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Using magnesium isotopes traces continental weathering: progress and challenges
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Abstract: Background, aim, and scope Continental weathering governs the surface material cycle and their
transportation from the land to the lake/ocean reservoirs, regulating the global carbon cycle and climate change
at different time scales by consuming atmospheric CO,. How to effectively trace continental weathering is one of
the important scientific topics on Earth’s surface processes. As one of the most promising tracers of carbonate and
silicate weathering, magnesium (Mg) isotopes have long been used to trace and reconstruct continental weathering
scenarios. To achieve effective research methods, it is helpful to review the establishment of Mg isotopes as tracers
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of carbonate and silicate weathering. Materials and methods With the improvement of mass spectrometry, high-
precision analysis techniques of Mg isotopes have undergone rapid and mature development and have gained wide
applications. We reviewed the major developments, issues and challenges in the application of Mg isotopes for
tracing weathering, including its major reservoirs, weathered crust, riverine systems, laboratory experiments, and
modeling simulation, all of which have been gradually evolved over the last few decades. Results Because of about
8% mass difference between **Mg and *Mg, the absence of valence changes and redox reactions, Mg isotopes
possess the robust potential to trace carbonate and silicate weathering processes. Nonetheless, the origins and
controlling factors on Mg isotopic fractionation during weathering processes remain controversial. Discussion The
changes in Mg isotopic compositions from weathered crust to fresh bedrocks are complex, whereas the factors
controlling Mg isotopic variations in riverine systems are diverse and controversial, especially in large river
systems. In addition, the behaviour of Mg isotopic fractionation in laboratory experiments has not been
conclusively established and modeling simulation of Mg isotopic compositions is still in their early stage. More
attentions are focused on seasonal variation of riverine Mg isotopic compositions at small, mono-lithological
catchments. Conclusions We noted that Mg isotopes system certainly has the potential and distinctiveness to
trace continental weathering, both for carbonate and silicate weathering. Recommendations and perspectives For
reducing the uncertainty of using Mg isotopes to trace carbonate and silicate weathering processes, it’s suggested

that carrying out more laboratory experiments of rocks/minerals, combining large catchments with small ones,

and facilitating computation simulation as well as multi-isotopes coupling are required in the future.

Key words: Mg isotopes; continental weathering; the carbon cycle; geochemical tracing

Kb A1 A2 KA ] 32 200 46 i R #6
WA FRR R £h a5 KA, @ 3 AR RS CO, K IH
AN T R ] ROBE L R T R, R A Bk A 2 i 5T
MHEMZ— EREENREE (>1Ma) , (R
A AR N B AR ISR ( Walker et al.,
1981; Berneretal., 1983; Westetal.,, 2005) , i
TR R R | (<10 ka) , BRERER 7 XUAL I B
A LV 1 4 BRBR R 2R 5 Ui 2246 ( Gaillardet
etal., 1999, 2019) . B (Mg) [MZR R A&R
PRRRTRER A MR A Ml & . SRR LA S hse )
G 1, R Mg [ RIER A A /0
XA AR R E R T Tz (B
FRAZ S, 2022) , 940y s iR AE AL (Galy
et al., 2002; Immenhauser et al., 2005, 2010;
Buhletal., 2007; Riechelmannetal., 2012a; Pogge
von Strandmann et al., 2014; Huang et al., 2016 )
Fe B AL 24 AL A1 {248 ( Tipper et al., 2006a,
2006b, 2008a, 2010, 2012a, 2012b; Ma et al.,
2015; Gaoetal., 2016; Huangetal., 2016) i
TEZRER KB XAE DT T, AMUBRIRER & (—5.57%0—
—0.38%0 ) MfEMREL A (—0.77%0 —1.81%0 ) HA
WA Mg [FIfL R (R, RG24 0.39%0 —
7.38%0 ( Bizzarro et al., 2004; Li et al., 2010;
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Wombacher et al., 2011; Geske et al., 2012; Liu
etal., 2014) , Wi HTEEAG VIR, AT Y
T, BT A B A B b Mg (R A7 R 3
FHo HILAT UL, Mg [A/7 3R A2 R Rl KUk o 7T
ARSI FRRE R, M Mg [0 R AR 2l
RGAEXS KRG BR A . PR, Mg [RIf 2R Rt
FERAL I RN PR S T A A, TEAT
£y TR

