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Marine carbon cycle revealed by geochemistry of biogenic calcium carbonate

Kaoru Kusora™

Graduate School of Human Development and Environment, Kobe University
3-11 Tsurukabuto, Nada-ku, Kobe, Hyogo 657-8501, Japan
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Biogenic calcium carbonate (coral skeleton, foraminifera shell, bivalve shell, otolith, etc.) is
one of the best archives of the past changes of aquatic environment that includes ocean, river,
and lake. I have dedicated myself to the development and application of the environmental
proxies such as trace element, stable isotope, and radiogenic isotope in calcium carbonate of
marine organisms to study paleoclimate, paleoceanography, marine carbon cycle, and calcifica-
tion processes of them. In this manuscript, I focus on boron isotope proxy of skeleton of marine
calcifiers, coral and foraminifera, that are often used in paleoclimatology. Boron isotopes can
record pH of the seawater, from which atmospheric carbon dioxide concentration can be esti-
mated, thus it has been recognized as a holy grail in marine carbon cycle study. First, I review
the mechanism of boron isotope as seawater pH proxy, history in technical development in the
isotope measurement, issues with regard to fractionation factor between boric acid and borate
ion in seawater, reconsideration of the boron incorporation mechanism into calcium carbonate
skeleton, and recent findings. Then I overview my recent marine carbon cycle studies using bo-
ron isotope proxy in different timescales, since the Industrial Revolution (since 1750 C.E.) and
since the last glacial period (since ~20,000 years ago). The boron isotopic composition was de-
termined in high precision and accuracy by using thermal ionization mass spectrometry and
multi-collector inductively-coupled plasma mass spectrometry in Japan Agency for Marine-
Earth Science and Technology.
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1. [FU®IC

KX TlE, AT NT TIHED o TE 22 EW
AN AHPO ST EF o6k - MR E vl
REWIEOHR TS, L Db NEANTE, FVHE
[l A & F o 72 b AR BRIT 2 1 2 M T B )
FiO N E TOMERIEOREL, FAARS RO
L L ORHE, MAPRROME, RoeEn, X
LIZIEEZOMRIZOVWTLE 2 —F 5,

AYRIE"BLBo2 o0 wENuAEDL L, F0

* IR R AR A B N T S BB 2B e R
T657-8501 ST Al T X 5 H 3-11

FEIfNZARIEL, BEEY B CdH 5 NIST SRM951 75 DT
SmEE LTO'BERILT S (HALIE%) o B
AR HFET 225 (B-"B), ZOFEMHIZ 1T
LV, HARTIEIA T VB Ry LAV
A4 V) ORETHET bo K7 RIGHE LEICTFY
12 mg/kg, FEoK - BEZ - WJIIKH120.01~0.1 mg/L,
WK 4.5 mg/L O E THFET % (Shimada,
2013) (Fig. 1)o 7 FALEWIIAKITH T 2 EHED
L Wz, RYBOEME  5.48X10° mg/L),
BRI THBEMENE V720 (Shimada, 2013), HF
K- TEHROEERETHOAEMNE ML —H—TH 5,
RYFD2ODRERVAKMDOKE 2B EE (10%)
W&o T, R-ahaIE, #FEREOYHBRIILEW
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Fig.1 Ranges of boron concentration and boron isotopic composition in various materials (seawater,

skeleton of marine calcifiers, sediment, evaporates, tourmalines, coal, and meteoric water)
(Data from Shimada, 2013; Stewart et al., 2016; Aggarwal and You, 2017; Sutton et al., 2018;

Liu et al., 2020).

TREGFEMAEGHNPEL 5. Z9 LKL,
FOFR T FZOFARLIE —T0% 7> 5 +60% £ TOK
ERMEEHEDL (Fig. 1), 38 bLb—H—-LtL
THERILFEIIZEICFA SN T2 (K and Zuleger,
1999; Foster et al., 2016) o

2. MNORBMUAOERERERE UTOERM

M IZ R D 601D DRFEDVIFHINTVWDH I &
o, WEORFMEREZIHT 2 LTI, HEORE
ROEW RS DI ENREEETH S, Bl 213,
SEIUAL 2 ROV B oK I]- ORI ZZ B2 fE v, KA
CO, i BE DS LB 92 15 22 K WIZ 49 180 ppm, LY
IR 70 KT 1249 280 ppm D CTHE D K LZEB) L T
W7ehs, ZORBIENIEMORFIERIE 7T EE 2D
NCTw3 (Sigman et al., 2010), KD KEEZRD 9
L, WEWTREZEIZ42H ) (pH, “ERILKFEDIE,
BRI, ETNVAVE), ) B2o%iliT s LN
TENE, RERTERIHBTLIILENTE S, €
) L7z, AIKALEMOEL GO H B, G >
O PR S T R A AL - AR AL - TR
DR N 77 AT O R 7 REMARIIL, KD
pHZFLERT 5 & ) B HE SN TS (Foster
and Rae, 2016) o {25 0 53 87 T3 AW il ik R 7
W AROERTHERLFAMNAEEZ TS EIERMH
B (Fuxy) SEESHTWEA Ok,
Gy, REMEIREZRE), w7 FFEAMAIZEKpH % 15
LTE%, ME—E_OETH L, HlzIE, BAEZD
EHEY v T oK N~ >~ T (massive Porites

