AR OR & B . 45 X-CT $EHL
) 4 Jam A4 R L 0T B RE R BR, 2 3B AT B T I B
A A o T R, HERR T AR e 4 p B A
A7 FE A B AT B M (Ketcham and Carlson, 2001) . #f
— L I 2R B, B Ak R 35 5 ) i SO R 3
LA AN 7] 1 25 46 RN [R) 45 28 4 1, 7T RE s i 1 AN [A]
1) R A D7 5 s 20 DK 4 R i JB B A3 FE s T R R
IR, T T B BT R A AR A AT RE 48 7
W 8 i 2 T I AR B s s AR FH (MeCoy et
al., 2006) . A =3 7B CR BB A (—Fpiik
BB B AT D BRRLIY X-CT 4%, & P H BA7 .0
3R A5, I DL HE Wiz s skokn i) A Ky KOk 3
A=A, HLBRORL B TR IR AT DL 7R B0 A 19 9 il R
(Ebel and Rivers, 2007) . #&F X-CT 7 A 4 B
FLBR S AU 34 BB S 18 Bt A T 8 1 1) B e Al R,
A HRAR TR 3 o A8 T S5 A B2 (Rivers
etal., 2004) ., Z Lk, X-CT £ RLE/Hr B4 N
BRI AL . A8 X R Sy T R AR T EE AR,
A BT R R L T Ak D A AL Bl T 2E AL,
RG2S AT B AR TR A A PR T A
AR .

10 pm

2 Allende B4 X SFERAR AR B R MOKT R 1845 ( SRX-PC-pCTORTE Y (a) K — 4 CT #LIE (b) ( Takeuchi et al., 2013)

Fig.2 Volume rendering view (a) and two-dimensional CT slice view (b) of the Allende meteorite obtained through synchrotron

X-ray phase contrast micro-computed tomography (SRX-PC-uCT) (Takeuchi et al., 2013)
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by 2 A A b AT AL PR A AR R L ST A
A 5 P43 0 1 B B2 A, 000 T AR R I R TR AR
TR P B SRR, W B L ORG R R4 R AL
I MK 2505, A B T IEMUGR AT RN
P8l )22 B I B 5 0 2o R v B RS 8 1 R, T e
H 552 W8I Rl AH G 1Y & Floth BT 4 . Katayama
et al.(1996, 1998) FI| FJ [ 25 4 56 246 -, it 1 —Fb
BT X S PR £ v R v R IR TS A
J& % FE R 5 B8, FF N FH LB s oy I i T 4 )i
(BOMFF (TOERSKRETHHE., ZhF, X—
T RS Fe-FeS(Chen etal., 2005) 5% Fe-
C(Terasaki et al., 20104 Z 1Y% B2 I 1, D) S RE iR
RN S S B B S W AR BE L % R A & h
(Ohtani et al., 2005), #A 1M, Lesher et al.(2009)7A
Ry, T e L e R R e R R A A 1 % AT
Ll A5 R, AT 38 ok 8 S A AR BRURIR B L R )
Z BB & R R A5 . ik, Lesher et al.(2009) ]
T3 X-CT HEARM 2 1 e Uk o R IR BE T Ak PR B 0
TR R = HE 4548, 38 2o 482 O R R S50 T # AR
R AR A, SRAG TSR % B . MR 4 R i
7N, X-CT $EHUA 06 %5 B 5 oAy 1ok A5 1) %55
AHIT, UESE T 07 kB AT 451 o Lesher et al.(2009)
i B0 X-CT $2 K 58 5 B W 428 0 o 78 30 405 il ik
g A Ak o HoAth 22 2 R A 20 8 59 X-CT
B, WL T il e R T BaCO; M5 A 7E R
A OB B T O, LA I SR ABE UL Ml g v 4 1A B
A MBI (Giovenco et al., 2021), B4k,
i X-CT $ A Ak 57 Bk P58 k% . Hb s A 52
A S IR R Ly Al R R AL TR R 1R .
AR R, X-CT 2 AR E AT LA FH 21 H Al & i =
JE 2 BF5E H1 (Chen et al., 2016), A3 7] % &K 4H
KAy, Wy By T &R SIS I L
Yy AR 2 A N AR A B IR R A 5 v, $h R
PG ARRRAE A
23 ERIEB-BA-BIRIE

