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Abstract: Background, aim, and scope Coal is an extremely important global energy resource, and is regarded
as the “black gold” by the industry. It is a particularly vital part of China’s energy strategy as it accounts for over

half of its energy consumption. It is also pivotal for the country’s green energy transition and the carbon neutral
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plan. Due to the complex nature of coal compositions, a large quantity of harmful and toxins and pollutants will
be released and emitted into the atmosphere, hydrosphere, and biosphere during its storage, transportation and
combustion process, which will impact human health and cause significant environmental concerns. Recent
development of the so-called non-traditional stable isotopes provide novel tracers for these processes, which have
gradually become the frontiers in energy and environmental research. Materials and methods In this review, we
look back at the recent progress and new applications of a number of non-traditional stable isotopes systems,
such as Li, B, K, Mo and Hg in coal and their associated deposits. Results (1) The transportation and combustion
process of coal can be faithfully traced by Li and B isotopes; (2) the variation of K isotope isotopic composition
in coal is mainly affected by terrigenous clasts and coal-forming plants; (3) Mo isotope isotopic composition
in coal is different from different regions of China; and (4) Hg isotope systematics provide an effective
means to help understand the origin of coal and the fate of the gaseous Hg emissions during coal combustion.
Discussion The complex nature of coal and its pretreatment present great challenges in applying the isotope
systems in coal research. One such obstacle is the loss of volatile elements and the lack of appropriate sampling
devices for collecting gaseous substances during sample preparation. The other is that there are white precipitates
due to formation of silicate insoluble mineral. Sequential Chemical Extraction Technology and in-situ laser
methods combined with emerging isotope systems are expected to generate new paradigm for coal related
research and provide powerful tools for more in-depth exploration. Of the need for new reference materials,
however is of paramount importance for developing the in-situ laser technique and non-traditional stable isotopes
in coal. Conclusions Non-traditional stable isotopes are highly sensitive tracers for sourcing of some critical
metal elements in coal. They can also help put constraints on the migration and transformation processes of
coal during combustion. Recommendations and perspectives Further investigation can be strengthened in the
following aspects: (1) development of experimental setups and prototypes to collect volatile elements during coal
combustion; (2) improvement in in-situ measurement in coal.

Key words: coal; non-traditional stable isotope; tracer; source; environmental pollution; progress and prospects
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FEAMLTT I I A0 A 1 PR S5 ] A8 Sk >4 Bk 1 i e
W, SR ChrimBRE” R E R E R R
A, BERALTE P S WA —E B L T E K
ZUMRRERE, Hx—EHUKREAE “Toli
g7 M “BeamsT WS, BERFAREN
HELE, PERRERWE R E, 5
LV R FE KRR E R Z — (i,
2020; Jia and Lin, 2021) . H #2020 4=, i [E
PR B R AR B I 42 % 10% ¢, 7R 5 4 [ Y
RERIHFER) F AR, (JRHORSE, 2020) o #EH
HIEY R HAR T, BARTTHATRIE . KRS
S T B TR 1) A e 2% i e IR R R
HIE 32 A A . i o BE S50 e, BT N JE ik
R REIR S A 1 F A 7R AR AR YK I P
R TR 2 02 LU R R R VRS A ( BT S
2010; FiFT7, 2018; E4EAIZE, 2021) .

JEF AR AP LR, — B2 2R EE ek
Pl Ak 2 2 B A T R PR A o T e X
FILE M. TCERAIES . R E4 kb
RO RARETT R R EITIE, DIIRZIAR
FEEf I F R R (Fis R4, 1997; X
2, 2003; EUAYILAE, 2017) o FTAE &MY
R it R DACRE R 2 4 Sk 1 A=A AR it ARSI 1) 86 Ao
%, C. H. O. N, Na. Mg. Al Si. S. K.
Ca. Ti. Pl FeiX 14 FioC & N WL H HI0 K
(CF¥FEE>01%) , Hp72#uE (L. B,
Cu. Zn. Hg%) JETHPWMEITE (<01%).
TR ESUARRIMIELRAAAE S, S8y . m
ey, BRERE: . BERRER . RERREL. E LY. iR
BT YA RERITR N FEEREK, Mtk
K2 A HLATEHLEIE AF7E T (Rt
Ig25, 2005; Jiuetal., 2021; Saydam Eker et al.,
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2021) o HEPITRMRAARE S BRI A FIUR
YA BE e 5y B Aae e (BEATAR S, 2014;
Guoetal., 2017; Yangetal., 2017) , B FREEFI
A RHE S AR A, AMTEEHAR S TGie
JENRITC R A 1 AE IS R A F TR W EE A
FA EZRR T oo £ MIRARIRE, mioTR sk
SR BT HGE BN (F2ARIZER, 2003) .