sp.) DF R & 7 2 50E AR I o i K pH AR T
(Shinjo et al., 2013; Wu et al., 2018), EHIAHIZ X -
THEHI S W 7Abf o Y > T w78 L8074 [F 0
K pH#ETC (Kubota et al., 2014), KD FL v ¥ T
B o NI v TOh % v 7B £ 807 E R %
J@KkD pHEIL (Rae et al., 2018), HEEHERTWIZIRAT
SN DR ILR LA & V728 R B0E T R o
K pHE5C (Honisch and Hemming, 2005; Kubota
etal., 2019) G EDERELEAML TS,
HARPHLUAMNS, &9 —D2DRBAROEEBILH
HVIIHEE T EIUE, HEARDREERE SEAEICHR T S
CENTED, 2O LI, KO LR F ST
OWTIERAD AL T (REE) ZHEET 52
ENRTRTHLILEZERT S (b)), TD2®,
HEWFIRER S V27 5Ok FRMVARBED S 5 —D
REW R AED, HTROKKD B FIREEDHEE
T & % (Foster and Rae, 2016; Dyez et al., 2018).
INET, MBOKKRZIEIL, KiHibh/-2K% 50
Mg aZelldoT, BEBOLERITOWTIddHE
1 7 R O BRAL e FIREAF S 5 12 7% o TV
% (Monnin et al., 2001; Marcott et al., 2014),
72, BBUKIROIKIZHEZ THEISTH DT, LDk
ARKIMO KB T 22 enny) (V=741
A), #9100 )3 4R DK H O AL R FRE IO W
TOWHICEILA R E N Tw b (Higgins et al.,
2015)0 & BT VIR MEHLIIZIEIT 5 72012, &
E A8 L7 JE Y A b OEEZZ VTS (Schier-
meier, 2016)o 7A A2 T7ORAEEZ 72, LHhHw



AIRALEY) O HyERAL

Hiﬁ@;@%t}'#gsf%f@%@ﬁ@‘é 72012, EEHERR Y
RSN ESEL/ELHESIN TS

(Beerhng and Royer, 2011), ZOHIZIX, KMo
DALFA DAL E = FIH T % b D (Steinthorsdottir
et al., 2013), THOILADRFZRMAEZFINTS D
@ (Breecker et al., 2010), MAMEDEKT % H Y
(TNVr /2 Y) ZFAT5b0%EH 50 (Pagani et
al., 2011), HEMHIKTRELEEPD %L, E&
WZAETCHS T B 7 P HR AR A8 7 MR TH %,
HRIZ, BUE X D HIRBEZS o 72 (P ks T g 1)
(mid-Pliocene Warm Period, mPWP), 3§ i & 15
i # ] (Miocene Climatic Optimum, MCO), BE#Hr
T—1F %7 1 5% 7 (Paleocene-Eocene Thermal Maxi-
mum, PETM) 7 &) 2% B L7z, HERO KRB
(TR RIS L 7B &3 iR b3
HH) T AWMEIREINIC LS TS (Mar-
tinez-Boti et al., 2015a; Gutjahr et al., 2017; Sosdi-
an et al., 2020) o

ST, KBV YT ADR YRR R

IHAFE L CTEBT 2 DNV THII L 72w, i
KPTHETRIE2DODBHRTHLET b — 2D =R
DR (boric acid; B(OH),) TH Y, PO
EEFDO, ) —22 K T#A 4 ~ (borate ion; B
(OH),) TH Y, WMHikO LA REELE >, Theh
DA F v O, HBAROpHIZIN UTEILT S
(Fig. 2)o W OEK (pH=8.1 ) TIX8E 2 F
IO THIEL, R0 2HDRTEEA & ¥ DR TH
T 5, "YMBIOKRTEA A+ ok ZFEAMARL
&, T EhpHEAEEZRL, "BOSH 7 BICH
20% mET L EVHIMEENDH 5 (Klochko et al.,
2006) (Fig. 2)o AIRALAEM AR 7 F 2 BRI 34
UW’,?4%Z®%H%%O$7%4i/#W%ﬁ
VT ADOREEFIIZTE DT bR T Wiz, EIR
BN T ERA A 2D kT, L72ASo T, BHOFR
T RENARLEIR, AR ORTHRA + ¥ Dk RN
WILE s 5, DLTORIZL72A3- T, KD pH
VI EN S,

pH =pKjy —log ((511 Bsw — s Beasbonate)
/(@s-1 *6" Buaponase = 6 Bsw +10” *(atz_4 —1)))
(Eq. 1)
CZT, pKpld AT ROMHEER. a1 X3MALD K
TR ARMO R TEEA & L OO ALK PR
B, 0"Baw \XHEARD A FFEAKRLL, 6" Baponase (AT

M & B W e RGBT 72 63
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Fig. 2 (a) Variation in (a) concentration and (b) isotopic
composition of borate ion (B(OH),) and boric acid
(B(OH),) with seawater pH (total scale). Graphs
are plotted for standard surface seawater condi-
tions, with temperature of 25C and salinity of
35 psu, giving pKz=8.6, and with a; ,=1.0272
(Klochko et al., 2006), isotopic composition of boron
in seawater (8"'B,,)=39.6% (Foster et al., 2010),
and total boron in seawater of 432.6 ymol/kg (Lee
et al., 2010).

KA OF R o &7 FRAMALE LT, Thbd
PKp® oy 4 6" Bewld, FIFRBETIEIRTEREL LT
EZDIEDVTE, RIKLAEDOFHED R 7 RKFM K
o (8" Beabonace) % 5% T UL HEK O pH A IC T &
%o WAKOPHMEIILTE, SHITKBROD ) —D
OER (a7 Vvh ) EE) S D L e
TEETHIE, X HIHRO IR ETIEIRE
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%o MEAK-REM O ALK F 552D KR 2L L 7%
WE W) DY OBV TR, KO ML
WRFGTTE D & KE D WAL 5 T 5 AHEE W BE T
%o TIHR 7 FKENARD S KD ALK FIEE DS
HETEDHMTH 5,