BRI | AR AL K B S AR, T 5]
A AN P n s m A . B, AT AR YR A A
) 2H A4 R AIE SR S HE A 7 ) 25 2 ek A . el an, A
T 2H A Opfe 1 4% [A] T 1 Ak 232 45 1n] 5 M, Aniso-
tropy of Magnetic Susceptibility, AMS) J52, K &
FIB A A N ERRE T W) R AR, ) I AR
7 B e AN A ] 45, 4 T 4FE W7 5 S 0 3 AR A7

4% 15t 2 (Tarling and Hrouda, 1993; #7145, 2022) .
SR, AMS (R i 25 R 2 A TP e A YRR 9 o3
TG ZE A ST, e T RIS, 5556 X-CT I
BT FE SR, W] LU R 58 B o M s A
FA ZH A4 R AIE (Mattsson et al., 2021; Zhu et al., 2017) o
AR SCFF X-CT HAF AMS 3, X 1 2 55 18
R <3 | e A = o (O EZE R B O O 0 T
R WoR: KA R A IR RARR, S #E LR
4 30 pSI, H FEHERET ) R BB B R AR K
). Litde X-CT HiARIEZE AMS J7iE 344 /%R
2 B S 0 Ce) 7 1) C[R) R8 2 B: TT 3 A9 7k 2 7 1))
PR, HLZE 7 45 B0 45 AR A 1T (&1 3) .
BE TR, W] IR A R Y T PR AE NWW-SEE
D5 ) b BN LA, O A R ATZ R AT
BN, R B, B AMS J7 ik X-CT
ARG G, B RmE A Fn) a4, WRESRAR T
FEL HW A8 T ARG S AT A R, BETTEE 2R R
sl RO

X-CT FARALH T K 1 0 2 3 4s A4 A4
T ) S B UL A e, LAY G0 kLl s B RS
i (J&] 4)(Bai et al., 2011; Baker et al., 2012; Brun et
al., 2010; Larue et al., 2013; Sahagian and Maus,
1994; Song et al., 2001; F2 5 %5, 2020; 5 1E )iF %,
201D ETASLE R fLBRR/IND M SFSEUHE
B S, AIF 0 AT R A R K I 1 4 20 03 i
(FEZR 55, 20200 . 75 3¢ 15 15 & (Sahagian and Maus,
1994; Sahagian et al., 2002b; Sahagian and Prousse-
vitch, 2007; 25 1 JFF 45, 2011 F1 k1L % 3% i (Bai
et al., 2011; Larue et al., 2013)%4 (5 B #4715,
Sahagian et al.(2002a, 2002b) F] | X-CT £ At %
T R BOE A AURLAR S A AR Oy 2, O AT
PR 2 A SALARE, T REHL R TR P R 2
e S R O s, R LR T — R v AR T
Rork— Al s IR E . X—JNkTE
T [ 2= 1 19 Ll 5 i 9 9 b AR 2 T AR B Y
R 58 (6 TE R 45, 201D o Ak, X-CT BRI LS
HAR G S A Y Rk, SRR K Rl i 2 A
R B A1 B8 I 45 44 (plagioclase-chain network ) 2
o3 A 4T 0 B ) FRAE A4 B (Philpotts and
Carroll, 1996; Philpotts et al., 1999), 3 Il % J 45 i
Hby 485 75 JEE J22 IR 4 o A A i U o R P Y S SR Ak,
BRI e SR 22 A8 v AN 46 i A A AR T A
(Philpotts and Dickson, 2000) .
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O Ky o Ko BERURE S 0 A5 e 4R U5 1)

(a) X-CT A BB A A =R Y& (b) AR5 AMS 3 BT8R CREBRE AL ) s (o) X-CT $R IR Bl Je AN Rl 3 6 1 PR =
REORL; (dD X-CT S B 28 2 B Al 5 1) A 25 45 18 O 2P BRAF AR )

E3 HAxsPEHXGE &M T RKIEKA R X-CT A (a, c. DFIREAM (b1 45H Bl R k=)
Fig. 3 Results of the X-CT fabric (a, ¢, d) and magnetic fabric (b) analyses of a Late Permian monzonitic granite sample collected

from the Bayan Obo, Inner Mongolia (unpublished data)