M THRE R RINA L “DNA” HIREAE
I, 0T iz #n B g, CL HL.
O. SEMmHREILE, HFEAMRMR W RELIT
&, EEER 0CC 2N —25%, AT HHAE
SR AL AR 3 R AR 2 ) — B T B
(Redding et al., 1980; B EhL, 1995) . Z=Fi
25 (2020) A AR ZR M E 26 KR TR
BREEIEAEAS, Hrh AR IR A5 W) oD i 7
(—168.3%0 % 11.35%0) — (—142.3%0 + 1.9%0), HH:
s e AR L, AR A A FAAL R A AT
FEING AR I R AN A X A 58 25 b B 95 ke
AL 2 B v S B it 2, AT A
Wr LA 5 R IR (T AR R ) o B4,
PR [R O R R 2 TR, R E A
FHIEL R 22 A AT G 1 19 7 3500 R o) AR K 7E 24
A s i (Diaz-Somoano et al., 2009;
Xiao and Liu, 2011; Ruhl et al., 2014; Wang
etal., 2019) . XNZZ:% (2017 ) XRAE TP
K (A AU ZE R AL AT B R Ak, R B
T 200 "Pb/"Pb. *"Pb/"Pb 22 6% —10%,
2 W v [ AN [) i Bl v 4 ) 67 3R LU (LA SR
XA g ST A E R R TR R RS S R B T
FET

SR BARIFETIT T T 3R AN A 28 20 AR Al 2
BHIGE 7M. Vejahati et al. (2010 ) LARRBERTAY
FERBEEE DG ITTR SN T =2 AR
AR R M G5 R U E . XS U R AR
() e T FHEE A A, BEIRACHERL, 1M iR
TR, MARPABMEITRS S R AL AR
b, REFEH R ITER & R ORI 2
(BOZARAE, 2002; H—R, 2014) . REER
Wi S MR e i e R e R, HRE
M, A HEMEITERENT R, KPR
BN (X RE 4, 2001 ) . Sakata et al. (2017)
X H A w5 X T A A A RO 25 00 A e B A
7] o7 3 20 AR A AT T W, e 3 BURL A
(4 o' B A HL ST 6B 291K 0—20%0, FIAHEE
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2 R IEEHETICRE i 1) DX SlCH SOk AR R 2R AR T
Ak

DL AR R AR #E 1 B F1) ] LA S AE 4 2l 38
BRI o SR 32 B 30 A PR R4 BUR
LU RUAK” HARBY 2R, G ) Bk A 25 AT
R EORBOR s . RS E AR
(fufEB. Li. Fe. Mg, K. Cu. Se. Mo,
Cd. Cr. Zn, Hg. Ca%§) i 4k [ Pr I [H]
7 R Hu R Al 2 SR Ty s B 2 — (PN AR
4, 20125 RAEMIAE, 2013) , BHETEZ N
TR BEERE. Fifes. KRR
W PRl 25 DL S W = 24 25 4538 ((Johnson et al.,
2004; Teng et al., 2017) . AEL G Fa & A1 &
VR —F o 24 B 7R BR R0, AR AR Ak 2 1
JAR e B [R5 2 s R T Z R IR, AT LA H]
A2 P 5T T TR 1 RS2 2R 7S B R e A e ok A v 11
TCRIE B ARRE,  H LS TE 1 o #F 5% vh K
Ao