3. KRERNILY D LBRBOIRIRENMIADH
DFEL

R F ORI ITHERALEZ DR TH & ) bk
LWwbot LTHBNE, TOREKE LT, w7 EMH
MAROERAENKE L, REHR2 SRy RE WS 2
ALZEBAE X > TR DA U 2 W REMEASD % 2
EMBITOND, LIzhoT, A4 v RMRHERRE
WCEoTe M) vy 7 AMh bRy Hx s 28I
i, PEEZRD 2 < 100% 15200, FNARG B o4z
Mzl TREDPD B FFkIZ, BRI oBRoRAL
Bl (B Z X, 44 b &) 122w Th, R
R BUEDRH L (FaR, 1999), 72, AU HEIX
SO ITEEYITHTEL, EBPOHRICOEET
LUEDDH L. BIZIE, —WRWGEET 4 Vs —i3h
FABTHY), "I T AT T AITHRED R Y H#
PWEENDLzH EmLTHR35%), €DT 7 M A
DWEKRK 2GR D152 (Rosner et al., 2005;
Misra et al., 2014) . EBRZEDOBEDRI BN 24T X
FEEREERFIED L XY, TIAF v 7EOBEFMICD
ROEVPEENDIGEDR DD, €9 LIREELL, &
7 IR EE DS IAR IR R EE AV ¥ A DR FT
MARGHTIZE Y DITHEETH - 720 BIZIE, F7 KR
BT 7 TF 4 bofEEREROEEY  TERT
50 ppm B2, AV A T DR R E RO R A fL
R TH~10 ppm FETH 5, 72, HILBROILA
HEEEHER I O IRAE S B 78, HER R oK L85
A F74F) CRIEHICELDRTENIBRAELTED
(800~1,000 ppm F2FE) (Srodon, 2010), F72Z Dk
R D AILBREIIRES R END, A
LB LA 2 AT 5 & 3 B BHIZIRIC K B IH 5T D
BEL7ZIEBEPLETH D, —HINICIE, AVCadsFmwv
il % 7R3 AL ORI L v &R A5
LNDYEDL v L Lahs, MW T L ITAl
DEARIIEL D720, BRI ENIZEAUCad 5
WIEZ TR L CWIUZTHREN T WS, I 5w
17 HI R I 2 WO BLIRTH % (Rae, 2018),

7 FREAR O E 250 O B 56 213 Foster et al.
(2016) *° Aggarwal and You (2017) 2L < F &

E

HHNTWD, WEILFADTEIZBT %5 KFEMAK
ST DO BIUGIE 1940 4EC F Tl 5 2% (Inghram, 1946;
Thode et al., 1948), 4t O [ LA 5 % #0155
ZENHELL, BETE2MEPME S NBOLDI
1980 I A 5 THh 5 TH % (Spivack and Ed-
mond, 1986; Vengosh et al., 1989), Z L®IZ, FKH
MR 5T 8T (Thermal Ionization Mass Spec-
trometry, TIMS) % H W 7290 T2 S iz,
TIMSTIZY Y I N ETTEIZT AT AV b REZE
TTMEAT 52 E THWITEDA £ bz itv, Th
ZHBONT H 2 L CRMARLLZRET 5. FTHRD
A F VALBEIIEN S W0, B Z TIMS TEK T 5
CEIFEELS, LIS Y (BO,) DETA F
AL T B A . & L 7z. Negative-TIMS (N-
TIMS) ZFHIZF Y R L BT 2 LS 2 <, K
PR AE L AR 2T 5 2 LT RECTH - 72 (83
K, 1999). T/, N-TIMSIZEENRV (Epg DM
AR THEDHRE) OO, WERESHEPE N
EDICH EOFREE 7> T/ (Fig. 3), BFSY4 M
DON-TIMS O il & K5 BE 13 2% HETH D, HFIC
CNO A 4 Y DOTWHRELZRETH 72, TDIR,
N-TIMS#: O H EHEA 51 (Hemming and Han-
son, 1994; Foster et al., 2006; Aggarwal et al., 2009;
Ni et al., 2010), 7€ ¥ b F/v—7 1 — HERELH AT
(Lamont-Doherty Earth Observatory, LDEO) ® N.
Gary Hemming 25 Hu0 & % o THIZE L 72 T8
HED L ZARDEEDNP RV, Hemming i1 & 13,

1000 1 1 1 1 1
100 D P-TIMS !
o)
£ 104 |] MC-ICPMS i
©
o
=R i
O
o N-TIMS
C
2 017 3
@ SIMS
LA-ICPMS
0.01+ E
0.001 T T T T

T
0 05 1 15 2 25 3
Precision (%o)

Fig. 3 A comparison of the precision obtained (%o, 10)
and amount required (ng) for isotopic analysis of

boron by various mass spectrometric techniques.
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T4 A MTHABEBAT LRI, dYETY) -0
ANTiERZNGTH5ZEICL>TAF Y E— L DRE
w@E S, WERELN LS4/ (Hemming and
Hanson, 1994), L2*L7ZA235, TN THHMEMHEIX
+0.35% 2 CTH % (Dyez et al., 2018), & 512,
N-TIMS (2 & o TH S N7z i 1 o 54T T 0 &
B L HART1%I1T ERBMIITE WA 7 BRAR L 2R
FEVH)MELIEHINTEY, WEMfrbhTwb
D PFENE T H A (Foster et al., 2013; Dyez et al.,
2018), Bl 21X, k7 R ARIERE % H v Tk pH
RKREH COLME A HEE T HBRTIE, £0.2~0.3%F
JEDOMERGED TR SN B 25, N-TIMS Tl Z Dl E
WEZER TS L3 LV, LDEODHWIZE 7 )V —
TIEPFE 7RO ZELUMEEITH 2 LT, HKWK
WIHIERSE 2 > Tw5b (B2 0.35%0 /v 7=0.13%0)
(Dyez et al., 2018) .

N-TIMS & ) bW ELEREIEZTLZ VL OO GEF
50ng LA b)), MWERE - ML ITEDOBT VA
VEEATBIEORTHEZREL, 71492 M1
TA * Y{t¥ %, Positive-TIMS (P-TIMS) #TH
Do VFIA, FIUTL HUTA VEIT AL
EDOT NV BIROMHIBR SN T E 7288, BifEk
b—T, mHMEHE - HEE D ITEHVO Y
7 A=k B (Cs,BOy) 2723 DTH2 (Ra-
makumar et al., 1985; Leeman et al., 1992; Naka-
mura et al., 1992; Ishikawa and Nagaishi, 2011) .
P-TIMSIER LAY FERDL W, 77 TFHA Mk
MO Y TEHOSHICHELTEBY GlH 5~20 mg
DRMBAN T W &), ZhE TS O
B33 5 (Liu et al., 2009; Wei et al., 2009; Trotter
et al., 2011; McCulloch et al., 2012a, b; Kubota et
al., 2014, 2015, 2017), —7F, B FYFEEOD
vy, AT A MESOBFILROGHIIEE S e
O, HALH % P-TIMS Tl 5 726113 22 o P-TIMS (F
N-TIMS & 870, WG > TR ST #E 2
YT 26D B DR 5T, DEOFREY OFRAT
b A AMEDBED RS BB DS % 72 OML DT
BLETHL (Wuetal, 2012),