500
—_— 0.5 cm

Fla LT X-CT BRI %2 A LI 8 ALl P2 PR T 4 18] Ca) (Baker et al., 2012) F1 25 g il i B 25 1L XK R TG 45 05 A1
{1 AT G4 P (o) (R IE 45, 2011
Fig. 4 Volume rendering images of a pumice from Ambryn volcano (Republic of Vanuatu)(a) (Baker et al., 2012) and a basaltic
lava flow rock from Heikongshan, Tengchong, Yunnan (b)(Guo et al., 2011)
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24 EXERRINHERREER

FAL T A X-CT H AR B L i <AL
FRAE, X-CT A I AT ] T H& HUFE X 1l J57 A [A] A ¢
PRELAE F T B0 4B sl L PR A R AIE . FR EIZEIX
YA, TRIARZY o 4 ] i i T AR 43% CF
4520235 B EFIRAE, 2000) , FE X A 18 52 4 Y
IRAE IR, FLNFE A S & A= 543, DA T o 3 i
AR i KA i R, 7 B EE 2 25| & WA i K
ERIT, 27 AR S5 X 8 X Jo7 R 43t 473 B3 15 e A b R A
FIIAIR, LR F ARRIE PR SE 50 (A 54145, 2018), 5K
BoX Gt 2 R i T AR R ULALTRD S (T4, 2020)
X-CT £ AR IR 38 A 5341 U fl 52 35 v L R R0 24 it
MY RRAE CEL 5D, o 4 HE 2 )5 g 7 fig 08 W 2 3
FLBRRUEE K 7 547 S FUVRRAE, X% T3 Al 8%
KA 1L i 3 R B Mk 2 06 22 (Liu et al., 2024)
[l B, X-CT 4% AR AR A8 X 43 A [F] BB 4 Canids
o DU N KR S D 78 TR S 6 v ) i
i 1% B (Park et al., 2015; % & 44 Al gk 4 K, 1999;
WAL A, 2018), HE T BRI IX BE 4 A 7 45 03 FR 1IE
5 U il 52 56 4% A% 18 2 18] 19 & & (Chen et al., 2023;
Fan et al., 2022, 2023; Song et al., 2023; F 4, 2020)
FE DX E I VR Al FH 3 2 16 G 43 0SS 1)
N, QNpE A e s | R G TN 25 S s h A5 (42
RN, 2011) L, X-CT $AR A B TFEX A
F SO WAL HLER A I 5T v . A 228 15 Bl X-CT
AR PG PEA ity i S —— SR A S 22 K iy AR
AR CH =D AT TR S 438, SR T
HRFLER . LR AE M RAE, IF-45 G VR RlIG PRS2 60T
i T 25 A A B9 XA R B (Ruiz de Argandonia et al.,

(a) (b)

2 mm 2 mm

KI5 RmE PRS0 b T X-CT B b A A 05
F 45 ] Ca) L5 A 18] (b) € Fan et al., 2022)
Fig. 5 The surface structure (a) and pore distribution (b) of
the sandstone core in the freeze-thaw cycle (FT) ex-
periments reconstructed from X-ray CT imaging (Fan
et al., 2022)

