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Abstract: The study of the chemical composition of mineral inclusions is of great significance in geology, mineralo-
gy, and hydrocarbon exploration. The main methods currently investigated for the analysis of the chemical composi-
tion of inclusions are laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), electron probe
microanalysis (EPMA), laser Raman spectroscopy (LRS), Fourier transform infrared spectroscopy (FTIR), pro-
ton-induced X-ray emission spectroscopy (PIXE), synchrotron X-ray fluorescence spectroscopy (SXRF) and (con-
ventional ) secondary ion mass spectrometry (SIMS), etc. This paper briefly introduces the analytical characteristics
of the above methods, focuses on the principles, characteristics, and technical advantages of time-of-flight seconda-
ry ion mass spectrometry (TOF-SIMS), which has wide potential for the characterization of mineralogical samples,
and summarizes the progress and problems of the application of TOF-SIMS for the analysis of the chemical composi-

tion of mineral inclusions by domestic and foreign scholars, and gives an outlook on related fields.
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TEET YA B AR BRI —3B 90 5 (75 M 7555
2004) , HREEYIELRA 0P B RS Ry i A A AR
FE AR AR AT ™ WA SR 25 S A Kt A
AR B & S TRAAIE B, J5 & o W 2E4s i A K
IR A RERR SRS R VS BEIE I, B AL AR R
SER/ANEFE 10 pm A7, RZHU/MNF 100 pm
(Roedder, 1984) , il # 5 P ZEK AL 2 Ja st At
R B R G, i I ORAE T BUA B AR 1 7 i
PRI, D L0 W) A AR R fh 27 B o0 BT T ST 2
PR R AR 55 7 T LA ST S, A B
T AR R, B ST R AR R 2 A 0 R AL
il 38 B I I8 AR R AR S R A (R AT
2002; FMRE A, 2004; {RIEAE, 2021; REKIEE,
2022) . HFH YA SR R BN R AR
Y SEAR P /R B By 3 Ak 2 1 T uE , R O A
FHELA w8 0 43 0 5 2 (A0 0 B 18 e 1 AR L
R Py R B oM LR B X,

Bl P BRI B3 A T B AR AN % Je 5
&, HETC A o0 7 ] DA P 2 ik 2
BT HEAT AR . 5 T A AR A 2 B BT
PAH L, CATEA] R B F BT ( TOF-SIMS) BAT &
R | BB E s ) o B A D PR i, AT
DIRGIN A 45 SU7E N B T 6 R M HL R 2 DA Sk
A BL L T HLEEA G W15 855 1 AT USR8/
(Fe/INAT 2 50 nm) (P AR IEAT 20 B RAE, 76
WYL AR B A AT AU EL A T2 N Ty, A
SCHE T B4 H AT B 430 2k i SE R L RS
T E RS B TOF-SIMS 7 4 40, B2 R Ak 27 i
3BT IEGE A 8 T A B AR A i Sekon; F o 4
AR 0T A AR ) 2R

R 7/§1E° 3 N f g2y A g VRPN

FUAT T W S AL 27 103 23 A 64 23
D7 AT WO e b v B 5 2 B TR IS (LA-ICP-
MS) BT HRET (EPMA) 2 iOEH 2063 (LRS) |
L AR LT AR (FTIR ) T & X Bt

BT (PIXE) ([R5 48 G X 2620615 (SXRF) Al
(FEGEH) B B 3 At (SIMS ) 45 | X 26 53K 7
AT AR R R TR MoK R R M
VER A, (BB R E T ik 2 B (SIMS ) 38
i TRTPR R U B 3B (SIMS) |, R SCHIE TR
BT IR R 1,

1.1 HAekRihEEBEESEE FME KRG (LA-ICP-

MS)

HOGBe il G A 55 2 R BT ( LA-ICP-MS)
SR O R R AR I B ) e AR SR T
B ST W) A 2R I ROk ( B4 A ) i ik
U (He /8 Ar) #5717 255 25 7 IR P T i e
BE I B AT AN 7] J5T ey be Y 15 9% BT 3 &R 4 4
B e oA g K (Liv et al. , 2013) ., LA-ICP-
MS FIFERT R, AR X P AR Th AT e & ()
PRI ARG HEA TR ST, AT DL A TR
SETCE AN 2 (Sr F1 Ph Z58) | % A4 AH X A
U K PR K (<1075 Audétat and Lowenstern,
2014) , TR ER T 5% , 1 25 18] 40 ¥ ) 1o o0 Br—
R F 5 pm, WESH AKX nx 10 nm), {HZ
LA-ICP-MS X ) 60 22 AR B e SR 1, A g 40 i 45
K43 (1 H,0.CO, F C1 %), Jf B ZH R R 1)
YR Y HAR/NT 10 pum B R TR LR
EJLT % 100 ng/g Z[E]; Pettke et al. , 2004) . [
b LA LA-ICP-MS WF5E 0 P4 22 1R 5 5., Taylor
25 (1997) B ¥ LA-ICP-MS 3 JH T4 A 40 ZL 1A 43
BT, Guinther 55 (1998 ) T ¥ 5 304 5 I A4 41 2 44
Y 32 T R R 0 2R A AT, (LR R
AR R FH A X 2 W, 5K ok 45 (2011) B 56 R
LA-ICP-MS &5t 53 A 7 N A | S RHE A B & b 1Y)
TSR BT
1.2 EFiR$H(EPMA)