BUER D —RIIC 2 o TWBDA, < VFaL sy
¥ — (ZEM ) BMoOFERE T 7 XA~ B ahrEt
W75 TH S (MC-ICPMS) o 5845 B 1 P-
TIMSIZHE TS5 DD (£0.2~0.3%FEE), R
D& FERE (10~50ng) THMEITETH L Z &»
5, HALH - 2 TEEW T OSHICH N D, &

512, TIMS &L EWERO T F A 4 ALEIEATE
720, T4 TRV INOBARIEZE L VoizTat
ARBWETE, LVBNF YT VANV—Ty s &%EH
TEHEWwH) AUy bbdHbo P-TIMSHEL 58712
T o TRy ROHRZLEET DY, 77 AT
5 i CHEM A RSN D 720, AR % fUgiC
B2 d 2 MBI ve TIMS O & 9 ISR OB #UE
WREINICWIITETH L2 b H ), RO
W TV LIPS KRV TWw 5 (HA Tanimizu
et al., 2018, 7 A ') &1 Farmer et al., 2016, 7 7 ¥ A
Louvat et al., 2019, 4 ¥ A Ni et al., 2010, F A 7
Kaczmarek et al., 2015, & — A ;5 1) 7 McCulloch
et al., 2014, W [E He et al., 2019, 7 & Wang et al.,
2010), #WHDICPMSTIEFA T L —F ¥ ¥ )N—NT
IAMRERL, BUNI A MZTHA F ALERISEA
SNBD, BETIREREI A MEA 4 ALEBICE AT
5 FREB ) RFEDWEET V—TI2 X o ThZES
(FALZ M- A v VzryarviE), TME Bng)
DWW E S WHEIZ 2 > TWw b (Douville et al., 2010;
Louvat et al., 2011, 2019; Dissard et al., 2012). 72
ZL, bEPRTVI VT ADRES X2k > TERT
T AV T HHENH Y, BALTWA T HRIHIT
EAER,

B 10~%0100 pum @ Z2 [ 73 ik T ORI O 734t
121E, ZRA 4 Y EESHEE (Secondary Ton Mass
Spectrometry, SIMS) (Allison et al., 2010, 2014)
RV —%—T7 7L -3 & MCICPMS ZHlAHDH
7 EDEHWREIC > Tw b (LA-MC-ICPMS)
(Fietzke et al., 2015; Kaczmarek et al., 2015), & b
WCHER B IZZ T ERAL dr o 7258 (£0.6~1.0%
FiEE), LA-MC-ICPMS (22w Tl BRI 2 Hely
M A3 2, P-TIMSX MC-ICPMS 2L % (3
EDORERGEDHE S NRDH TS (Sadekov et al.,
2019) .

4. FEHIAEDRIREDREZH < HEE

PEF, AT EE-R T EEA A O FALAR 5 BIAR B
(5) & LT, 1.0194 WHEDILL ZIF AN SN
T&7z, ThE, BRI CHEMTH D,
% T W TERF A B EAZ O WAL R 3
LA R ZICh72 ) B I N TE 2 (Kakihana et
al., 1977) 0 Z ORNARG BREIZ LDV TEET %
&, fRB DR TEEA F v ok FRMKL & FEEUK
RN THEIE SNt v TERO R 7 REAAR D K <
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Fig.4 The boron isotopic composition of (a) scleractinian coral aragonite, (b) low-Mg calcite planktonic

foraminifera, (c) benthic foraminifera, and (d) inorganically precipitated calcium carbonate,
compared to the pH (in total pH scale) of the water in which they grew. (a) Theoretical 8"'B
curves of the borate ion calculated using fractionation factor of 1.0194 (a dashed line) and
1.0272 (a solid line) are also depicted. (b) Cultured planktonic foraminifera Globigerinoides ru-
ber, Trilobatus sacculifer, and Orbulina universa from Henehan et al. (2013), Sanyal et al.
(2001), and Sanyal et al. (1996), respectively. (c) Core top epibenthic foraminifera (Cibicidoides
lobatus, Cibicidoides mundulus, Planulina ariminensis, and Cibicidoides wuellerstorfi), infau-
nal benthic foraminifera (Ammonia beccarii, Gyroidina soldanii, Lenticulina vortex, Melonis
zaandamae, Oridorsalis umbonatus, Cibicidoides robertsonianus, and Uvigerina peregrina), and
aragonitic benthic foraminifera (Hoeglundina elegans) from Rae et al. (2011). Note that 6''B
curve of the borate ion has been calculated considering deep-sea water temperature, salinity,
and water pressure (pKp~8.75). (d) Inorganically grown calcite and aragonite, from Noireaux
et al. (2015). Ionic strength, boron concentration, and boron isotopic composition of growth me-
dia are, in many cases, different among literatures cited here. For panels a, b, and d, corrections
were made to place the data on the total pH scale (pH,,=pHyps —0.14). See Foster and Rae
(2016) for more detailed explanation.

B OpHRLEMK (T VA1) ER AN 7 A
JeZp &) P OUK E B2 5 & v ) A BN 2 81
HELHMKTHDDOTHY (Al-Horani et al., 2003),
R TEREO R T R FAMARLABHGm T LS

=BT BH720, FYEFAMNE-pH7TF L DIEL SO
AT E SN Tw7 (Hemming and Hanson, 1992;
Hénisch et al., 2004, 2007) (Fig. 4)o L2 L&RH5,
COHFEIZ, Y ITORKILEHE (RIKILDOFEIT% S