Mg & {7 T 0 3 Ji 3R 55 3 FA 40 T A % 1)
Bt mITE, RO 12, AR TR
243, HLF *Mg (78.99% ) . *Mg (10.00% ) A#il
*Mg (11.01% ) =FhfaEF o &, HA *Mg A
Mgl i 2294 8% ( Young and Galy, 2004 ) .
TR R AR X JBT S 22 A 45 Mg [A] (37 2R 78 6 2F b T
AR (L. WRIs . BRERERUITE . KA B
) mal DUR AR A R BT IR (O E IR
i, 2016) , 292 7% ( Galy et al., 2001; Young
et al., 2002; Young and Galy, 2004; An and
Huang, 2014; Teng, 2017) . #A1fi, 5 Li [F{
F oAl (FjJRRAE, 2017) , BEE X Mg [A]
B F R B KBl KA 40 e FIER A, XAk 7 )
1 Mg RIS Z=AELIZE L, DASRER Mg [ 2R 5318
FERIALRE Y B2 A PS5 R AU S oy 1 B4
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B il Mg RO 3R ERR B, ASCERi
T Mg R RIS R /i
PSEER R FRUARADL S5 T 1T A4 T 5 2 R e T i Y
PR, LU IE Mg [R) 7 28 7E7R B R Bl XA B E Y
it— K

1 Mg

Mg [ 2 B 5EE IR T 1921 4F ( Dempster,
1921) , Bt B, 2 W oAl
BRG], Mg R R BFSE L A, B
M T A K E A Mg [ 2 H LAFSE Allende i
A1, KT IR 3%0 1) Mg R K B0 (Lee
and Papanastassiou, 1974) . FfJ5, HLEHE G55
BRI (ICP-MS) /Y HBAR G % Mg [R 47
F AT TAEM B2 & AT ( Thompson and Houk,
1987) o SR, W T3 E R bR ES ORI B
(NIST) 424y SRMO80 5 i 4y it 15 i i R
EORA), iz RO S B (TIMS ) 1Y
IR E#: 2% (Galy et al., 2003; AHFEHIZE,
2013) , Mg [Af; = B AESI T T, 1980 4F
DK, W Bk HoR R A fE, andA e 2 B
(TIMS) . ZIREF Y (SIMS) , JLHEZ
PR SRR 4 B AR BT (MC-ICP-MS ) 1
HEL (Galy et al., 2001) , &k Mg [FI 47 & 47
MR A FIEFF iR AR, H S K2 Galy
etal. (2003) $24It T H—brUHEY) i DSM3 ( Dead
Sea Magnesium ) Ji&, #5555 % % A4 1T DI EIE
AHEX, BT, Mg RN BAMER A B
I = BEIA 3 0.05%0 (2SD)  ( Galy et al., 2001;
Huang et al., 2009; Bizzarro et al., 2011; An and
Huang, 2014; Anetal., 2014) , {HAR[RS2EKE >
[ X6J 7] — s 74 4 J 1 000 3 SRATS A7 24 0.4%o 119 22
A (Teng et al., 2015) , iXFIfHESEH TA AL
%2R FH I R4 B 5 vk DL R 0 A5 ) e i e 25 S v
B BeAh, A A [R5 B A AN 1 41
B4t 7] i 2 S 2R S5 R A —2 . Gou et al.
(2019 ) fifF5¢ & W H 4E T Jet £E 4L A ] LL3RAS 55
1 ) R BEE, DATTAT DA AR B b /b T i i
S R A8 T A R AN 2 1

Mg [F 4 2 AL E PR 35 5 6" Mg(%o)=
[(Mg/** M)y, / (Mg /**Mg) e —11% 1000, =X
te x=253 26, I MF ST NIST £2 {1y
SRMO980 1 A hrfe, SR Galy et al. (2003 ) fiEHA
HAFZ v R R A —, HE 2 Mg

FRED T LA S BEIRFEE A BRA F4 L) Mg fit
Hl AR HEY) T DSM3, ST, ASCrh G|
AR LB A i oA DSM (., PR
X Hh: IMggz=0"Mgg ,+5 Mg, 5 +0.001 X F'Mgg , X
Mg, (Young and Galy, 2004) , . S, A
B AR LR . FrkE SRM980 FIFRFE DSM3,
x=25 B 26, HIX}T DSM3 #5ifE, SRMISO0 (] 6°°Mg
5N —3.405%0, 6°Mg {l Ky —1.744%0, %\ R
R 22 A 3t 0.001%0 ( Galy et al., 2003 ) .
F SRM980 fy i ki A 1 — 4, LI B0 A fit 2
%, Mg [RI 2 75 M BRI — B3 DA o o 401 o
( Young et al., 2002; Young and Galy, 2004 ) ,
BRI @yse=angnds AR RRH, BHL{E 0.511
F10.521, 43 AR B 7 27 43 18 S RN F- A 4 1 4k
( Young etal., 2002) .