HLFAREF (EPMA) 2 F1) H & e HE AR SR AR 7R
G i B T 3R THD, WOR R i A BT R I REAE X 5
2R B X TR RN B SRR TR EL, AT AR
RFEMBTTRF R (B TR & & (EE0
M) (& FESE, 1983) . EPMA HAER A, i LU
ST A AR E R C R B R TR f— 2t
FERMEICER (F.CL.S &), %F £ R ICE MMk
F5% , % TC 2 1 50 Bk BE R10% ~50% ( Kent
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Table 1 Characteristics of common analytical methods for the chemical composition of inclusions
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e 2 SO ARG DI R, o 2 AT

FUE T [EARRE A 34T, 57 SR AR AR T
SRR A AT B I A, T B
<2 B B T I T AR e i 2k

AN REHAE HLSCT (1) W BOEUR AT AR X T
SRR MR UE , HAR I T B0 B R f0 22
AR R R

AREHE HUT (1) W B A MR, R
SIS SR R A T A e £%

FUREII A T P RO T 13 (90 3, AN REAG I
JE T PR U R

SRR T BOR T 13 BIOCER, A RERI
SRR NPT

BEIRE A8 TR A i A 1%

JF(H.C.F.S.Cl&) Faw ¥
M % (H Li.B. O C %)
RS PE R 25 (Ph 45)

2008) , RBEFARE/D (1~ 2 pm) , BATE R 25 [ 73 B
(1~20 wm; Audétat and Lowenstern, 2014) , EPMA
HUd T [ ARE S 2B, 55 T SRR AR AR 20
KR AR A B A S O T P S
T A AR B JE #51 2K ( Humphreys et al. , 20065
Mason et al. , 2008) .

1.3 EHEMTHRIIPEIE(FTIR)

{8 HL AR 2T A (FTIR ) Sl i 6+
SRS ) 3R A5 AY Bod A AT 9 BB 5 3RS
(Y o TEAH [R]85 R 7 B O 20 5 41 R B Ui A
TR B 5, SR a5 A L AR S AR A LA 1%
(Wen et al. , 2021) . FTIR A] LLXT 5 9 6 2 AR k47
SEVERE B3 AT ZEAS B OGHE b | AR A e B i
RE 1Y GHE , 384T Beer-Lambert 72 13, I8 531 A1 i
AL A1) B9 9 5t ( Nichols and Wysoczanski, 2007 ) ,
FTIR A IR 2 Mg, %+ H,0 Al CO, HAT
e B 2 HE0RE AN A3 BT R BE, AR Y A [R) A3 B
(5 pm, Wysoczanski and Tani, 2006) ,{H /2 FTIR /A~
REA A B (1) W o s A7 A0, T b s
B N TR AR, HRR I T B B B A
FI 5K ( Audétat and Lowenstern, 2014)

1.4 EMECERSIE (LRS)

OGP I (LRS) &% 7 2 WU P A Y
HeTF AT, WOGREELERES R, 5 R4 T (5%
mnid ) PP ARSI S A g ik, AR WU 2
A=Ak, B R B WU (PR AR, 19855 Frezzotti et
al. , 2012) , LRS il #E 8] 5, 0Bl BE b, B Rk
WP, AT LA P 2 s U RN ) A AR
<A (CO, N, .CH, SO, .H,S) A& AH (H,0) BT,
AL & AR E 1x10° 1 H,0 (Wen et al. ,
2021), HA m 2 W 4 ¥ (1 ~2 pm; Nichols and
Wysoczanski, 2007 ) , WG AR BE R P AT 35 1~2 pum
(Frezzotti et al., 2012) . {H & ff 3 5t $7 2 O 1%
(LRS) #H TAn A 0 BE B, 5 18 HL AR 40 21 A1 %
(FTIR) —F¢ , ANRERAE S (B ) W sl A <
A BT AT AP B R R
1.5 BRFFEX X &5t (PIXE)