ARALA ) D ER L7

IDOPFRVEGE SN TWz, 20k, [1.0272]
&) BER - SEIE & R0 RS BRI S H
HII Loz (Oiet al., 1991; Oi, 2000; Sanchez-
Vﬂbdal2m&oph%®ﬂU¢\%Hﬁ®@W
ED TR 205, B 2 1XHEKD pH A3 8. &0
HRFOFTEEA A ¥ O &7 ZRMARLI, a‘@5.5/)o
DELY, BRLENTHDL I EDDHL S (Fig. 4),
Z0%, "BBXUOYBEUIMSTELK "7@%0)@?%&
¥ (EFECIZpH) ZIEFEICHIES 5 2 & 20l
%%m ZFANEARIT IR R R D B, &%@Fumnj
G R RDR E N7z (Klochko et al., 2006) .
SO, WEEE AR LTl S & 7RO A
woHEL, ToRYREAMNAEE S LIZEZA, 5
WZBE % LT AR (Nir et al, 2015) Th o727z
O, BUEO L 2 ARG IRBIIBREFIE LW EE
AbNTWaD, THUTXY, MY THEED KT
EZARELIE, KT ORI BRA + > O R 7 FEN AR
REBELL W EDH ST o7 (Fig. 4).
ok, BB L IS, V¥ IVAIKRILEEHED
KR (FFIZpH) ZREEHIMICHIE L TWwbZ L b
BRIRLTED, IThF COABANRBIIIFE L&
B35 BUEDE T A, WRKTORIRA A ¥ HhoF
WE N5 K7 FFEAMARL-pHBRZ RO DI, HH
I S 727 7 TF A4 M EIRAEFLRORIZT L
GoTHBY, MOTXTORIRICEYOEK - iidF
WS OTEHEN S5 D (Rae et al., 2011; Noireaux
et al., 2015; Foster and Rae, 2016) (Fig. 4), 72,
R S 72 VA S ok TGRS B
POOTMS A SN (Fig. 4), A7 8A 4+ 725 T
F7% <, DIPITRTBAEY A FNIAERTIE W
PEFEZ LN TWS (Branson, 2018), ¥ v T2+
X, AILEICE X, #HE0pH R KA Z AR Kl
EEEITT ABICIE, 29 LoEEZERE LR
Vo2 T dH 5 (Kubota et al., 2015; Foster and Rae,
2016) -

5. YVIBROINORBMADEERIT DED

HEH S FUMSNDMARTORTEA + > DFRTH
FfARIE &, FEBROEMEY ~ T OFE DK 7 FZFA A
oOREAER L 0L HIT 2 720121%, AIKAERHE
(F 723 HIRILIRAR LIRS D) OpHASEAR LD
b [RV] lz2E-> TwALErH L, v TOAIK
1LiZffastcirb i b 7z oM AL L IFIEh 5
A, AIRALFHEIZEHE L R Y 7O O b hEum O
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JEEDEMIHIET 5 2 D95 h > T b (HIRILE:
&gk & O OWE O #YE D TR AV
TV % ; Tambutté et al., 2011)0 Al FEAR % S HE
IO —F (Galaxea fascicularis) ®KR1) 7I2H L
THRHNO pH 2 XR7ZW3EIC L - T, Y 7O HKAL
B OpH (8.1~9.3) 7%, HPHOMAK (8.2) £V b
HVIRBICHERF SN TWE AR ENTWS (AL
Horani et al., 2003).  72)6% %4 T2 R THA M

AIRALDE AN E TV BT Y, AIKALEHE D
pHIZL VEWEZRL, )7 h)HICH>TW
5T Ly hol. TOR, WHEF Y ITO—HL 2y
HH I (Stylophora pistillata) D AIKALFEE O pH

a
. Ca*
ambient seawater i A
coral polyp Ca-ATPase
(calcification fluid) v i2H
4 VA S
coral skeleton
b
30
251 -
)
o
X
N | |
m 20
10
157 -
10
7.0 75 8.0 8.5 9.0
PHg,
Fig. 5 (a) Schematics of coral calcification. Corals use

an enzyme called Ca®"-ATPase to pump H'from
and Ca*'into the calcification fluid, which in turn
increases pH and aragonite saturation state of
the calcification fluid, thus promoting calcifica-
tion. (b) Same as in Fig. 4(a), but the theoretical
curve calculated using a fractionation factor of
1.0194 is not shown here. Coral 8"B records pH
of the calcification fluid (pHcp) that has higher
value than seawater.
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e E7F F AN TR T 2 FESES D
WFE7 IV — T2 X o THFEE N7z (Venn et al., 2011,
2013)0 Z OWFZETIX, HOLE K O —FSNARF-1
(carboxyseminaphthorhodafluor-1) %K & & 312
PR LT AL T, EELFVTICWYATE, A
IRALDEE DL RALBER D pHZEAL 2 WAL L 720 €D
KR, AIRALFE O pH2SH 2 WIREETO0.5, Krwik
ET0.2, MMOWARED bR HoTVDZ LD
Moz TNHDEBAR R BIEHHR & A OMERL
FONARERE EREWICHITE 0%, WA—Z b
7 7RO Malcolm T. McCulloch#H 3% 512 & - T
20 s 7z, pH LA SR (pH-up regulation)
T » 5 (Trotter et al., 2011; McCulloch et al.,
2012a) (Fig.5). W ¥ T FIRAL % 12§ 5 [ %
Ca” ATP-ase l3 f1 KL EH DK F A + ¥ % #EK I
M52 WRCpHA LA$2) b DI, Avy
T A4 F Y (Ca®') ABHUPICHY AL & & O
L#z25NTw% (Fig. 5)o pHD  LA§ 5 & REESR
DFBEDEALL, KA A VIREDS LAT 5. KEA
FUMBEE AN T T DA L OREPEDIZEAT S
ZLiZRY, ARIERNO T 7 T4 bl
(Q=[Ca”][CO; J/Ksp) »* L5 L. HIKALIZAFI
AREVFEBT %, MO T THIKMIEPMEE S NS
HEWZOVWTY, ZOBEICLE->TH) FLHMTE
b0 F7z, WHEMNLT 7ITF4 POERERN?S B,
FIRACEHE O T T TF 4 MMaflE IS EFE WKL D b
<, 1I~20EE PRI TV, £9) L72%HE
Bk & LA TH S (Cohen and Holcomb, 2009)
COWIFETIE, BRL72T 7 TF4 O & &k
Y IFHDREEHDT AT MRS 5 2 & Thafl
JE A HBEWICHEE L TWwd, MU EF IO
V=T X BRFOWETIE, S SITHKILEHED
Ny NRERIRIEA T ViREE <A 7 utyH—T
HEEMNELTED, I —HoFiz S 51281
LRERVPELN TS (B EIX12F 5 & ¥ E)
(Sevilgen et al., 2019), 2N EFTHE I A, fIKIL
TR pH O WAL &R D R 7 HFRAAR T O ) &
PN O EMES v TO—FY a7y T
(Stylophora pistillata) 727 Td 5. Mot - #
WIS~ THIC DWW T, B R T ZFAIAS
WAz oncwsd oo (FEHZIZR 4% 5 Trot-
ter et al., 2011), FIKALRHE O pH O W HALIZATH I
TBLT, SoRMENFFINL,