1

Wit 2 O e T R R H 25 7™ E A IR ) L,
X R AL G Ra E [ R Wi £, B
THTF SIS 0 s, TR B i
5%, BIANCXHEAR T Li, B. K. Mo fl Hg %5Ef%
GifE N RIEATHRSY, BEEFHEH AR LR,
AR s e RN ENR S H i+ E, T
Bt H AT b 2 AR AL G Ae e R 2R 0 o i
AT A
1.1

BO(Li) i HA 80 shE R ik 4 &
JLE, TEHRSH, BT ARRE R R B
°Li A1 'Li, HAEREESBIZHR 7.5% F192.5%. PiE
TR 2ZEIEE R (1516.7%) , SESH[FEEEA
BEFNZE2ZR (Schlesinger etal., 2021) . F|H
JE LR SCE UK R [ 2, TS A
H IR 8 7R R V5 Y . Harkness et al. (2015) A
MC-ICP-MS ] % 3% [& B9 B] 2 f7 5230, A 4%
PRI R T S SR U R T B R RO AR A,
O'Li {H 1E —7%0—12.8%o. 7] it 4 ¢ 1 H: Al b 7
Ay SN 2T A LS TR VA N T N i
BRI [R5 3R P A 4 G Bk 8 R A A R AR
GY R AR 1 F B, Heetal (2019) HEH
MC-ICP-MS W % T = Ff g A M o 70 2 A AEAE
(SARMI18, SARMI19, SARM20) H A4 [F]fii &
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{8, O'LYEATHIA 1.35%0+0.23%0 . 2.16%0+0.27%o .
1.48%0+0.17%o0, & BN [) b X A5 Jie L W) 137 R A
Z5; FE P EE SRS (CERS R &
LI 2 R B R R R R AT IS, 'L (A
6.02%0—6.77%o, FH [F] 3th [X AN [] 5 )2 v iy 8 [] A7
FAEMFE. fErp E Ak % B s B 5, 522
FON B B AT TOESE, 40 He et al. (2020) 38
it DFT TH5 AR A7 200 A 90 B AR S 050 6 50
JZEREENLE], OMERIE TR 1L R A,
T NRIR R Ae R, LRGS0 A T
FH, R R B FLBR K o I8 g 08 A 1 2k R
W6 o

1.2

Wi (B) & AKF MR IR, JRTF
Boh 5. MAHARREMREME, "B (19.9%) Fl
"B (80.1%) , PRI 2 Z A4 K AY i 22 3
TE B R AR IR M8 (Xiao et al., 2013;
He et al., 2015) . BEA®EKEE, ek
VR, HARFPREE R o'B A, i1
TR e FE I RIS | W DURER B AN IR
B R R R K S Y AR K AR DL A 5T R
WAL T TR AT IO 8 v e B[] 457 28 A 9 34
JEESk . Williams and Hervig (2004 ) X3k H NIST
[ ANL A J5 S it 7 120 R 52 A7 2 S M AR T R
P e B IREREIEAT T R GE0E9E, AT SCHk e 19
S N/ NI A7/ I b e 3 & R R 1| R A 1<
A (E1) .

JHBREFR T ( CCRs ) XK A FL K52
HHW & B85, Ruhletal. (2014) Y4 T £
14 A PRBERL T A EREAS XSk [ 45 Pt b
f) CCRs K h vk A i ka %, (HJ2H 6'B
TEAAXTEAR (—12%0——0.2%0 ) , HHH 2y & H ™
Az 05 B R T A% B I 457 28 R0 LAt R A T e Y R IR
IR AR, TR 3R R CCRs 15
Y B BT

TR AR R BT S Pe I 2 T, RORTE
TR Y AU A AR K Ik R S g, LR
BRI AR [R5 28 4 B 25 50 23 1R s BR A A R R
YR AR 71 T. B (Harkness et al., 2015) .
1.3

