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Fig 1. Schematic diagram of this study
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Wiz, (1)Sr Loz St/ ~ N7 A5 BETFL
DFENT ICP-MS % FV = $8Sr/36Sr DI 12T,
FEREHIE TS Ca MBI BSr 12K L CTAI ML T3
ZHIEEIL, BSr/MSr JWED(FHEMEEZE R, ABFFET
HIEDOXREL TS CaCO; ftidh<° HakslE 0 254y
I% Ca THDHI=, FEIZ St/ Ca D+5372 53 BEIZ DWW T
HETDOIUNENRDD, Fio, AL TITREDORELT
WS, St SHE IR FEIAZAR L (37Se/%0Sr) ORIE I\
TIRESEHCE FNAHLE D A (Rb) DAFEH I IELN e
ATV F WA GIERZ T, LI23> T ¥7Sr/4%Sr DHlE
BIREFIZ ANDH AL, St/ Rb O+ 7eEicon
THEETDUENHD, KFFETIE, CaCOs & ERTE
T oD BSr/ASr I E EOEFENE R LA BEEL T,
Sr& Ca 3LV Rb Do BEFIEA Fai{t L7z, (2) MC-ICP-
MS % V7= 88Sr/80Sr JIEVE D AL AR FE AN E
KFGET 5 CaCOsiff i =° Bkl D O B, FFIZ CaCOs
EalE A K CELREHE VR E CTHIH TED Sr BEH il
WETHHIEDD, RNARLRIE FEO RRE LD E
TR S 72D, 22 CARMZETIX Thermo Fisher
Scientific (7 AV A GHE -~V F a—1 V) WD
MC-ICP-MS Ti% Neptune plus % /U= [FNAL A ELIIE
WZHRWTC, EEEREICHEHAEND Jet o7 a—rb
X A% v—a—r DG (LLF, JetX &%) 53 Sr
[ AR E B R CE D ERREEL T, St [RINZ KL
B IZIE— %A1 Standard Yo7 va— 8 H A%~ —
a—2 O IEHE (LU, Standard/H &9°5) A3 S
ND, Jet/X 1ZHIRCEnTE—H D e O FRINLAR L E I
WHIVTUWD DS, S8Sr/%0Sr D i) Ja i I 7 L2 i FH S AL 7= 43l
1372, Jet/X @D Sr RIS ECIE ~ D DU T
IR T TIEZR, 2 TANFZETIL Jet/X @ Sr [A]



PLAREEIE ~ i A Z MR GE S 572, Standard/H &
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SRM 987 OHIEAE, @447 Ca 73 888r/*0Sr JEMIZ 5%
DR R T2, OIZHOWTHEEL 7B & LTI, Sr
PSR (BT L5 OFALHLRIEIS JetX 2L
ToHATIRRIZH W T, fF RN G &I A7
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W E AR O TR RSO oy fR 2L, B bRk itk
(H A U BE O oo 3 50 F O i (Ultrapur™.-
100 HNOs) &% (Ultrapur™-100 HCI) 2 L 7=, &K
OFBUITHIEHUE 182 MQ LI ED milli-Q 7k (A1
RS, ZF vy oy, RAY) &Rz, $8Se8esr
EDBITAE N T% St ORIGIRIEEYELL T, 7 AU
[ AR VERATAFZE AT (NIST; 7 AU AR [E - A —F R
JN) A3EA3 % NIST SRM 987 % FH\V /=, $8Sr/%0Sr OB B
SERI A IEICIE, Y va= A (Zr) o A (B R
btk th) 2 U, St/ ~ N7 A5 BESRATOD
WALEITH720 DFEFELEL T, NIST SRM 1567b wheat
flour (NIST) 24 F L 7=, Jet/X DIFZFABHy#r ~o i it
EWREET 572, ICp-1 coral MIEFHEMR S % —, H
A K) & FEBS-1 otolith (474 [E LA SeAktE, 7
KA BUAIN) & T,

2.1.2 AR CaCOs#ER DA

EARLOIFFRIZEY, @AM EH (RIe =17
Jba—b, LR PVA &3°%) Zfiflite U TR 3528128
D, "AFIRTFVE— g SR E N LHICHET 5
ENERETHY, N THINCT 7 A Ml &E2 a2
CaCO; fi i a L CEDLZLIVREN TS, ZZTAMF