WEHES > TEF LT 7 TF A4 b OEiEE ROl

E

Wy TOFRYFZRMVARLIE, —IGEREY TRy
FRMARL XD @ WiE% /RS (McCulloch et al.,
2012b)e 2D Z &I, AIKALEEHE O pH I3 > T
DI BN EZRET L, Thbb, RKILRHEN
DT ZTFA UM S L OIS 5125 <
%% (Q=85~13)c Wil > Tl oTORXY v |k
&, EEERRE LD DRV FEO RO KO pH R
BB IHT B> TAHIKIEDSTE B &\ ) JiH 572
590 TTITFA MIFEEA1 % TR % 8T D G
F IR RO B DI1E, 29 L pH iRk
Wb > TnDB I ENEE2S Lk (Wall et
al., 2015) WilEH > TOFHEEEDEHEY > T £
NEYHENZ LIE, AIKILEHEO KERRDOFR L —
AFBEL TS LX) Z 25, AMOMRIEHK%
BPLRT VI ERBREREOE: (RiET > ToH
MOTHRE ) EEE) SERL TS IRESD %,

6. UV IBBORORENMIEDIT~EFER
3| ftiy i PETPY |

IR OFEREDSH & 2% 5722 & T, RIS
X3 B AIKALRHE O R IER DISFIEEZHET H 2 &
AU REIC 72 o 720 MEFEEETEAL (ocean acidification)
3, 17504REE D SR E B KR IO KA H D~
BAL R FEIREE (31E) BN X o Tk o bk %
REE () AYEAL, RO pH R R
DEIFMEIME T § 2 ZMRMZHLTH 5 (Fig. 6)0
TR D MRAL b FR 50 3 SE By AT O i1 B
~N130patm LA LTHBY, ZOKRMmAKDpHITH
827 HA8INE 0.1 L7z (Fig. 6)o /KO pH
BEOEEMIZT 7 bFHL0n) T ens, Rk
fLE VI ADBDONT VDA, HKRDPERIEIREIC R 5D
TRV EICEBEPLETH L,

D A RACAE YN — AR R LIS & o THIKAL
FEOERE 2 WL 0%, G TR BB
DRV Z EPENEHERLEITOBINA 5L <
BRI N Twb (Kleypas and Langdon, 2006; Do-
ney et al., 2009; Kleypas and Yates, 2009; Fabricius
et al., 2011), KO pH &, i T 7213 E W E S
N72ARALRHE O pH & Z LI L72 & 25, fIRILEE:
WA TEETRYEAC I § 2 A E R DS AET 5 2 &8
5202 7% 572 (Venn et al., 2011, 2013; McCulloch
et al., 2012a), Bl 21X, PO HEKD pHAH 0.1 F 28
bE, ARALEHEDO pH b FA357%5, 2O IEHE
5D0.05THbBH, TDI LIE, 7z& zEHEEBELD
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HEATLTH, AKALREEOpHR 7 5 T 1 haHIE
WD HBE—EIHER SN, AKEBEOK T2 <
ERDH 5 E2RIBLTEY, &Y > T ib o
O —f L MRS hCTws (HEM A2 4
AY YR
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Fig. 6 (a) Location of Chichijima and Kikaijima where

corals were collected. (b) 8"'B records of the corals
from Chichijima (closed squares) and Kikaijima
(open diamonds) (Kubota et al., 2017). Each point
is a 3-year average. Error bar is 20 of the analyti-
cal uncertainty. (c) Partial pressure of CO, in the
atmosphere (open circles). The CO, record in
1959-2013 was measured at Mt. Mauna Loa, Ha-
waii (Tans and Keeling, 2015) and that before
1959 was reconstructed from trapped air in the
Antarctic ice sheet (Rubino et al., 2013). Variabil-
ity in pH and pCO, of the seawater since the pre-
industrial era estimated from atmospheric pCO,
(closed circles and opened circles with dots, re-
spectively).

M & B W e RGBT 72 69

fiE FR A S SN A DS, WAMIAE & % ik

TIZHWED O EI WL 2IIT B, §iF
DWFFET N — T 3B E R AR A & T 72 3RIR N < 4
v I (massive Porites sp.) DAIKILDIEREDS, i
FR LR B EGE L 72, RN~ T1E, F—
LAIROWKEREL, REZOLDIZEEE MmIC K
B9 %, Wi iid, PR EEICALE§ 5 /N
HEXEEHUHEERED2HMTH S (Fig. 6).

Z OO E LT, HER 137 RIS o 2
WAL DN 24T b TH Y, FhM 2 ik O pH

DOEFRRRNDBHL IR o TVD T ENEITFLND
(Midorikawa et al., 2010)s 22 ® & ® K% 10 m LA
FRIERT RN~ F T LT, KB FYvE
FCTRIAE 2 5 FEE I 217, B OEIREE
Z 3 I L 72 (Kawakubo et al., 2014; Felis et al.,
2009)c RN ¥ TOFRKROWHIZIE, WIF %R
SR EN TS 720, IR AT AE 51
o BHOBEF - T, #E 1004 H 505
OFRYERMAKE G L7728 25, ARIEEHE O pH

DEEZMIIETLOOHH 2 W nhol
(Fig. 6)o /KO pHAK T3 2 FIKALERR @ pH A%
ToOREZLLDZLIA, FIZIN1ITHY, f(F
EBROTHO2EREETH D Z LB D h ol
(Kubota et al., 2017)o 2D Z L1%, fAHFFEE» ST
SN TOIZAIKALFHE O R X F A 5 ¥ A DKRREAN A
WZfio T AR Z EIRT %, BREMEFEIEBLD D
B oW > IDFH KD RO E PR E VO
&, BHEROBEICL D SDRDN,,
IS LN TR D ENHL00, 5%
S5 RN RN D, FHHY S SREREY > T
DFFEBICOHEDLLTETH Y, ZOREOMINC
MY MATZNEEZ TV D,