1999), SiZ AR 7 R St T LR .
25 WESRBRERR

R, X-CT BARTEE fm s AT TR 1 41
g1 AL R i i M 25 Oy T B DL, A A S
FET 02 M UTR AR L TG TR TR L AR TR BN
A5 )5 T Pl . Coles etal. (199D A X-CT
FORXM A A TARE P REMTIRUE BT 7=
AR, e T A ORI 2L B 0 7 B, )
BT B RAFAT SRR L, MR NS
PHIORE SR 4L T IR ST AR S HE . 2RI, Yang et
al.(2022)% X-CT H AR5 X L2601 (XRF)
HARMEE G, M ZBIRNT %k oA ny R
MR P TUR A ST T, RO T AR
i R R3S D I, 4 Re-Os [l &
FEAE S BT M ICRE SR A T A I 2= 7%, i 48
71 v AR AT AL R TR T IR SR R
WA 2EE X X-CT BARTEWGVE DU W 52 b 38
FH I B T 8 45 (Bendle et al., 2015; Orsi et al.,
1994; /5B, 202D, #5R BIR, X-CT A g
5 71 0 N B DL RR S5 4 5 40 3 R A, A BEORS B
i o b DR B R A T BRI % . Mena et
al.(2015) F F X-CT $ A X 6 42 i ( Galicia Inte-
rior Basin, NW Peninsula Iberia) i TR Y) A bs iHE 1T
T, IR ER A 5 B (B CT B, BT
T CTHEYREEZNMM LR, BESYRE
JEE 3 oy o 2 B, B S R T o A G W TR
PRk IE . 8 H, RIE TR TR 7, H Ca
i T RETR L5000 Ca & i, AN Y % B T K,
XN CT (B IR %5 o 45 I, Mena et al.(2015)7E
ot U T I B RT HE Heinrich <& 4R T
B KRB Y ARD) . 35k, ¥4 X-CT $2HUY I
BURRIE B 5 5 L XRF SRR AL &, HFil A
Heinrich g F 4 09 AC 8 bn B0 2647 0 b, & BR
X-CT 4 AR 3R B 5 o REAE Al i 5 e = 1 AR
A PREE Z 18 B0f i OCHK BE o b iR A S 48]
Ui, X-CT £ AR 1538 F T4 2 DURRARAE 23 B A0
TR AT
2.6 MSFIEITM

HAAE)E A A — B DU, b Ak iR
oA A, O ZH A R AIE B9 = 4 N 5 22 & 40 AT
XF A AR AE B8 LRI R )5
BAEEE L X-CT HARLEMEZ 5 A 50 Hr iy
N, EERXT A A LB 2B o A Bk iE
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SRR UEAT 22 3R HUR T 914k ( Zhang et al., 2019)
(K1 6), TESZBRAFFEH, — el F B H X-CT $94#
ASCXT i J2 2 0 i %) ) s 0L B AR AU 2 4 T UL,
PE B FL B R | 2 A AR A B RS R, (H
AT IR Z 7 BER AR ST 0.25 mmx0.25 mmx
1.5 mm(Minto et al., 2017) . 25 Fi 5] AL 58 5 X 5
2 CT UG HAR, W REA RCb i 5 5 11 2 1]
A3 PER AN L E 43 9% (Coles et al., 1998) . A,
W X-CT AR FIAZ R 24 4% (MRD | bz BE 53 #r
WS R R T BB (ESEMD 4
Bk K X A 5 (XRDD 48 B 2 A0 254, 7T LA
MAH R A 2 A e, A B TR g2 A A
FE K RUEE LA RS Bt JF2F Al X A aE 35
P X6 AT RS8R W 7 52 1 ( Baraka-Lokmane et
al., 2009; =58 A4, 2024; FPHPFEE, 2023; 3k =ik
42023)

X-CT H A U it )2 28 A v i i B 1A
(1) 43 A A Fr it AR A, R AR s et R
TS H(Coles et al., 1998), F: &, A 1] IR 5
fil X-CT HEHUAFLER W26 43 A FEAE, K62 19
MASEFRE I 5L B 26 | )25 mitE >
]9 6 2R, B BE TR B8 8 RO PEAG 6 2 I o7
8k 3 < 1 7 71 (Backeberg et al., 2017; Liu et al.,
2023; Su et al., 2021; #AHHT, 2014) . X-CT i R7E
JE i FAEAE A TR AT 0 O 43 A CRF 7K A8,
2015), 25285 W I 50K 5 R o K R B 0 2 5k Can 7L B
JE J7 0 BRRR Y S AR RN I AR 9 A ) 14 AR A T & A
FIAS AL (Ni et al., 2019), DL S A W 08 8 5 2
ORI VRN R ) A A G AR, 2015; SRR C4E,