2 Mg
2.1 Mg

Mg EHek b FEME A TR Z —, FEHER
IR F R, 2 7 B Ak R R M Bk B
23% ( McDonough and Sun, 1995) . EN¥EATT
£, Mg | 20 e ER & A, i g v
MgO & #2H 37.8% (a4, TH) , Hisx
1 MgO & =200 4.66%, TEKHE Mg & E240
0.128% ( Millero, 1974; McDonough and Sun,
1995; Rudnick and Gao, 2003 ) . Hu¥k [ 99% LA
) Mg HRAE T Hub b, 2 bSO RO A 1Y)
FEHARITEK.

fiti ¢t MgO & & 5 UK T Sio, Y28 — K+
B EY, WHEMARIRES, MgO & & A Mg
WG, B an: MgO e 4ifidi = b i & w20
46.32%, EERKATIEELAN 7.51%, HEINKE
RS2 4.17%, AL A AL IN A TP
A RATE 0.88% —1.91%, F W Mg #RE1H & 4
TEAK A ME R (XTER 55, 1984) o Mg
M RERR R ™Y F B AEEA . MEA . N
otk R ARTTASE; 1 Mg BIBRFRERT )
DL = A FZEEED B UL, Mg TE4l 1 5 il v oy
%/ (Daughtry et al., 1962) . It4h, Mg 4L
K YRV 278 RV s W 7y, F24
Jexifs (KCl-MgCl - 6H,0) . 7KEERL (MgSO, -
H,0) . @8 (KMg(SO,)Cl-3H,0) %5 (Xl
BARE, 1984) .

K P R S T A Ry (2 97% )
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1M Mg 1 R A3 sh Pk oo R 5 16 WAk f2 v DL
T X A i IR, MK Mg SR
HZH 53 mmol - L5 MMl ZK R Mg 34 &R
4.1mg-L " (Tipperetal., 2006a) , HHAFEE
W ANHFVETR ) Mg™ 29°8 5.2x10" mol ( Wilkinson
and Algeo, 1989) , Tfi#E AU Mg fe L)
TOTE S A PR S e 1 7 2l ] ] A B R

2.2 Mg

b BR 45 P 2 AN [\ 6 i 0 Mg (B 22 5+ Kk 4
K 7%0 (=5.6%0—1.8%0) (1) o i AL
AT Hiu D RGOS 5 S5 AR A e 0™ Mg I 24
—0.25%0+0.10%0 (+SD, n=214) , HHIRILHE
A RERR L 5 M Bk 1 F- 35 Mg [FIAL R A ( Teng
etal., 2010a) . ULAk, FEPHZRAE. FH LR
. REEZRE . ZIE . A SR EAT fii
AR Mg 8, FWIEIRAM T LR A
NG oS e b Mg [RAL R AT BR . B AT
5. BERRER A HIER SERRE (P32 —0.21%o,
n=154) UK AEREA CFYH —0.17%, n=14)
() Mg [Fl {7 2 24 AR — 30, 3 0 Bk K 45 Fh Bk
AL A Al B B AT AH [7] ) Mg Y5 ( Bourdon et al.,
2010) .

TRty b 5 32 AN ] 28 78 0 e R 5 2 A
ENTEAARNFER Mg &8 R R (B1) .
Lietal. (2010) Xf #h5e Mg [ &= FFJRIESE,
FEARE [ b 5E E 2 A BT L BRI 34 MO &
i, AN FHST B AR Mg R ER
2H AL (0" *Mg=—0.52%0—0.92%0 ) , H: 6**Mg J 4%
SEME (29 —0.22%0 ) 5 b g 4Ll AR —E (A
1, ZiBLe) o 5 ks MR A S s B —
Mg [RI i RAAE, Flise A Rlsmoc Mg [FIA2 R 4
WESHE., BARME, R AR S

(ZRA . ZilE, BRI ss) HARK
(i 0*Mg i Biln: A4 BRIERER 1Y 6 Mg
SEHI A —2.86%0+1.20%0 (£SD, n=158) , ff&N
~5.6%0, Az 6 Mg [H -4 —1.80%0+0.50%0

(£SD, n=215) , Mk H —4.24%0, K 7 Fl KB
FHY Mg (53 38 —3.11%0+1.09%0 (+SD,
n=9) Fl—2.90%0+£0.41%0 (+SD, n=9) . 7Tk
T 1) Mg (B - 4 —4.24%0%0.49%0 (+SD,
n=59) , %K K Mg 18 4 5 TR ok
Y, RWIKFREL A LEDINE S B P L 2e A R Mg,
Wb RAARSE R Mg {18 —0.08%0 =
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0.49%0 (£SD, n=154) , & T LK (F3
N =0.71%0, n=125) , FW Rt b+ ek
AR Mg AR