JETIL, PVA O B0 SRR S D )OS SRt 2 22 s
HCHEEFRIED CaCO; fif AR L=,

PR OB VLT L% Ca i, [RIET - E=T
L% COs LU THES B RS ZAT o720 ROSHRIZIZ St
JREL THUEANR F U LETRIMUTZ, IISHK Ok
B ORI T V2T DWW 20 mM, (REET LV E=
AN 20mM, ML AR F AN 90 uM, PVA A%
0.005% CdH%, PAV OEINHY - TINeLOENE D
IRATE, RIRCTHREELZRS 1 KEHE, 3 RERH, 72 R %
72iE 216 B SOUGS Tz, FOG#% I 4°C, 12000 g T 15
Sy D BEL, TR Z 2B I AL—BE 70°C Tiz
BEt, AEk CaCOs fEfZ1F 72, A a CaCOs filidh
X, OGS ZXBIT 572012 E IR 5%
HDIE-~7-(Table 1),

2. 1. 3 BEHAMBIUER CaCOs R DI

KA, BEROPRNOEFERD (T2 A Pinctada
fucata , = % 7 Mizuhopecten yessoensis , 4V 7 %
Crassostrea nippona, 7 Y Haliotis discus, 747 %V
Saxidomus purpurata) Z RN, HZ BT, Hiix
¥ttt WC-3 (KB IL, A AR KIR) TRIEL TH R
L7z, 2NBD HRE, EORpEY TV 7T D0
([Z&D CaCOs #i b DRI (VY AR,/ T 7T A1)
WERRD, FEBRAB O TV 7 HEE S
CaCOs FEfL DB A FRICELDT- (Table 1), 7Y HA
#UEF(Table 1 @ N3, N4, N5) ([Z2WTC, o7V T hH
EOFEHITLL T OB Th b, 7Tav HAOBHEIZ>
WL, BB S T8 5% I TYERIICEIY
Ht> T T 28R EXL, Table 1 ® N4 24572, ZOT7av 4
ARG Z 30% K HiE R R TR 7 A (NaClo) ¥R i=
LT4°C T 1 HMEETHZETHIEES /> fZL Table 1
D N3 &3], £z, Tav A4 Hk2REREC 30%
NaClO iR CUIBRLUEI @A R LT 1%, FRAFLT-FERE
J& D B W BRI B RS Z & CHERRE (Tabel 1 @ NS)
%437, 557 (Table1 DN6), 477 (Table1 DO N7),
7 U (Table 1 @ N8), 4474V (Table 1 ® N9) D4
B DOV TV 7 S IBEIZOWTIE Table 1 12RLTZ, £
7o, Zhb Hk Bt (NA IR TV B —var ko
CaCOs fitifh) LD LW ZITHT-8, Mk CaCOs #E S THD
TAAZ R A= (Table 1 O N1, AL Ah) LEn
vAPET 7S A (Table 1 O N2, #EHETZ=F A1) b7



FEITEL, Hoigo g & LT 8Sr/8eSr i 12k L7~ &% 5
B LAERE CaCOs fidn D 88Sr/36Sr JIEMEIX, N Z
NOFEZTEOBENTESNT, fifh% e St ZE

NARSY RO RNCAR B BAGR 3 B D 0 Zikim 5 HBO T
L7~ (Table 2),

Table 1. Overview of sampling method and characteristic of CaCOs crystal for each shell samples, and reaction conditions for synthetic

CaCOs preparation
e VT HEE CaCO RO
N1 TARTURAAS—EH>TH: AT A
N2 ETymET T A M ST g7 7T b

7 ¥ A (Pinctada fucata) DFEFEEZ NaClO ALEELALIR O B LH AR

D T

N4 7avHA (Pinctada fucata) A& % Il > Tk

N5 7 2% 5 A (Pinctada fucata) % NaClO JLEEL TEERRE O 4% Hll> Tk
N6 ™% 7 (Mizuhopecten yessoensis) H7%0D A\ 5y & Hll> Tl
N7 AU (Crassostrea nippona) Bi% D FAV N/ % Hll> TR i