2014) 557 T, 2N R ML T H A 1 I AR
27 HEVMHAERN=ZHELIF

e AR A E T il AR s A L st
G B3, 2l AR Y R B E X R AR
A =2 UR, R i AR A — D HOR
A5 AR, T P RN o R A R
1) X-CT £ AR BN 1Tl AW R o ik N
B 45+ A W] B 6k 19 B2 R . Conroy and Vannier
Q98D FFIPE I X-CT B ARBI A LY #E5E,
X B T4 5 T B Stenopsochoerus & 43k oAk,
AT T HEH, £ 4k CT BUR L, 15 Wi it 1251
A A B R D S A . s, Tolk T X-CT
BB X-CT & 459812 T X 8 43 ¢
LR 1 KA S WA A i) =4 g b, ang
L 3h W) 3k /i (Ketcham and Carlson, 2001) . # Jg
(Witmer et al., 2003), H A 2 & # (Brown et al.,
2004) ., J€ 17 3 ¥ B #% (Rieppel, 2007), £ 2%
(Bailleul et al., 2021; Wang et al., 2021), ffi & 4 4
(Hu et al., 2022)F1 = i 11 (El Albani et al., 2024) 4%
oo MR TRt 2R WA A i =4 g, 7 5%
H AT A N D7 s R IR AP A S X S AR 4 B
B ARORT 2 18 (SRX-PC-pCT) (B 52 4545, 2009),
BEH Tl RS Y Cn gt E b i R
i (Lak et al., 2009; Moritz and Wesener, 2019; Pohl
et al., 2010; Tafforeau et al., 2006) . 5.8 zh ¥ i G
& 41 (Chen et al., 2006; Z NIl 55, 2013; B 5% % 55,
2009 F1 ¥ ¥ B B T A2 0 4k 47 (Mouro et al.,
2021)) . A HE Sh W) 2 Can 3 FT Y B E (Perri-
chot et al., 2008) . 7 i 4k A1 (Olejniczak and Grine,

(@)

100 pm

100 pm

(b)

E6 HT X-CT HiHE R & S5 ZBOE DA R TE Y B (a) B HFLIE M 45 = 44347 B (b) ( Zhang et al., 2019)

Fig. 6 Volume rendering image (a) and three-dimensional distribution of pore-throat networks (b) in a tight-gas sandstone reser-

voir constructed based on X-CT scanning (Zhang et al., 2019)
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2005; Olejniczak et al., 2008; Smith et al., 2007,
Tafforeau et al., 2006) ) Fl fd # ¥ 2% (AN %2 ¥ 4k A
(Feist et al., 2005), ff # fb f1 (Tafforeau et al.,
2006) . B¢ TR (Shi et al., 2021)) 445U, F 111
PR 7t A= 2 U 9 1Y) K e Ak A

A% ORI X-CT 49414 (NIKON XTH 320/225
LC CT), X B4 b W SE M85 ( Eurhynchium laxirete)
375 B BE HOREAS (& 7Cad) HEAT T = ZE 2540 1A% -
iR BN, T X-CT EMR (L 7(b)), RERBH
IR HIN BB 3 254 J3: D52 BE SR WG (38 43,
HFEE I R Q58 BE Th AF R EE Y 25 T8 53 Q5L BE
e ER Sy, P REE DU . Horh, B 221884,
P H 2 FEAUB AR, BE A Bl PR | AR U0 . i
B 1) R iR ER 3, T A A R A R i B
EOMARMEX . XA 7] LLE i, 38 X-CT
BRGNS A o AR A A 13 B 35 30 i 2H 43 1 )
BA—E MG T1, B ReA R TR 5 %% B2 %) b B2
1o B 2E 43, (BN T4 B2 AT b BE AR B 453, HIX 43 fig
T
2.8 EREREMFLESHT

X-CT FAR AT LR R 5 2 (Rl 45 Ay B A
B (R O AR J57 R0 8 T AR iE B AR S 8 i WL 5 4
Bro BN, X-CT £ AR A% b bR A &8 B GO0 2H A4
47 E B FEE (Ketcham and Carlson, 2001; Ketcham,
2005), Jf I £ 5 FoAtb 73 B 3 B, oo 2 B i
GE. B T AT WA o B AR RS OB
E YRS AN RN R SR SO A
S BN, T O0F HG 2 AH 2 e E i S B A S R