JET % X BHO6IE (PIXE) J2& F) = AE 1
VE Ry i % 5 55 T R S 2 1T, AT % 2 B A e ™ 7k
FRIE X G4 AR X S 2 ) 3 42 RN it 3 X R T R
BEAFIRBRIIN 2 . PIXE W] DA ) 40 A i) 32
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B K BRAK (107 Wen et al. , 2021) , 0] LA3HT £
AR A A0, B AR ) 5 R 43 (Mason et al. , 2008) , {H
PIXE HABM & 7+ P 40K T 13 I , A REA I
JEF P EUEAR I ICER . Horn I Traxel (1987 ) f5c 7oKt
PIXE 5| A TR ARSI T L5350 B, B T iR
XFFSE B — It A B AR R T R B AT AT

1.6 FESEE X LN (SXRF)

[FD RS X 265601 (SXRF) J2 LA R 2D 4
SRR TR BRERTRE &, NI P AR RRAE X S 4k AR
it X G2 0 % 2 i B R S R A R 4y
Mo 4RI X SRS E6IE (SXRF) S5 X 5
LAEIEHE (XRF) JRBEILAAH[F], {0 SXRF 11 [F] 25
SCIR A m s OV R R R A o B
R B /NS A, R SXRF HAT B = 19 430 A
AR AR AR R R R 5 A 2 R) 49, 3l T
XArHT, SXRF AT LA A 2244 1) 3 5 o0 R Mo
TR, A AR E, RO &, KD BR A (1077
Wen et al. , 2021) , 43 Hr BEPL AL 5L, AT E A
2B RBE A KT 2 wm, {H SXRF H BB &5 1
FEROK T 13 BT &R, A AR R 7 5 B AT Y
JLE,

1.7 ZXREBFRE(SIMS)

TWRE TS (SIMS) S R X A B B
AR =Y G 3 D AR o 3R, (A
2175 AR IS T H B Ok T, AR i R
Sy HT AR TR A T A B ) ERL - 2R AT B AR
PN A5 [ A A i A 3R 1D A 5315 B SIMS AN AT
DU A W SR F R0 R oo R gL
(H.C.F.S.Cl) 4, i n] A & A2 R 2 (H, Li,
B.0.C %5) Rt g PR 2 (Pb 45) , B 48 i) 43
BE(<20 wm) AR IR (107°) X EART (1~
10) x10™° WICE, HAr Mokl B — e F 5% ~ 10%,
X T & EAR TR, kG BE 20 10% ~40%
(Audétat and Lowenstern, 2014; Wen et al. , 2021) ,
WHE AN (/N 50 nm) , {H SIMS H A B IRk
XA i R4 T 2 T AT AR T T e B AR AR

2 RATHTE] UK T (TOF-SIMS )

QAT [B] YR 1 B (TOF-SIMS ) 73 #r & —
s SIMS 37, S AT i o ik 3 HE A g 2 (] 7
AT AT B, A Ao B2 vy, A 52 2 o Bk
T V2 8BS 38 ( Rossi et al. , 2000; Galuska,

2001; Kia et al. , 2019) A=Y 95K ( Metzner et al. |
2008; Thiel and Sjovall, 2011)  Jf {57451 4, ( Cadd et
al. , 2015; Seyfang et al. , 2019) . Hb &} ¥y 5 45 1,
( Schirmeyer et al. , 1997 ; Stephan, 2001 ; Zolensky et
al. , 2020) Fl b 57 4% % ( Chelgani and Hart, 2014;
Rinnen et al. , 2015; North et al. , 2022) %5, 1969 4
5[ Benninghoven 2452 A1 BA T i3 F1) FH 1 1 i i I
G3 AT g AN DU AT 5t 2t S A s I Jié S-SIMS 5T ; 1979
AERFRI B — 4 TOF-SIMS X 2% ; 1982 4, B il 4 ok
273 F Benninghoven (7 1) B¢, 0 il H 26 — &
TOF-SIMS % 4: ( TOF-SIMS 1) ; 1989 4 ION-TOF 2%
A B IR TOF-SIMS XA HE AT, 34T -
i H TOF-SIMS 345 £ 2 8 [E TON-TOF A /] F1 H
AR ULVAC-PHI 24 &) (1477 il o 33X W8 5K 20wl FRFE A
Wi A7 AR ek | F R#R EL & % %28 7518 (ION-TOF
M6 .PHI nano TOF 3)
2.1 TOF-SIMS & K/FIE