BO(K) SEHERP RS 15 iR, HAE
SN R = BE AR AR 8 S FNES 6 i, Tl
AR AE B N LB IR R B

ARaE R E YK (93.25%) FI YK (6.73%)
DA — AR R 2 K (0.02% ) (Xu et al.,
2019) o BEE S ATINACER 10 A A A3 B 7 s R ek
v, A R s b 2 3 22 . 1943 4E 2N EF
K2E) Cook B UK A BT (TIMS ) XA
[ 1 ST AEAR Y A T Y KK T ( Cook,
1943 ) . 1995 4F, Humayun A1 Clayton 1 X i Fi
TORE TS (SIMS) X E SR EE &R BREE
i PR B R R AT I A, A0 AR B R IR 0.5%0
( Humayun and Clayton, 1995) . 2010 4Ff5, £
TS L R B 5 B A BT AL (MC-ICP-MS ) 1Y
RIEMESN T AR gefeoe MO R ST, [RIa 42
TR R MRS . Hu et al. (2018) SRAS
IR ZAORIER G F B AR BT (HR-MC-
ICP-MS ) X#f[E R T =, RHT%
A5 B ORI D6 B R 6L R B AR R TR R A Ak
YR I

Wi /K Seawater
3K

Surface water
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K% Granite [
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Moldovanyi et al., 1993; Chaussidon and Jambon, 1994; Leeman
and Sisson, 1996; Palmer and Swihart, 1996; Williams et al.,
2001; Lemarchand et al., 2002; Hogan and Blum, 2003; Williams
and Hervig, 2004,
Data from: Spivack et al., 1987; Hemming and Hanson, 1992; Davidson
and Bassett, 1993; Ishikawa and Nakamura, 1993; Moldovanyi et al.,
1993; Chaussidon and Jambon, 1994; Leeman and Sisson, 1996;
Palmer and Swihart, 1996; Williams et al., 2001; Lemarchand et al.,
2002; Hogan and Blum, 2003; Williams and Hervig, 2004.
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Fig. 1 Boron isotopic compositions in nature
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—1.61%0 — —0.65%0, F-HJ{H K —0.95%0, 45 it st
X YK AN NE R AR O L (—1.19%0 )
FE (—1.04% ) . A db ( —0.99%) . ‘£
(—0.87%0) . Pidt (—0.72%0) . XLt A~ [F %
TR EO A, PRI R AR (—0.95%0 )
i FREMR T HIER (—0.5%0 ) , H. 2 3T Fifi b A 4
(—0.1%0) o DA L&ER4s & H | MEITRY
T30 I A R SR A R 7 B o v
J& Wy RN A
1.4

B (Mo) fi ToomRMMERE S HINE B
B, A7 RERAMR, BTN FEEE %
H, 7E 10%—25%, 709 Mo (14.65% ) . *Mo
(9.19%) . "Mo (15.87%) . Mo (16.67%) .
Mo (9.58% ) . Mo (24.29% ) F1'"Mo (9.74% )
(Mayer and Wieser, 2014) . & FHEHHFEN R #
AR JT SR 0™ Mo, il 1T LA E N 6"Mo., Mo
Mo Ry 2R (8%) , HTWAH A2
EARA B Bk (EWAE, 2019) , HER
TS P AR R 2R AR R I & 2 TR o

KHi#  Pyrolith FE
T PURY) Clastic sediment I-
L, T ;
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o SRR (2018) EAEXT 4 21 M HBIX AL 151
ASFEAR VEAT 3 M AR, 345 I 6"Mo [, & B
0”*Mo ZF AL T B K, Sl —1.03%0 —3.00%0, /[
Hiy DX A R ) 037 28 A9 2R AE B o SR i
PO B PG I P 5 ot i DX o ) [ 37 2R LR B A
PR BEIRTT 1 DX v 1 B R 37 28 5 (ELAH )
%, H 6™ Mo K —0.19%0, H.Z3 b H XA v i 40
[ 2 FLAEAR RN Pa AL X i B R 3 2K 2
(ELAFX O 5 AR - DX o ) B 3 5 8 o [ 67
# (0™ Mo>0) , HATITICHE I A HH R 2
i A R A A L v %) B[R] AS7 3R A B 5 0
8 S 5 A b 3R A 2 A0 ) 7R B I R T Ay
LG