R AT . MR K KR Mg [RI7 2R
TR A 225 (1) o HF/KAY Mg {8
FERR IR £h A AL R 5 2 185 Tl K 1) 6°Mg {5 H
AERIEREE, AT —2.52%0—0.64%0, FF
{5} —1.09%0+0.38%0 (£SD, n=500) , 5 Tipper
et al. (2006b ) % 3H i T 5 3= B[ 9 - 45 Mg
{B (—1.09%0%0.05%0 ) % — 5. T i £ IF WY
S Mg (AT K AR AR, (H A LT 7K i o
T KR — 1 Mg i, BN KEA Y
— Mg {H, FHIE K —0.83%0+0.25%0 (£SD,
n=182) (M1, ¥k ) , H Mg EHAKERE
JEE I ERLA B AR, 3R T Mg 7K
FETE (2913 Ma) BRI K Tl KIRA B (2
2 ka) (Foster et al., 2010; Higgins and Schrag,
2010) .

A EL /) a SRR TR KR = @Y Pl I R v <
(E 1), HAEAEY BRI R A g 3 Tk
() 0 Mg [H2EAL (—5.6%0 ——1.1%0 ) o fllN. PRI
AL R EA R Mg [, K% —5.6%0 ( Chang
etal., 2004; ZRFEHIZE, 2013) . MY HY Mg [A]
MRABZ BN ARFEFE . T E (BITR
SRR ) W A BRI AR A L, A L
R I FOAR T & 42 4 Mg IR 3%, HAYI
Foft—F AT T HA 25 3 A2 Mg [A] i %R (Black
etal., 2008; Bolou-Bietal., 2010; 2012) .

Ffire ANl Mg [R)67 28 2 A7 AE Qi R i 2=
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[l PE 22 S S — i, KA P s Bk Ak 2
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WAL BRI, R AR Mg [0 25 H Bk AL 270
WHAEEE L,

3 Mg
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BRI ETE o
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2003; Ryuetal., 2014) , J2& Wil A58 K AL 1R
M B P . ik X XAk 7 30 1 ) Mg [7]
LR AHEATIE Y, A B T IR R ) 20 W F
WAL ZRAET Mg R R B 8T R, H i 32
SIEAE S . R IR L. W B - i I
it FE DL KA R AR K. ln: 48k XAk
AT A8 HAth 5 XU A ) T 26 B0 S s /N R B 1Y) 0 1R
(—0.17%0—0.55%0 ) ( Brewer et al., 2018) ,
[[iga e S=g P =l o A= 1 SR e T sl
R 018 (—0.24%0—1.81%0 ) (Liu et al.,
2014) . BbAb, TEREFRER A KL R BB, R
WY BV A 2 AR S B Mg AT, S8R
5% A3 Mg [AI 2 4L = ( Wimpenny et al.,
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A, FEQFELLFHE

(1) WA Y% B i i KAk T Mg R
ZUN, Tengetal. (2010b) W35 EE 2 3N
T L DX 14 M g AR R TR 5 R B, Mg R
B3R S AT PR B R AR, RS2 IR AT YR L
ksl FRERBN . Mg (H AR KL 2%
TR —0.22%0 3G 0 1) b 22 KAk B 5 2 e A
1 0.65%0; WALFEEEB S, WA LYz,
Mg ik, R Mg [F07 2 41 3% 5
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profile, data from Huang et al. (2012).
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Fig. 2 Mg isotopic compositions in typical weathering profiles

(2) WA RRT - fire R AR 428 61 ) Mg
[Al 1 Z 41 h, Huang et al. (2012) X} it %
oA KA T TS 2 B0, B - i B A FH A ]
il 23 WAL R b s e Mg [ =472, B
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15 RAG = i Mg [ FEAIC. TRl FE 3, Liu et al.
(2014 ) 81 B9 BHE L E ] 20 3A A O Rl &
B, AR RGBT R A ) =K AR A
L Mg (MR, WTRESE BT KA A e
BT E 0 Mg [l R, 5 B 0 2 i 2
MR, Maetal. (2015) XJ 00 WAL HIHAFIE H) &
B, BEE KARGR R RN, 580 Mg [ &R A
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(3) HHAWNKAFI AR, BA SRR E
21 R B 1T BESE TR Mg RIS 2 s R Rk KUk
FERYBEAE X 4 . Wimpenny et al. (2014b) X% 1|
w4 - EHE T Mg R EZFR A,
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(BT LAVE SRy o 2 XU R K i AR AR 8 bR o BEAE,
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HAR R Mg i (HRHER, 2013)
TEFAEELLT, RERRER A XA v Mg Rz
FATAPOZEE A AR, BOX ) s e
Mg [Al2 28 TAH R it A B 5 Mg )2 3. 4R,
SR MER A IR B, WAL P18 Mg [a) 4 R 2H
AALTERIAR K (—1.56%0 — 1.81%0 ) , H )51
A—3L (Teng et al., 2010b; Huang et al., 2012,
2013; Opfergelt et al., 2012; Liu et al., 2014; Ma
etal., 2015) . XSEWLZLRIINAL P Mg [AlfiL
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AR AT, T ST RS 20 Ak U
B, ksl R, DAEAFHAET Mg [ 2R 240K
AL