N8 T U (Haliotis discus) D EERJE % || > TH#

N9 A=A TV (Saxidomus purpurata) Bi%D AN Z3 % Hll> T it

AR & EIRNED T VAN (CHCH HR)

B EE T WA (TR H B3R
T 73 AN CHH BN
EMINA A (C AR R
I A (T A H 3R
T T F A CEREBK)

HERE TRV T Z2 A, SMAl

ﬁfr B EX CaCOs FHBLD K )it 2
&5

S1 PVA ¥ FOGIRERA] - 1 IRFfH]

S2 PVA IRIN72L BOGEER : 1 BRFRH]
S3 PVA ¥SIN FOGIRER] - 3 IRFfH]

S4 PVA PINZ2L SRR < 3 WEfH
S5 PVA N BOGEER - 72 B fH]

S6 PVA 720 SETRER 72 IRe ]
S7 PVA IR BOGEER =216 K

S8 PVA IIN7Z2L  BOGEER : 216 FFEH

Table 2. Purpose of comparison of 88Sr/86Sr value for each sample combination

88Qr/30Sr Il LLER DA Ao 88Sr/80Sr fE bR D H Y

AEHES N2 & NS

T I FANEAENT T FARD I (ANAAIRTI B =1 a1 E DT I3 A RO ik
FETHEEZD Sr [RANZIAR B OB

AEHE 5 N8 & N9

T ZTFADIBLEERE THHH D (N8) EEERE TIEZRWE0 (N9) 0 i

AEHE S N1 & N7

ST VA ANE BT NAA SO L (NSAF IR T —L 2N LD AN A DTGB T
FLZ5 St RALIRS B )

AR S N3 L N4

HERIZI CaCOs LISMTH AN E Fh, BHEMINICHL —TED St NEFNAZENTRE
D, ZZT, AEMAND St LMD Sr &2 XK BIZR<HIEL TLES TR R TR

2. 2 BRFE

HE BN L~ A 7 e R iR 24 & (UltraWAVE, <
ANAN—= A, AZVT )= L) W TR iR LT,
RITIT 7NV FuxF L O S iRE R D EORE
FEEL, 68% HNO; & 30% HCl @ 4:1 IRA WA RNz,
~A7aPEIE 1500 W IR ELTC, FHR7 v I NI
DBV TH5:20 43T TEREIZIRE % 230°C T
&, 20 4RSS,

2.3 St/RR)ORG B

St/ < )7 A558EZIE, Sr LT ™ (Eichrom #t, 7 A
UHERIE AV AIN) 2Nz, LY OF BT —R g
% Sr &I HHET04mL HAHNE 2.0 mL ZIEIRLT-,
2. 4 88gr/8egr AFE L

88Sr/%Sr I 7E 21X MC-ICP-MS (Neptune plus; Thermo
Fisher Scintific 1) 2 L7, #EHREAREL T, 7vH
BHERIDO R T TAY —L, AR TARD L T )L /RAT L




—F L =% L=, MC-ICP-MS Ol ESM1T,
FDEEIZ 38t DIFHBRE N R KIZRD IRk LT,
e BRI 7000 E 2544 % Table 3 (2R L7-, JIE DRI
% 8Kr, %4Sr, ¥°Rb, %°Sr, ¥'Sr, %8Sr, *Zr, *'Zr, %Zr DA
B —AERIRFICBLIIL -,

88Sr/3eSr I E 1T HE AN R OMIEL, Zr
SN IE TR &L T AN IV E L A X X —
Y TINT T T TR G DE T T2 (A 1
~2), KH D“corr” T4 RN L DO HH IEAE, “obs” |l
HIE, “reP XS RAEZ R, 8¥Sr/Sr DS HfEEL T
8.375209 Y& Tz, “m 1T & RN RO E BE A =T,
AMIEEIL 2 DORT Y TR SIS, IWIZ Fied
(1) 12H-3%, NIST SRM 987 HEHEIRHL D $8Sr/%Sr ]
HIMEE B RIEOTHNE 2Zr/0Zr OIEEZRD S, K
IZTFRED(2), MIE BRI IA AU TE HiT i ORFEHER IR
D 2Zr/Zr DA IEMED % 270/ °Zr DS FfEEL,
2Zr/Zr ZIRE LB O F & BSeAeSr BUIED
88Sr/3Sr M IEfEA KD D, BB D 88Sr/4Sr D [FEIALARS)
BIOFREE 1T IEE I L L CTHHZEND, ¥Sr/Sr
1L FREDOF(3) (DX NISTSRM 987 B0 1l LT
T35 8 il (%0) THALLT-,