1.5

K (Hg) i FAL2on & H RS 80 i, #ER
RLTEE 6 JBISE BE, A 7 MR E—
l%Hg\ 198Hg\ 199Hg\ ZOOHg\ QOIHg\ ZOZHg\ 204Hg,
HAEFE 590 0.15%. 10.04%. 16.94%. 23.14%.
13.18%. 29.74% 1 6.82% (HHFEES%, 2021)
K — MR ELTICER, | IZAAE TR
FL Ry, LR A e ERASA fTE . TR
SBR {IRBETIR 29 76 —300 Mg-a ', {HJE%
U8 F N6 shHER A K i 2000 Mg-a™' ( Streets
etal.,, 2019) , H KM/ R BBRRE A IHS LA
S A HE R (Meij, 1991)

W E R — AR R R E R, SRR
S8R fr b R 022 mg-kg !, R TR KBS 114 R
He iAok, O A BIFFE & 3 R SR 1 R R
Y KA SRR BRI R HEC,  IE4E R AR TR
I 28 A AN AT DA AT A5E (R S s, i EL AT DR B
KRG G HER (AR R AEN], 2015; Sun et al.,
2016; ZFHEFESE, 2018 ) . Biswas et al. (2008 )
XFSE L L R 3 A R Y R
140 Hr, & B 0™ Hg M1 A*'Hg 1 78 1k 35 43 51
K 3%0 F1 0.9%0, Ff £ 5 4318 (MDF ) FilgE
BTt 4 1M (MIF ) 1 5K [R] 7 38 R AE 7T DAAE S 3%
TEA [ (8 R R HE RO “F8 40" o Sun et al.
(2014) Xf it 5t 2R A = RN P X, 4G
e, TE. B, ZESZ2AEL XA 108
ABERESEAT M jE , 2 BN [A) b X R [R) 37 1Y
YA SE MR, B JE P W M5 0° He e i
(—0.55%0+0.49%0, 1SD, n=8) , 5E[ R HEFIZE
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[ W] R [H . Yin et al. (2014) XFrPE 18 44
X F 61 AHEAE AT S SR Mk B FIOR AR [l 67 25300
i, AR ROR R B ARV FEIE 0.05—0.78 pg-g
SFIE R 0.22 pgg ', TR R RANGE & 4
1 (MDF, 0°”Hg: —2.36%0——0.14%0 ) &35
M8 (MIF, A"™Hg: —0.44%0—0.38%0 ) #8A
AU R L, PRI R B AR BT R R AR AR T
REHE N Y AR AR B, R T DL
1SRG B AFFIE AT TP AR A HEARL .

2

2.1

IR —Fh LA ALY o 0 Z Fea L A
MU E ZRE Y, A RN DL S 2 AR H
R HAY—1, BSRTT AT B i o & A
[0 = AR 2, (HR IR il A8 TiiT Ak 38LIAS A7
AR Z M, it afRemREmnE, A
PIAS 2L R 5T

— o R FH R AR B3 TR0 T i 0 A P A
b, FR T A S PR B AR TR B, 2 i Al
S RMICENBIL ., BT RSB E %R
IR, R B RS R A SRR 55 sk %
BeE, SRR RS B AT BB K M C K AT
Wk

TR AN R AR, AR T T A B
fEAIR, PO & RERRER IS0 4, UL
fif B2 2] HF LBRET 0 Si, (Hid &M F &M
Ca™, Mg™ 4548 il CaF,. MgF, % 1 (4 ULIE,
T E AR, BT RXFPE AL, AR AR
A I oy, flan. F3HEE (2012) 4
M %t Eb AN TRl B2 N HNO, . HNOy/H,0,. HNO,/HF
F1 HNOy/HF+H,BO; DU FH 12 %oF J5E A Tl I8 71 e 3%
P AL AR, PR R T A P AR
I A 5% B3 4 I kAR /DG 2 TG R R AT AL A DL TE ) o
He et al. (2019) F MC-ICP-MS ] & $ A% 41 7] 57
KAt , &8 HNO,, HNO,+HF, HNO,+H,0,
=R BRI A RO R AR, A EIRRE, 5
4 il HNO,+HF+H,BO, 1 & 11, 4558 hHiAE
2.2