3.2 Mg

AT A0 T W) o A R A e 1 R A (R, L
IR Al 27 2 CREAE 1 S 2 T DR XU Ak el R ) A 56
EPS YN G R R T N A R NS € A AT
7K Mg [R5 2 41 1l ) 42 il 22 %= & H AT iz FH Mg [A]
M B REERE R EFEE S Z — CAMIRE
B, WK Mg 1 F A H A AR AR 6 Mg
i (—2.52%0—0.64%0 ) ( Tipper et al., 2006b;
Pogge von Strandmann et al., 2008a; & %% [F FliHi 5t
#k, 2017; Xuetal, 2022) . XjEH TARNE
e K AR Mg [l 22 AR Y 3245 R R4 AN TR]
AHIMIF ST S F 24 LAF L7 T -

(1) ZS[E REERIK Mg [RI7 R 4 sros .
&L, RERERRER A BT I 8RRk FR AR 5 BRIt
BN Mg R R A, RIS/ N s
I Mg [R5 22 B AT 235200 ( Tipper et al.,
2006b ) o XFT/NALRENF, R R ER A
T ELAT 23T RUA B AR B 1 6°°Mg i, iR 4
FERR S A TAT L R e T B e (E AR R 4 R Y 0% Mg
i, Brenot et al. (2008 ) MfF 51k [ EE PR IR i dak &
B, FUARZERE A MZE &R A K 0 Mg (5
BAR, AFEEE HAE B AERIN, WK Mg [A)
D ZR L REAT AE L A I PRSHIR G R i RE . A,
Zhao et al. (2022 ) BIF5E A [ V4 710 5 IR 46
WA B, A SR UK Mg [RI 2R 4 ) R s
Wl 2. SR, /N Mg Rl R AR T A2
B A WAL 4, A2 iz o B R R K AR A
BT B E sz, lan . EEREIR s b Ui
ZeTEBR R 55 YT K 6 Mg H (—1.2%0——0.7%o0 )
WRBANNEK S (4 -05% ) 1K, "TREZHT
T AL B P Mg R 22 AR S e ik 3 K Ak
$3 (Brenot et al., 2008) . 2L, Pogge von
Strandmann et al. (2008a ) XK &AM 2 0 L
AT TR A, T Mg [RA R 4L A
[f] pH T MB B OC, RBUNAER pH B 7K
LA IR B Mg e B R i 1 Mg fE, L2
[ XA RER IR A RERRER ) 43 N AE = pH ARG

pH T IE BRI A TR

AH /N R, RIS AR 52
TS IR A E A BN — B K Mg AR
ML, HZB5REHZmA IR, 52 H s s
AWERES . B, AL F P AR &R £ X Ayt
JEZEM IR RIK Mg [R 2 3257 T BB I Ak R
AT, R RN A FR ( Mavromatis
etal., 2016) . LT 1 &R ARG K Mg
() 37 2 2 1l 0] 32 1) 26 2 P iR 1y e ol 5 i 32
S BRSO Mg E 37 B IR AE T T TE
TR R, AH R A T BT G K Mg [R]
R A FE R T A KALFHE (Fan et al.,
2016) . SEWZML, Xuetal (2022) LMK
FHA FE L HAIK 6 Mg (275 TR EL 7= KAk
YER, PTLAAR G s et 6 2 Ao B 1 A2 4
TENLIERE b, A PR R VR Y & Bt — 254
P ERATH I, KR K 6° Mg B AT LA
A RO B I R R KR R BE B A R R A
(Xuetal., 2022) . It4h, Zhaoetal. (2019)
K KT SL BEAK 0% Mg {8 AT RESZ 3 IR IRIRER
W DIREVE A, (I Mg 38 8 XA
M A AT PR

S, ANETEEURE T K Mg [R47 2R 20 R
i R T i e e e i R iR, AR S IR
AHN B R Mg 38 R ITPA HO AR B . R
BT R B 2N R BT S 5 AR T B Mg Rl
FWFIT, SR R RE U A Mg R 3R 4F
I B X423k Mg PR A2