RATH (] YK B T ( TOF-SIMS ) J2 F1 ik
LA R AE — R TR (A .07 ,0] .Cs" . Ga" . C}, .
Au® \Bi* Ar; A5 Sy [EARKE SR AR 2R
WS 7™ A IR (IE & U+ kb
) N ZIRE T AT SRR (1~3 kV) #5470
HE A RAT I 8]0 52 50 B i, S5 24 B A R0 245 9k K
W, AESTHTRS T B T RATETR] (0) 58 7
BT KR 1=k(m) " (k HHEE) , HI,
H P T E T RATE RS R R AT A ]
B MR RS T AT A TR S R T R
o b, DT ARG [ (A i 2 T 08 o5 8 (TR 1) (2%
JE-, 2020)
2.2 TOF-SIMS ¥ AR

TKATH ] YR B F B ( TOF-SIMS ) J& — Fi i
X B AL 3 R AR, AT e U R A RE Wl UGk

. e 2
@

1 k(m)'?

1 TOF-SIMS JHR B IA [ 4542 T (2020 ) ]
Fig. 1 Schematic diagram of the TOF-SIMS principle
('modified after Li Zhanping, 2020)
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TAFTEAE . WATIE] G TR (TOF-SIMS) TR0 ¥4 Z AR BT 5% v i i 455

F107°~107 Fd K (HITEM ) , T o JF (O
HPHEARL>30 000) Al 25 (8] 40 B (<50 nm) |, REAE
D 4 A R AL S2E R BT e 3R L R fr
LR EA VLAY AT, AT LA AT S AT K
03 AT G FE 30 T 20T, %ok I6 R e A A W (4 o0 A ml
DIHEAT 4 = 4E RAE, REE A2/ (<50 nm) , 7]
PIXE ROSF 85 /N 09 0 4 4 35 AR 32E 47 43 B (TON-TOF

M6, http : //www. iontof. com. ecn/) .

3 N4 TOF-SIMS % 7 4 £, 25 K 1)
5T R S A7 AR ) A

H #i N A F T TOF-SIMS X6 8™ 495 4, 22 4 1 F
FEBAE DL IMIR AR AR Rk
TP (fANA BHA AR ARFA) R ks R
AR WA RS ARG R R N A R
FEARY Ffs A WA AU R T I
3.1 FREERME
3011 Fimi Rk

H L K A 2 5V U B R TOFR-STMS
X U AR AR AT T R A A A, AR A
(2000) X TOF-SIMS Ji7 FH F J5 A& 25 il i 1A £ 3 {4 A
WA SRR AR L R A A i e AT AT T
FAE, 455 Bn R AL ST A LA AR 53
HEA T Z R RS, Li Al Parnell (2003) FAC
£ Ga™ — R -FH 1 TOF-SIMS i o 6 45 & v it 7
HiH B R AR T 8 AT PN A A A B AR A T 4T

1400

I TOF-SIMS J&) X 43 H T A= 5 i A4 6 22 A
AR B I I AR A AR 1 184, 55 WA 5 T i A A 2
TRAH B, B A B i AR AR A S s ket AL Ak
H YRR B G S LG, 8 & D iy Rk &k
SW(E 2) . ZFSE T TOF-SIMS A BE 5 Hr 5
A R A 5 il i AL AR T A DL I RE S BT
THL A