(Giamas et al., 2022); B¢ 25 & BOE AL, HE W2 5
A [ 4 3 70 72 o ol A v e 2R AR Ak, A
T AR A AR R B B U S A KL
il (Carlson and Denison, 1992; Carlson et al., 1995) .
TR A A T DR 1 ok U5 S 38 B 7 4iE (Brown et al.,
1999), #£ 23 ] LAAS & # ML A A DT 5007 %,
NG A CAMS),, TRAG X 728 J3t 5 28 A4 AR A AF 5
(Saur et al., 2021; Zhu et al., 2017)

e A8 38 728 T AIF 58 U, 27 T4 T X-CT 4%
AR B 3 EAT T RN SE, AR 1 R
55 ACEE R R (R] 4 SC I, o vE A A B AS B 2
1 # 1 AR 2 {5 B (Honarpour et al., 1986; Sellers
et al., 2003; Van Stappen et al., 2014; Voorn et al.,
2015; Wennberg et al., 2008; Wennberg and Rennan,
2018) WFFE#H A X-CT F AR A A NFBAEIE
AR T ANl T 2 BRSO 1 A L TEAS L KB
To JE SRR AR S AT T 2 & W I CAntonellini et al.,
1994; Hirono et al., 2003; Luth et al., 2022; Wennberg
et al., 2013; Wennberg and Rennan, 2018) , I & F|
FH X-CT $A M A4 125 3 Sl 45400 52 30 vp #y 3 BT
F9 A8 I8 I A, 0 b e K 3 447 A48 52 3K ( Schreurs
etal., 2003) . & A7 Bl 9 {1 i - S i 4D 52 5 ( Zwaan
and Schreurs, 2020, 2023) ([ 8), Dk Fz 45 61 24 B
W J2% B A JE A T8 B R A A R 4 S g
(Chen et al., 2022; Kawakata et al., 1997; Louis et al.,
2006; Shi et al., 2023) ,
29 WAZHBTEEREIZMAL

FUHT, X-CT HOARTER 7 73 B A0 i) o7 HI %]

" 1 mm

7 A5 5 M 95 Bk EE (Eurhynchium laxirete) W% WA BRFAL A 1B F () B H: X-CT =4 A% 8 (b) (M R & L FORHE D

Fig. 7 An inclusion of a moss (Eurhynchium laxirete) preserved in a transparent amber (a) and its three-dimensional X-CT recon-

struction (b) (based on unpublished data)
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REBEDTHRMEG B S 4, BE—-ME R
Z AL L, B ALB S AR A5 H A E T H Y
BEAL 2 PR o, O I E R s B L A
X-CT AR ALRE 52 BB A7 PN ¥ L B A 2RL [ 45
Y = 4 JC 450K I #E 20 B (Fan et al., 2020;
Simons et al., 1997; Yao et al., 2009; Zhao et al.,
2018; ERIZE, 2017, i BETE 4 il = 4L £ [H] R
T, EXMEGEWI T EAN e, 40, X-CT
G EE A AR AR (NMBO & R, fig 4
A5 75 A 0 g, DA SO DG LA B i 2 A |

Y CT WA

UC (L 45%)
i LC (FHi7e)

ULM ( ERRE G TE ).
- LLM CRHE A i)

As @il

t=240 min 5
S B RE (D)=55 MM e

FLBR R 254 | )3 FN 25 6] 4345 S RAE (Yao et al.,
20100, [AIRY, i REET X-CT 494, & & Hr A
[F) A i U TS R ) LBt R AL B 1 45 4 A8 Ak (T
FFEE, 2012) . ML 45 (Heriawan and Koike, 2015),
DL K AR B A0 45 55 48 3 AR I o B 22 TR G JR ORI
H4E,2013),

YT AR A, X-CT £ AR A L A )
A= A AN 2 N D DN I 8 T S 1 s
FE 5 HT(Yang et al., 2014) (K 9, I Mk HE S
WM IRRS 5R RV REEA M EN S5

=4k CT ML

=255 min
B (D)=62.5 mm

() 5 A A -2 A T ) G RS I ) X-CT AR 5 (o) A T8 o b - S g B0 o A P B A 1 A9 X-CT MALIET s (o) 2 A P o febi- 234
F R AEL A R T RS 2 A9 X-CT RIS YR 5 o DRI J5 1 S50 A0 il 3 2 2 1 ) e £
8 X-CT 7 A Wa i i) 25 Bl o feh -5 figf 55 0 S 46 4+ A% ( Zwaan and Schreurs, 2023)

Fig. 8 Monitoring the process of simulation experiments about lithospheric extension-rifting by using X-CT imaging technology

(Zwaan and Schreurs, 2023)

1 mm

KO 1 B 4 X-CT EIE (ad) & CT $ B BRAL 7 A7 0L 23415 141 Co) (Il v 19 210 B i 7S ) 2 [) — A0 R

5| H Lois-Morales et al., 2022)