(2) B[R] P37k Mg [ 28 2 9T . %)
T IS SRR | AR LB N TR,
BRI SCERA 19 25755 P A2 A6 T BB 2353 i ] 7K 1)
Mg [Ff R AN, X S5T7K Mg B9 f 5 R AT Jal A
HEFEWELA . TFRMIK Mg [ & 2201
AL T IA AT B T HR T A2 KA X 7K St A2 A
it S R e N ML o 80 . Tipper et al. (2012b)
3 25 X Y A PR T2 AR e B K S oY
B, FEIC AT W Z AP 2 K 6 Mg ([E17
TEU W AR BR AR AL, 430l 2h 0.73%o0 Fi1 0.66%o, il
LA T 5 e 6 Mg (8 1280 R 0.14%0, H.
YIRS TAE R A R Mg [ %, Rk,
Kk & Mg HFI Mg™ WeJE LML R, RITE 1%
TEIRUK AT, K Mg (8 R G R R IR
AT S S, MR ENFEKEA L
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WA (Fi+L. ERSHBSGEAY ) WG
X, Brenot et al. (2008 ) i i %] EE PR T i 7K
AEMPIRKEI, Mg 15 7Sr/*Sr {2 [F]
FPEDME, B AR K A Y S/ S
e (0.7102—0.7119 ) Fi16* Mgl (—1.4%0 —
—0.8%0 ) , FRIIANFEZETT I AA NI K Mg
[ 28 4 AF A R BTfk. SR M7, Hindshaw et al.
(2019) Fi& th it Je ZE3] T3] 7K Mg [R) 4 & 2= 15
A AT DL 2SN, B HARBR AR A /N (AR
0.17%0), HAEE T W AHERE (2SD=0.11%0 ),
IH Mg (AR Z PR RS A /N, W] RS2
TR FE. A, Caietal (2022) B
HAMARGHE T RBEN, /NER T Mg [F47
RA AR EA AR, FTReER
Z 3 T KA Z 2 e s Mg I v ER. Sk
I, Tipper et al. (2006b ) F§ i 7F 4 BRI [ PN A A%
AR Mg [R R — R RN R, R
BRI SR B 221 M AR RSP XTI K Mg [R)3 25
A FZ LN, AR AL A 7 2k — 20
R
(3) WARDURR, B Rk, RAREK . MY K
VKR At ] BB 2 i/ NRLRE AT 7K Mg [A)43 28
SR, BN Ky RS K E A B Mg W] DL B
S KL, R BIE XTI Mg B i i sk 4
HEEMFM (Jacobson et al., 2010; Lee et al.,
2014 ) , T RAREAK XTI K Mg [F] 47 Z 1452 i D)
FE— SR K I T 8o i 2, FT RS2 i T34
LA A B B B A, T oK AT g 3R A7 F
VKEREAN 25520 ( Pogge von Strandmann et al.,
2012; Lara et al., 2014) . Ik, IR
WK Mg ( Black et al., 2006, 2008; Bolou-Bi
etal.,, 2010) , B LAy a2k A 1 S5
/NELEIR KR Mg [ Z 4108 ( Bolou-Bi et al.,
2012) o XFFRAVRIN F, i Mg [F67 R 41
BN 52 AH B B 35 R R A 52, DTk mT DL 20
A3 (Tipper et al., 2008a) . vk I %88l T ¥k
A BRI ) (S i /s, LA Ik Mg B
(= 1.1%0——=5.2%0 ) HIBRIRERT WU Jc i it o= %
FHOM K 4k K 3 A B9 Mg A 2 41 % ( Wimpenny
etal., 2011; Lietal.,, 2020),
ZE BTIR, ANFEES S REEW7K Mg [R7 28 4%
HHZERER L. T e 2 ERAS R 3 3800
7K Mg BRI R LR R 2B 2R, X
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5%

AN B iy AT AT Mg [R5 2R E A R )
IFHHABRMZFIAR (40 Li. Ca. SrF) B
TR, Ho, AU R — AP RN
IIPERFPERK Mg R ALTFE, AT RER S
PerK Mg TRl ZRAS AP 2R P A RUR A
33 Mg

BT XA E SR ZHE R R L, Bkt
Xof 1 e AR S 2 1Y) 2 N S 0 22 DUSEAS [ 2R 8 5
PRI R 1 TV W) AL 52 3 > S 47 A TIE B AP U
R M) TT R A R kb= 170 . Mg R &R
TR 2 NS F A AR I . BT
TERL. B A8 4 B /i S 2, H G AR AR AR —
HIAR,

X SR AE T W el 7 b Mg [R) A &= 1 4318
G (1) IRV, R TIRIRELT Wi
R — B AR, AN &7 4 Mg Al
ZoMm, HIEHIN T Mg™ oty A (Jacobson
etal., 2010; Leeetal., 2014 ) ., fillll: Pearce et al.