2.2.1  BERAFIRAFRS T AL SR E R AR5
GG A B BT 15 e 7 P S AT ST AR PP AR

IR MRS AR, 2k S50 Yt
YL A R T SR LR P i T R AR RS B T AR
B WD, BT R e EE WA
RERKES. IscHds . IR GE . R
WEEEE . AIE. mAwE &8 RIREE,
FE R FH 28 Ak 24 B B AR 52 5 rp i o R A7
RAER, DL ERRAERS IO SR, AR5 A
JCE P B AT RAF RS B9 % 4 (Querol et al.,
1997) .

R SE SRR, T LA AR R T
RN . X445 (2003 ) & BB A 3= 2 1L
WAL S G B e, WESBPAETAEIYE S
SMERES T, RIER D EZEUMMYLES M
RIESIERAFAE, AILES &S s i
R AR A AR b A A AR AR FR AT AN
M, BAERREE NG, EHE. mi
YA BILYLE G MRESEAE i, I
ARV e, £4% (2019) RH
BRALE AR BT ot 7 s R HEA TS, K
P BB R DA RERR SRS WA, KBS BT
A | IRFRER AR

L, SR FHZERAF P IOE A — e B ]
DIAERf 3RS 00 E A I RAEIRAS, Xtk ol
HAM G AR Ge AR R 2R 1 25 ]
222 HAbAEE SR E RN 2R ST

SR AETE B — PR — D P A e AR
Z A 2Pk 2=k, PR K —F 5
LA 75 2 — SRR R . TP ARFEITR W
PRI, X Se A e A [ 20645 Bt — 20
SEEA MG, B, HALZH T m 5y
Yeft) Zn, Cd, Cu, Ti ERINIE, vJLM& Hg —F
TR R e . A A7 S i R TS 1B s o9
A — 26 285 FHF 7R Bk UR B IRz 28 He an K Rl 26
(FEBRUFSE, 2023 ) , o] FF s g sk be
55 AT
223 JErpEREgRRE LR MO R A5

PR ot H B B S5 B TR B (LA-ICP-
MS) ¥l TR AN R E ARG RE R, I
PLSEE B 20 RIS S e s R 2 |
WERE . IR eSS Z W (Liu et al.,
2013; FRIEERAE, 2017) , weorika] T AP
BhL ORI S AR S os 2 Y T
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#il4n: Kleiber et al. (2002 ) B HEREFEATHS 00
FEHAE S, FEFE MRS RO B I, S Hr
T 40 ASEBRAE S IBREE NIST1635 AR TR .
Spears et al. (2007 ) F|H LA-ICP-MS X /545 H
F1 V. Ge. Ni. Cu. Zn. Sr fil Ba Z i & 0 &
PEAT I R I A BT 2R BT, R TR I e A
HEATXT L, R T80T, Dong et al. (2015)
4 LIBS 1 LA-ICP-MS 15 FH I 5 45 v i) 3= B2 AR
TR, KM _FllH3k (PLSR) E&aHr
SRR R, D 5 SRR S 7 A Oy W R 1 M
G % . BARFIH LA-ICP-MS g bt & &
IR TRCREE, HUE T R R 6 R b
Bk R, e o IR e S 5 850 A R P 5 K 2
PR

BOGJEA /T EES T ICP-MS 23 M e T f
FER TR P 5] A S (e & 15 Y i T fEE, Xk 2%
Rigx Ky & 1 ( Van Heuzen and Morsink, 1991) .
LA-ICP-MS I DL T2 53 B A i v i 3 i e 3
FEAL A, AhIET R 2% HFERT A AL 7 0
fift (Liu et al., 2013) , &R T KT LEMIFZA
feMZEF T, MERH AR, aPrHEARR
Wit &, BOCIRA TP ARG SRR e R R A
HRCH IS
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