FAIRACFHE O pHIK T I, 77 T+ A i oK
2%, AIRILZHEST 50 FEEIZ, RERRY
DK F HEBR T bW Z2NFAFER» S, B
PoN= ¥ TORIKAIZHEKD pH - fERIE O T I
FoTETSHZE, SHICEREMUE, BAET
A U7z . (pHIZ LT 0.1) T AKALEL
EPRE DL EDPHISHIT%oTHY (Iguchi et al.,
2014), SEFFLNMIB L BEEHTH 2, KRN
RTINS T a—F2T, NTF, HINNTR
% ETHDD o TV HROBEAL A P THEDA
BOHEREN T WD &9 B B BB O ZALIT il
TH% (Manzello et al., 2008; Fabricius et al., 2011;

P2 DONWT
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Barkley et al., 2017). L7=H> T, X 0 igifEeME1L
DGEEWRD R T VREHOEMES > T8, § T
FBREALOBIRIZE L ENTV B REEDND 5. Tk
W27 L— N T — 7 TIrb N7 OB ILER
TlE, 3 CIEBEREALA o THEATER ORA KL
HEKTSETWS L) s S 7z (Albright
et al., 2016)

7 < vtk M 7c i OWE T, fRkALRER O
77 I A MuMERHEET 5 FESHES N (De
Carlo et al., 2019), AIKALEHE O REERAT L D FH
WHERTED LR ODOH D, ZNIZEDE, A
JRACFRE O pH 72T T2 L, AT ARER Eh 72
FEASEDZENTE LD, EHEY T ORERE
‘|§1Eb:§¢@"é[§%§%ﬂ%&)’fb‘6ﬁﬁﬁ‘|'&"i7§?‘§3f%§?(Lfb\
% (DeCarlo et al., 2018; Comeau et al., 2019).

AL, RO LIRETH AL EERFTE 2T Y
A % > I (Pocillopora damicornis) &, fIKALEE:
WOAN Ty NIRIER MK LD b 25% S HiFFTE
% 1M % fii 2 T\ % (DeCarlo et al., 2018), i,
WAL IR CTHIKALAHE S NS I FY A4 Y H
(Acropora sp.) &, FAKALEHE DT 5 T4 bkl
AR TE R M EN w5 (DeCarlo et
al., 2018).

7. BILRBDIRDRELFDHT~RIGEK
HADKTH B EIRFRIRE L7 DD
A

SRR (R 19,000 4F B A & 11,500 4F 1) |
BAOKMHD Y, BRI GEF) ~ &R @#ﬁ%
{7 b LHEUICHIY T 2, SOk, KR #
LIRESEIZ2DODAT v TG PN TEFITRISO u
atm BN L 72 2 EAMBUKIR Tl Sh7=-7 4 2237
DHHDHH S DTk >Tnb (Fig. 7)o

—DHOZXT vy TEINf YY) v ARV D1
(HS1) T&» % (#18,5004F Hij 7> & % 14,600 4F i) o
JeRKBEOT—L > % 4 FIRIRDSIEL, 7777 F
WilEFEH T < ORI PEFEEY (Ice Rafted Debris:
mD)ﬁ%k@ihi%ﬁ#ntﬁ%hwé?é(h
£ >1) vk LX) (Heinrich, 1988), < DEE,
e PER RIS L 2 Y, A mﬂWN%Sl
PNTAEFMOKF P 2 2, ALRVEFRIC BT % EEREK
DLARABRDHTONE Z & T, RKUEDRETEER
(RPEEET-F A5 3R © Atlantic Meridional Overturn-
ing Circulation: AMOC) A3BIIZ55{L L7z (McMa-

E

nus et al., 2004) . AMOC@E%@ AgTHi
KRVGEEOERERE BTN 213372 5 7280 % B REEN
EHABEL, Kb ICHREOKIEREL LA S, Ml

DRME LA S WA R —=F—- Y=V —)
(Barker et al., 2009) . FiKFEOKIRD F5Z, Fifi
JE L O WK HPH % fig/h S, WP % XD ‘?ﬁib
T, BAE L7, TR, KINCEEKIC
ZHNTWI ALK TP REANERD ﬁxﬂﬂ@~
AL R A BN S /L) 7 14— FNy 7 BT
FELAEEZ LN TS (Sigman et al., 2010),
HSTIZIZ R H @ Wb e 3R B ASK 50 patm [ 5
L7z (Fig. 7)o

COHOTBILRFERE LAORT v T3V v
A— -+ KU 7 A8 (Younger Dryas: YD) TH 1) (K
12,900 4E i 2> 59 11,500 4E1), —H#BHS1 &7z 2 7
ZALAPHNT Iz, YDOFERELCa—Lr o4
FIORRIAFAE L 72K (7 A4 2 il) I2Ez Shizk
B ORKDP—FAZKRNEFECH 725 SNHERDEL L 15
S5NTWVBEA, ZFOWANL— MIOWTIFT i
BT Wb (Broecker, 2006; Teller, 2012; Meissner,
2015), L KPHFEICIRD O IIMER I N TE 5T,
777 FVilETidze <, Blofkl Wlkd Lk
¥y EIEH) TRFEISKEDBRAKAE 72 RElE
AEVe WTFRIZL T, dPkofisnmite,
M OMBEIL L ASHFFREETEY) ONf KR—F— -
=V =), YDIZIEZ KA O Z AL bk F i EE 25K
30 patm L5 L 72 (Fig. 7)o

HS1 . YDICPHEN DK=Y 7 - 7L L—F
# (Belling-Allered: B/A) T®H 575, Zhiddb 5k
AYHS1 D FEG AL IS B IR BRAL U 72 R AH 245
é(%1&%@$%#%ﬁn&mm$onHA%Kc
FAR AW FEW AL L T Wz (Antarctic Cold Rever-
sal: ACR)o B/AMNZIZRAH O “IRAL jie Tl L 1322
LTV W EHRFETRETH L (Fig. 1o iff
O b LR FERINEH o 7225, JLPERDSRE 2 -
772k FOMAERZNEZIT B TIZEBE LkE
FEELIZEVSTATT7HIRRENTNS (Yu
et al., 2010)