(2012) 7EZEBE0 W i S5 3o vh 46 Hh 28 BRI i
B Mg 19 3 BRI & AR R R 438, WA
1) Mg [R5 2= 2H B A 0 T BB A2 e Pl At oo 2 [ B
Mg it feds A AFAM 3. (2) R Y
Wit W THREMRELT W il 2 A — R,
PR32 19 Mg [ 2200 Je g bk s a2 A UAH, AT
FEEEAE AT Mg [ RKE, HEMAS
. BUn: Wimpenny et al. (2010) Xf % i ’A 1Y
PRUE SRS, AR BT B A AR YR
W SET, WREER Y 0 Mg (H722 1%, R 5 2k
RERR SR WAV i B DL S B Mg [RI 285 i
G (ARAET AR WEGT, &
W) Mg (A5 R, AT g 5% Mg R 48 S bk
WhUE, = Mg R AR BEOkuE, i Mg Rl R
FER . WA Z 0] & A 531, R, Ryu et al.

(2011 ) X4k b PN 7 ik S 36 R BIF9E 200 R B,
AR TR RN E Mg (B MRS IR A T
BB AR R, e T8 1 i 00 S 5 U o
. SR A (6°Mg=-1.82%0 ) #H It 2 = &

(6*Mg=-0.29%0 ) FIFAINA (6 °Mg=—0.32%0 )
HARARM Mg R 2410, HAR e i 800
WA BA AR Mgl (—1.59%0) , i 5 i
W Mg (EI B E TR, WINTRER e T M k)
SER T

U WIE O Mg [R A6 2% 114 43 1R A 45 I
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AR TR Fh FVRE TR ER 0 W B B RZ R, X T Bk iR
B (ha. Z89. Aafi. X)) 0L
Ve, W ARRRRE N Mg R R, HIE
B Bl R R 4 A P AR T KA | SR 5% Mg (Al &R
( Galy et al., 2002; Higgins and Schrag, 2010;
Pearce et al., 2012; Mavromatis et al., 2013;
Saenger and Wang, 2014) . —3EZ5+ 5 ¥IE sliis
2 A Mg, #lin: 138 Wimpenny et al.
(2010) MOMREESCo AR, FEiL P (A RET
PR ) UFR, WA Mg (E 28 = 1 55 —Fh
A RESE R A iR A AT R e 4s 6 T Mg
., SR, Ryuetal (2016) e &M F it
TR AR, RIZIREEREET YR e scf
(TO &) FudgiwsCfA (TOT BY) JE AL 72 v Af
A Mg, FRILTTL,  H TR AR R )
TE U Mg [R5 28 B MR TG, AT,
UK ], Lietal. (2014) 7E4A MK
H kB Mg SR SEEE A KEEA T, I BT Mg
TEIKEE A FK A B 1 Z [ 3 DL\ T AR B A7 Ho i
R R TR #, A B AR AR A /K B A1 210
SeFH Mg, X1, Wimpenny et al. (2014a)
TETKBE A A LS50 Hr ) & B Mg f ek A+
T, ZFE AR ST A RRSE T A O
(PRI AL . ARG ) B[] S B0 P A
Y Mg JEABIA—EC (Hindshaw et al., 2020) .
EAE RN, Mg TEREREET W RUK A BT\
THT A T 57 T ) Mg — O B8 A AR AR B2 L i/ N AR
W32 R EOA R 431875 17 (Hindshaw et al.,
2020) , REAEL -0 WIE AR Mg [R5 2551
TRy ) B EE R

1P T B2 (R 1) 25 S AR B / i et 2 7 A
Mg [Fl v Z 5018, . Wimpenny et al. (2014a)
B E Y (PHRA . A, @A) 1
il R N R B VRO e S 30 R B, IR TR LA A
IR Mg i, FUTH )2 1 k)2 AR BfH Y Mg 2
AN Mg AR AR, Z5{elHh, Chang et al.
(2003 ) FE I T S I B 4 Mg iF, X3k
VRV R ) Mg TR R AL AT pr & 3, Mg
X T Mgt oeplitk vk, MR Facal f ]
REWCRE T *Mg. SR, A —fFR LB, K
eI R AET Y (e A . —OKEA ) &
S B Mg BT R RS2 ), S8 Mg [F
PP ZEMEA %4 (Huang et al., 2012; Liuetal.,

2014) .

g b, Mg AR SMEAE Py nl e 5
Mg—O ML G A L, H Mg FA R M T
AR R AR R e
Yok, 2. HWRAET YL U, AR a1
ZE5t . AR YIRS RIER A 2 B Mg [F]
(VA NN | D LU G SR N B VI B
ARFRABIIE
34 Mg

H i C 2 g7 1) Mg (R 3R Bk fh 22 A 7 52
TR XTI ER £ 08 Gt AR, REE s A kit
2R Mg™ SRIRHE T i - w oy, EEAY
- XH - L (DAR) | Xt - )R ( AF ) il
F o ima iRl (F28% 2021) , Hd, DAR B
RUF AF B5 30 A KRR sl K R A = 4
et #2010 Mg [ Z Bk ~= R F ( Huang et al.,
2015; Pengetal., 2016) ;5 iHiH) /AR T4
PP AA 2 b & AR B R DU A = A1 Ak #2 (Ning
etal., 2020) .