(885r>
86,
Sr sample

(gxsr> — 1| % 1000 (%0).3)
%St/ NisT sRM 987

XSSr
5(%):

Table 3. Instrumental settings for MC-ICP-MS

Instrument settings

RF power

Guard electrode

Plasma Ar gas flow rate
Auxiliary Ar gas flow rate
Sample gas flow rate
Nebulizer

Sampling uptake time
Wash time

Data acquisition parameters
Scan type

Cycles/blocks

Zoom optics

1200 W

On

15.0 L min~!

0.60-0.70 L min~!
0.93-0.96 L min !

PFA nebulizer for SC-micro
90s

20 min

Static mode
50 cycles/block
Focus quad, —3.00 V

Dispersion quad, 0.00 V

Resolution ~300

Integration time 8.389 s

Cup configuration

L4 L3 L2 L1 C H1 H2 H3 H4
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3. MIRBRELUER
3.1 SrLYU VRSt TR AN BEE D REIE

St LUV wfERLT St/ ~NZAGBEILL T DOAT v
OIS ID,

Milli-Q 7k& 0.05 mol L D AFRL 7= HNO; & FV T Sr
LUV ETSTHDAT Y 1, B HNO; ZfEHL7c=a 7
4 a=r T DARTY T 2, B L VAR —RT5R Ty
73, LU EY AT HRAT YT 4, 005 mol L HDOAIRL
72 HNOs % Fi\V 7= St iAHOD AT 5,

St LIUNZED St/ ~ NI AGBEFEZENL T D120,
EEART T NZDNTENENDLLT O S% feiib
L7,

ATvFT 1 SrLPriki%:

257 1 AZOWTUE, LY OBEHIAFE % milli-Q
7K& 0.05 mol L' HNO; D& &4 {7z, 04 mL DL
COEE, LYUUEED 10 £% (4 mL) O milli-Q K THES
HZEZED St OTTUUEE 0.1 pg FREE TR SEDHD
EMTE, 20mL LYV OLAITIE, LUVFEED 10 5
(20 mL) ® milli-Q /K THg$ 528128 St D7 T VfE
Z 07pg BEFTHWOIELENTE, LT
0.05 mol L' HNOs THat495& )2 8D Sr 23 EH



L2, ZDHLVURED 10 £00 0.05 mol L HNO; T
Vel 2281280, St 77 7fEIX 0.4 mL LY OBAIC
1% 0.1 pg, 20 mL LY OEAIZIE 0.4 pg FCHDSED
ZENTET,

ATv7 3 HEn—K:

St LUUNTEE e — R T 5BRITIE, v —RRNZEE
DI P HNO; IZE S DB D D5, & HNO3
DL HDOWTIL, S THFFETH 3~8mol LT £T
B & IR ANBIRENTWD 40 % KBFZE T, B
Sr [EINEANESI, 7D Sr A FIEFETS Ca R
Rb D AR AHEFF CE 58972 HNOs IR EE 2 MGk 975
728, b —REED HNO; ¥ % 5k L7=, HNO;s
T E DB @ ALIZIE NIST SRM 1567b D45 fif ik 2l
FL7z, NIST SRM 1567b % 6 g F&rfEL, 73 f#ii% 6
DI EILTz, ENENEARFLE ST 2 >F
2% 1 EyhELT 1, 3, 8 mol L' HNO; ICFNF
WiR LT, &y oo bH—F%5l%4 0 04mL Sr LY
lZr—RL7z, 92— FZFFRIZ 2.0 mL O Sr L izm—
RU7z, D%, B R— DR E D HNO; TSrLyv %
U AL, St 547 LTz, 4% St 43125 £415 Sr, Rb,
Ca JEJE/ 5 Sr AL, Rb/Sr I, Ca/Sr #JE %k
Dz, LLEOBEET 3 [E#EDIEL, %% mean + 1SD
(n=3) L CRL= (Fig. 2), 20 mL LY OBAITITT
~TCOD HNO3 JREET Sr BUERIE 90%LL RIZ72o72, feb
O EIERE 8 mol L HNO; i FHRFO 97.7% + 1.2% CTd
o2y —HD 04 mL LY DEE1Z1E 8§ mol L HNO;
il B (X W AN (96.3% £ 0.5%) DSBS 1,
3 mol L' HNO; D¥E1ZiE Sr BIRIFZIEF 1K< Ae >
7= (Fig. 2) . ZOFERIT, LYV BRI/ NSWBE AT
VNS HNO; TIEL 1T St Ao iisnan o b4
RLTWD, 7z, S5 F 79 % Ca k Rb O SriZxid
HIREA AL, Rb DA 121304 mL L2 8 2.0 mL
DL O J7128 T 8 mol L' HNO; i I 28 h
RV Rb/Sr LRSS O, — D Ca DA IZI
8 mol L' HNOs {8 FIRFIZ A ® i\ Ca/Sr i FE L 3§ 6
Nlzo ZHUE, Ca & St DALFAIHE AL TWhDZ eI
&0, VY HNO; JEEE Tl St 7217 T2 Ca @ Sr Ly~
OWHELE KT HIEEZRLTND, LLEDORERENS
8mol L' Z x> HNO; JREEEL TERTHIEELT,