Fig. 9 2D X-ray CT image of a ore core (a) and its sulfur-bearing mineral distribution extracted from the CT scan (b)( The two red

circles indicate the same ore grain, cited from Lois-Morales et al., 2022)
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VKA, 2007) BLAh, BN BLELET A IR RO
PEAL B M i A S iR BT Rk AR L 25 (A
{3 B % (Evans et al., 2015), s &X N &G T 20
A ER BBl 22K A (Eh 5 55, 20215 FEE AT AR,
2023),

3 HRE5RE

X F LA F ML 2 AR (X-CDH AR B A T
Pt PR L R o HER ARG Y = 4R R DL, AT LA
XF AN ] 1) b5 A4 A T BRAGRT — 4 2 () 5080 ) 42
BRI R . i RS T AR AN A Cln s A1
FLBED | AR T AR CUnAS 375 BH 3% 1m0 35 o i
Ha, B A e R A JE A | AR AR (it 2
TR SR AR | VRORH RN YRR R TR v R PR R
HRRE TR A R R 4 JB I 4O 1 X 43, X EATT I
PERRAE AT 1 3RAF 5 SERT WA . 3 o i SR g i
T X HER AL A KB R - R R L A A R
SR, A AR R | W AR B
Hi I FE VAR B iR A e iR T 2L SRl AR
6] S B . PRI, X-CT AR 2 b B 2 B 9% vp
B TR .

X ST HLWTZ B G AN H P A2
T 11 % JRe e 34

(DFAZE F, X-CTHABRRCEHBIG T
WE R, (AR RGP B — A4, g
RUR . I . BUR A S BRI, Y
& CT EUR A . L, R B X-CT W%
1IN SR - NI S 5 K7 U E IS g i)
WG A, B Rk X-CT # R B\ K K JEJ7 17
Z— flhn, ARE S PLAN S SRR ARG
PR RE A TE 5 T 1E R 8 I 3R

O HZ T I, B & X-CT $7 A 1m) & B[] |
23 [a] R BUBE 43 B 0 A% 0 In K e, Tt X-CT
FEMG B E fobs R38 BON K o Qi Bk s X X
Lo AR UEAT AL B L BT LRSS T R TR i Bk
ECFNBLIE o KRR 73 B8R, iR 404 . HLas
2] RS ) SRR, fE =R . S84
TBURI b o 3 R AH DG A3 AT A NS T TR AR RN T4k
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G EM R I T 2 —
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Applications of X-ray computed tomography in geology

SHE Linlin', ZHU Kongyang', LI Mingyue', ZHANG Jianchao', DONG Chuanwan',
SHEN Zhongyue', WANG Qiang’
(1. School of Earth Sciences, Zhejiang University, Hangzhou 310000, Zhejiang, China;
2. Zhejiang Museum of Natural History, Hangzhou 310000, Zhejiang, China)

Abstract: X-ray computed tomography (X-CT) technology stands out for its non-destructive, rapid, high-
resolution, and multi-scale three-dimensional imaging capabilities, playing an important role in geological re-
search. Presently, there is a scarcity of comprehensive review literature on the application of X-CT technology in
geology, and existing review articles often lack adequate consideration for content relevance and systematic ar-
rangement, failing to fully reflect the growing development of X-CT technology and its expanding scope of appli-
cation in geological studies. To address this gap, this article provides an overview of the current status of X-CT
technology utilization in geological research both domestically and internationally. To better ensure coherence and
systematics of the content, the article begins by revisiting the historical development, fundamental principles, ad-
vantages, and disadvantages of X-CT technology. Subsequently, starting from various levels of evolution of the
Earth, including the formation of the Earth, the structure and changes of deep-seated materials (such as melts and
magma), and the structure and alterations of shallow Earth materials (involving to processes like weathering, sedi-
mentation, metamorphism and deformation), the paper discusses the status of X-CT technology applications in ge-
ology. Finally, the paper concludes with a summary and an outlook on the future development of X-CT technolo-
gy. Overall, as X-CT technology becomes increasingly involved, geologists will have multi-level understanding
on the origin, composition, and evolutionary processes of the Earth, which contributing to the advancement of the
entire field of Earth sciences.

Key words: X-CT technology; three-dimensional microstructures; quantitative analysis; geological applica-

tions
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