L AR 32 AT 2 A A T N B
AT RAC R SY, (AR, BRI
J'& T Mg [l 2R B KB R B T B Fn e i
X R R i AR E FH R R S AT DA AR A AR
PR - B Rk KA R R R T A - T
PIVEFE, HlN: Gaoetal. (2016) BFFEH EHIIL
Hzaam R bHlm AR, Haam KRB R Mg
[, 2R 4318 F2 B A2 45 IR b 0 ) 1 15 A AP
VERTRE, HAE IR AL T 85 KAk Mg
[RS8t fE . b4, Jacobson et al. (2010)
FEAF 5T 3 [ R RN 22 i 9 F K Z B, R AR
B Yk iz B BRI B 1 2 A S 4G i i i A
T4 0% (@=1.0000) , HiF/KHY Mg {57 1k
I A F Mg-Na # 3¢ # i< 72 o X Mg 1908 56 %
W, LB 2 18] 2 1 32 e i 43R R T —0.60%0
(0=0.9994) . BWRME, Mg [0 2 AL
v AL TR B, T H S S5 B AR
(IR, ATh TR 2 I AF 9 k> Mg TRy 214
FORER KB KA FH AR AN e 1 o

4

LR LTk, Mg [R 2 s B R R AL AT A
WAL SERTH . K R 58 PN S5 SR A AL 45
D7 HIHAT TEEGERE, AT Mg R 3R R Kl
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A D B 3 A0 3 558 R AL 2 A A A T R F
UM . BRI, Mg [A) A7 2R R F AL T I 5 G o] 7 d
b Pk 25 52 e DR 2R 328 T A 80 853K it e A2 RUAE
(TR) R, Mg (R 2R 44 58 BE 75 B A5 A% 7 B it XL
b, TEH AT = KBRAR

(1) AfegnBRIMEANMA B2, B T 165X
et B2 Ak, Ry builE. MR KA. KA
S5 0 R ) T 8 3 A AR 1 Mg [ AS 2R 2H Y
TR — R 1Y 52 IR ( Tipper et al., 2008a; Jacobson
etal., 2010; Lietal., 2010; Leeetal., 2014) .
WA BRI LEM IR I e R A Mg [ R 7R
IR Bl KA A TS

(2) el PPl AR 25 R G A LA 1 e 2 A
(1) Mg [F 07 R 7048 A B AE KBl XAk 2 o i £
FH A A 0y %5 00 350 35 A S5 5 SR A 0T 5 30 AN 8 140
S BAR H AT AR ™ A2 1) Mg [R) 2 2R 701 X
S R K A R S /N, AB AR E PR
TR A T e A W s AN Z 0 ((Tipper et al.,
2008a; Bolou-Bi et al., 2012) , {HAG5EE £y
FHAIFITEAHBATI

(3) ffer i A XAk i v Mg [R]62 2R 2 1R Y
B ER ., BATC ZINRBIRHIZ Mg [FIA R
SRR AR A YR . AR, )
B} - I BRE S ( Wimpenny et al., 2010; Huang
etal., 2012; Liuetal., 2014; Maetal., 2015; Fan
et al.,, 2016; Zhao et al., 2019 ) . R}, XEL[A
F Xt 6 Mg (5 5Tk K /NE R REA R, FRBI
RAE R R TP XL 5E 4203 T

AR A B XA R Mg [R5 1
BRACZEIE IR A 7 LA S Mg [Rl 7 AR R AR R
REERAE B2 M, 1 AR 2 T A 50
R RRERACVERT, s TE R B T AR A

(1) A0k Z NIE S5 SEXARRE A /8
Yy, 3 A 2 TR AN [] S 5 A R Y P S
5, LR AR . DR IR LA
S B - e B A AR i Mg R S A TN .

(2) K/NRIBAHE LSS I a sl
B ARFMEREUN DA N RN
BN R Mg [RIG R ATy, IS R T XL, %
it — 2L S8 N R IR LA B B AMENT Mg [ R AT
WL HESR

(3) ZRMRERI: @i Mg 5 Li,
Ca, Sr 45 HABARMEGERRE [F) L 3R Bk H SR AH B A 58
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