8 mol L' HNOs {i FHFFI 213 Ca/Sr 2 1T )< in>C
LEIBODH% IR DI, 2. 2 TREIR 358D, Ca/Sr R JE
LEAY 10 BLF DA IZETIE $8Se/30Sr il iE fi ~ Ca
DRI CEXHI LA R T2, Sr DRI
& St/ Rb 3 BED RN AAE L, 8 mol L 2 fc it 7270k}
= —RIFD HNOs iR 2 &L TR LT,

ATV 4 JUR:

Akl —RU%, LY R D HNOs &
AWTIRAEND, VRS2 HNOs ORI, 47
BERZIC St IR T D~ NI ATTROPEFE I R
THEEZ DD, £ZC, 8 mol L' HNO; i I A IR
LTI AGEH#REN AT HDIZH45372 8 mol L' HNO3 D
REREWGELT, 04mL LY OA1T 4mL, 2.0mL LY
L OETE 20 mL @ 8 mol L HNO; TilkBle—R#% DL
Dy EVCAL, Wi 1 mL O TENEIUCE E
N5H~K 7 A5t (R, Ca, Fe, Zn) & EHHTL, B—RL
ToRRBHI G DIt R O E () [k 2RI (%) £ L
TRz (Fig. 3), 04 mL LU DBAITIE R2 B ET
IZR—RL7e T X COVRNZATLRERNEH LT, K I6ED
FEIERIZLL T O@) Thd,

Rb:100%, Ca:104%, Fe:100%, Zn:100%,

2.0 mL LU OEAITIE R4 B ETIZR—R LIz
TO~NIATTHENPEH LT,

Rb:100%, Ca:103%, Fe:100%, Zn:101%,

~ NI ATEROPREEL St REEE RS D ERIEIZ =
TEND, L St~ N IRAGEEE MR T AT
04mL L3 4mL, 20 mL L2213 20 mL @ 8 mol L
HNO; CLU B ATHIEELTZ,

ATv7 5 SriE:

LB AL, 0.05 mol L HNO; 2L U3 T
FTHIET Sr LIUUATRAE LTS Sr RS, Sr lisyeL
TEULT 2, ZOBKZM AT 5 0.05mol L' HNO; 2 H(IC
DOUWTHIEELTZ, 04 mL L D413 025 mL 545
2mL 530 Sr #5375 T2, 2.0 mL L D513 1 mL
FOEF 15 mL @ Sr B5A 5 LTz, FETEHENT
W5 St ZTERESHTL, n—RL7ZBHZ & £ 5 St DR
(@) x4 BRI (%) L L TRO7= (Fig. 3), 0.4 mL LY

DA E-2 235 E-5 OEASHFT(EF 1mL),



20mL LIy DA B2 255 B-6 ETOMELSHT

(A7 5mL), 98%& x5 St BEINShTZ, ZZT,

04 mL L2 TiL E-2 /5 E-5 D4y, 2.0 mL L0 D
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Fig 2. Influence of the HNO3 concentration on Sr/matrix separation during the sample loading and matrix elution steps,
demonstrating its influence on Sr recoveries (a-1 and b-1) and the residual Rb/Sr (a-2 and b-2) and Ca/Sr (a-3 and b-3)
concentration ratios in the purified Sr fraction. The figure is a modified version of the one published in Ref. 7.
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Fig 3. Elution profiles of Sr and matrices obtained from the digested NIST SRM 1567b wheat flour being redissolved in 8 mol
L' HNO;3. The figure is a modified version of the one published in Ref. 7.