Siljestrom 25 (2009) | FH TOF-SIMS X J& i 1 i1y
A HUEDAR S CRERe M be ) EAT ARG, 45 5 8w
FEJFHRE S T DRSS B A AR AR B YIS
TS A F AR TT DUAR A o R A7 A Wb B 0
BRI 5 i — R SE T TOF-SIMS ELA 4 #r
BN E I AR A AR Y R T 7. Siljestrom 4§
(2010) X Hf Hi Siljan i 4844 1 40 bk B8 Bl 20 %55 A1
FJ7 A0 N T I AR L IR (15 ~ 30 pum ) 64743
M, R T —F R R £ Cp — KB F AR 24T
FERAAS i D AR G B AR BB ik, O B Biy —
UC BSOS AR B AT 0 AT, 1 OCHE B — 5 v
it U A A rp R I B AR W b A RS
Siljestrom 55 (2013 ) 1 YCK A TOF-SIMS X 54~ 5
TH AL B AT 1S3 4 A 18 i 1o P 1 0 R
WALHR Roper R ZH 1 430 Ma B a2 1 & il
TR AL AR A A 5T T0 I I A I 2] 7y 5 0 2
& TOF-SIMS Y35 H DU 25 F A4k S 4k & 9 — 30
WA S5 O S o A2 e (1 3) , (HAE B T 48 TOF-
SIMS A6 I A5 3ot e A A S A o ) A LA P s
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Fig.2 TOF-SIMS mass spectra of oil-bearing fluid inclusions (from Li and Parnell, 2003)
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Fig. 3 TOF-SIMS mass spectra in positive ion mode (from Siljestrom et al. , 2013)
A a~co—Cyy M BERRIE; d~—r T2 MR P A SR R R g~ i T RCRAE i ) B i A LR 0 T T 7R T m/z 217.20(a
d.g) .m/z257.23(b.e.h) fl m/z 371. 37 (c f.i) &L M—H ] " 5 USRI —8U00IE; B: a~c—Cyy WREFRIE; d~f—7 T2 MW m
TR AR g~ i—0 FREHLAE TP A SRR AR ZE R PSR T m/2 191, 19(a . d.g) \m/z 205.20(b e h) fil m/z 411.40( ¢ .f.i) 4L
[ M—H] "5 AR — 2 4
A a~c—Cy-cholestane standard ; d~f—oil-bearing fluid inclusions located in a crystal-piercing fracture; g~i—oil-bearing fluid inclusions located
in a microfracture ; peaks consistent with the tetracyclic hydrocarbon fragments at m/z 217.20 (a, d, g), m/z257.23 (b, e, h), and [M—H]" at
m/z 371.37 (c, f, i) are shown; B: a~c—Cjy)-hopane standard; d~f—oil-bearing fluid inclusions located in a crystal-piercing fracture; g~ i—oil-
bearing fluid inclusions located in a microfracture; peaks consistent with pentacyclic hydrocarbon fragments at m/z 191. 19 (a, d, g), m/z 205.20
(b, e, h), and [M—H]" at m/z 411.40 (¢, f, i) are shown
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AT, Siljestrom %5 (2022) ¥ TOF-SIMS 575
BTG SR I i R e PN SR T NS R 1 B R )
FIRALE B B — 1, TOF-SIMS 7] LBk £ PE#R
D5 e e A AR A 437 % i, O HOK S 5 S
AR X A3k
3.1.2 AN E R

Zolensky % (2017 ) il i $7 & #E £l X} Monahans
1 Zag B ERFLB AT (29 4.5 Ga) WA SR TIAAL
BRI K PR, 7E Monahans B PN A7 £ i i fu 32
TRAGHLESERETEL 3 400 em™ 4b R H— B B 1
g I X K SR VAR RIS T, IESE T 78 A7 £ P9 A I
R AR PR K . AR N B K A A A 1 18
Bt X4 7% 26 T R BH 2R R K I AR 1 A U S
SR E B EA HZE X, Zolensky 45 (2020) Fl
FH TOF-SIMS B A K BH 2 100 A7 3 9 & K iR 2
BEARBL AT FEA TR , iZWF 58 LA Monahans B5iA7 PN A7 &
H S K SRR R g 43 B A i A 30 kV RE &
() Bi — KB TN 1 kV REE Y OF MRS T Xt
FE S HEAT UR BE BT 407, 25 R WO AR = N
A NaOH 1 H,0" IR B 1 F it — PR SE T 1A
WA AR AR A AE K, BE A, A o
WALBRN S KA VLA TR (C CH (C,H; AN
C,H,NO; %5) FCHLE Far i [K' . SiT K, (OH); .
K0 % 196 (K 4)
3.2 BEERE
3.2.1 N4 P B R R

ZEKME4E (2012) FILH TOF-SIMS X4 Bz 1l X £
IN A L e B s R 2 Ak I A =0 W A TN
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Fig. 4 TOF-SIMS mass spectral imaging of aqueous fluid inclusion in Monahans halite in negative ion mode(a) and positive

ion mode(b) (from Zolensky et al. , 2020)
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Fig. 5 TOF-SIMS mass spectral imaging of amphibole megacrysts and sulfide melt inclusions in positive ion mode
(from Li Dapeng et al. , 2012)
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TOF-SIMS mass spectral imaging of melt inclusions with clinopyroxene as the host mineral in Menez Gwen basalt

(from Marques et al. , 2012)
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Fig. 8 Low energy backscattered environmental scanning electron microscopy ( BSE-eSEM) (5 kV) imaging of organic micro-

inclusions(a) , energy dispersive X-ray (EDS) imaging of the elemental distribution of organic micro-inclusions(b, ¢) and TOF-SIMS

mass spectral imaging of organic micro-inclusion in positive ion mode(d) ( Natalio et al. , 2021)
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