Table 4. Optimized procedures for Sr/matrix separation

2T T B FRIKAE (mL)
04mLSrL> 20mL SrLov

1:Sr LU Hei Milli-Q water 5 20

0.05 mol L' HNO3 5 20
2T va=r s 8 mol L' HNO; 3 3
3Bl —R 8 mol L' HNO; 2.5 2.5
4:V0 A 8 mol L' HNO; 4 20
5:Sr iR 0.05 mol L'! HNO3 1 5
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Fig 4. Elution profiles of Sr and matrices obtained from the digested NIST SRM 1567b wheat flour being redissolved in
8 mol L' HNO3. The figure is a modified version of the one published in Ref. 7.
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Fig 5. Effect of Ca on measured 5%*/3°Sr values for NIST SRM 987 obtained using Standard/H and Jet/X cone combinations.

The figure is a modified version of the one published in Ref. 17.
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Fig 6. The 5%/%Sr values of JCp-1 and FEBS-1 obtained in this study using Standard/H and Jet/X and their comparison with
literature data. Literature corresponding to each number is presented here, i.e., 1, Ref. 8; 2, Ref. 9; 3, Ref. 10; 4, Ref. 11; 5,
Ref. 12; 6, Ref. 13; 7, Ref. 14; 8, Ref. 15; 9, Ref. 16. The figure is a modified version of the one published in Ref. 17.
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Table 5. Strontium recovery at Sr/matrix separation procedure

of each CaCOs sample
RERE 5 [ (%)
N1 93
N2 98
N3 95
N4 93
N5 96
N6 92
N7 92
N8 91
N9 92
S1 99
S2 99
S3 99
S4 92
S5 97
S6 97
S7 97
S8 97
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Summary

Marine organisms such as shellfish, sea urchins, and corals efficiently fix calcium ions (Ca?") in seawater as
calcium carbonate (CaCO;) through biomineralization. In this process, species-specific proteins called
biomineralization proteins control the crystal polymorphism of CaCO;. Although controlling the polymorphism
of CaCO; crystals using biomineralization proteins may lead to the development of a low-cost and highly efficient
technology for fixing atmospheric CO; as CaCOs using Ca in seawater, the mechanism of controlling CaCOj3 crystal
polymorphism by biomineralization proteins has not been elucidated. This study aimed to investigate the function
of biomineralization proteins by detecting Sr and Ca stable isotope fractionation that occurs during CaCOjs crystals
formation through biomineralization process by several kinds of shellfish and artificially reproduced
biomineralization reaction system or in.

Since the magnitude of stable isotope fractionation of Sr and Ca that occurs during CaCOs crystal formation is
minute, a highly precise and accurate technique for measuring Sr and Ca stable isotope ratios (33Sr/%Sr and
#Ca/*Ca) is essential. Firstly, the following techniques to achieve precise and accurate #Sr/*%*Sr measurement
were developed. (1) effective Sr/matrix separation method using Sr resin: to achieve precise and accurate 33Sr/%Sr
measurement using multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS), highly effective
Sr/matrix separation prior to the measurements is essential. In this study, Sr/matrix separation procedure using Sr
resin was optimized, resulting in good Sr/matrix separation and high Sr recovery (97 %). (2) Highly sensitive
88Sr/%6Sr measurement method using MC-ICP-MS: since the amount of synthetic CaCOjs crystals obtained from the
artificial biomineralization reaction is extremely small, improvement of the sensitivity of 38Sr/**Sr measurement
using MC-ICP-MS was carried out, resulting in a four-fold increase in sensitivity compared to the conventional
method. Finally, the optimized Sr/matrix separation procedure was applied to the synthetic CaCOs crystals and

shell samples, and effective Sr/matrix separation was achieved.