DhaeFiwdt, REENORKTAICL > T
k@%i?ﬁr:ﬁflﬁiﬁﬁﬁﬂbt Jeprkp s L, N1
R—=F— - Y=V —IZ XY EAREIREILL, #HRE
L TR&EH OD:%HERE'%?);%&#%@JJM% vy —lHo
TA—=FNy PG LZe 2NET, FICHKTER
SBIRRATRAEEOKINT B 1S 2 155 & KA~ D AL R
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Fig. 7 (a) Sea surface pCO, in the equatorial Pacific for the reference year 2000 CE (Takahashi et al.,

2009). Symbols indicate the location of marine sediment cores and fossil corals. (b) Atmospheric
pCO, reconstructed from Antarctic ice cores (West Antarctic Ice Sheet Divide ice core, WDC;
EPICA Dome C, EDC; Siple Dome) (Marcott et al., 2014; Ahn and Brook, 2014; Liithi et al.,
2008). An arrow indicates the time period of the last deglaciation. (¢c) Reconstructed ApCO, of

surface seawater (seawater pCO, minus
(KR05-15 PCO1, open circles, Kubota et

atmospheric pCO,) in the western equatorial Pacific
al., 2019), the eastern equatorial Pacific (ODP1238,

open diamonds, Martinez-Boti et al., 2015b), and the central equatorial Pacific (Tahiti,
IODP310, closed squares, Kubota et al., 2014; Douville et al., 2010). Error bars of ApCO, were

calculated using a Monte Carlo approach

(see Kubota et al., 2019). Positive and negative ApCO,

values suggest CO, emission from the ocean (CO, source) and CO, absorption by the ocean (CO,

sink), respectively.

FoOMOE LTEZLNTERD, ThUAo Oz
DNTIRIFEAEARLN TRV ONBIRTH 5,
F7o, BT 22 WEERE RILRESEIRR X
DOEL B> TVBIETTHY (RFEDAD D KA

NERET LB, B RER TR A ARD
THBALRFZE O TRET 5720), TR EEA L
R D R 7 R ALAIREE D ST SN D R LR FE D
HEPDRETE 5o MAFEIZBWTIZZ DT AR
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B, M ERHER I DR D 12 v (R
B ALPITRAE DL VK L > THP SR TL
FIDOTAE LTRIEEI N ) L) D
D, BEEMIZEITTE20IER V. —floHh, BERE
FL— 27 ClEs NLy V352 L THRONGR
Y > IO O R T REMAEGH 25, HRIEK»S
TEALRFE D RGANEBE) LGRS R g Tn b
»% (Rae et al., 2018), ZNDAMIBEN 2GR0 (3
i 7K O A T S U JEE R 4 e e D TBUSS 2k bk 3B DB T 7
E) oI TWAICEE R\ (Sigman et al.,
2010), FARFELSMC, WRIE & FERE L 2R AM0
ELTHGLZD D, REKTHETH L, B
T, FRERTEEDO WL KD AR T IERER
(2000 4F 4 I TH 375 patm) ICHTIEHITH <,
R RO B bR FRL Y & %> T b (Fig. 7)
(Takahashi et al., 2009). b L ip# BRI R
J@KD AL FIED T E - TV UL, FRERTE
DBLBILRFZEDOIMITE LTHLG L T2 & 295ET
&5,
ZITEZOMIET NV —T1X, BAEES L FET
[ B i A 2= I 1§ 5Tl (International Ocean Drill-
ing Program: IODP) #5310 KGtHiD 3 & THEI S
AL OY Y TREO D B, WRNF L TOEKE
EH L, ToRTFREMAEGH &8 RO~
BRAL e Z 0 2 50 L7z (Kubota et al., 2014), %
ORER, IRAGRRM O B, FFIZHS1 L YD O#b Y
BUIZ, MR KO AL R AR D ALk
FHELDHIEZNICHETE-TED, KRELITWALK
FBMDPRERTETRE T2 EBHL 2% -
7z (Fig. 1o ZO#FIL, HFRERFEILHHEON
7oEEHER Y 2 7 (ODP1238) H il tEA LI T,
sacculifer D &7 HFENMARIL S D HEMFITF SN TEY
(Martinez-Boti et al., 2015b), [[ U < #Ei:3RE T
FORKINI R & R (LR BRI AR & TWia 2 &8
oMo Twd (Fig 1o S HICZOHK, £H
SO V=T, WRERFE O3 7=a—F
=7 odb) » ok iR 27 (KRO5-15
PCO1) "Rk LR G. ruber Dk ® k7 FE AL
oM 2@ U, WEEREO Rk FRTEZEIT L
720 TRHEMEA LD R 7 FRGARGHI LI L7201
EN#TH 5. TORE, HmFGEKZE T, K
EARPED AR FESIEAZIEH D EoTBY, ok
<& HPIRBERIFEED S O AL FE IR X Tw
ol Z EDMEDD Bz (Kubota et al., 2019)

E

(Fig. 7)o

Dbzfeonl, RERKFEEDPSOBRILKE
PR R PR A TR > T2 2 &l Bo C
DT EF, BTEBUA S N5 AR E S AR R Hh RIS
foTWwbZ & LHP LS TH S (Fig. 7)o I~
EHANE SO L& ) WE It s s
&, X DWLCEBAKINEAT BT, €))L
KRG RIIBE SN TV v, L7edS> T, iR
J& D AL FEDSHIN L7201k, RE#EAOWH
2 EARER &L v XDk, & LAHERE~NO R
LR ZOPFEANE 2 72 2 212 X A= e 2 b 23 A
EEZOND, FRERFFEOMENE & FRIFELITE—
FAK FFEOWEEET HKM) 28 U THIZEICE
Ao T2 (Tudicone et al., 2011), JFIZHF-ERDOL
FIIMREOH AT (Subantarctic Zone) 1T
THHIND ZEIZEDEL 2o THRARATZKIE
1%, W ® A8 E — F K (Subantarctic Mode Water:
SAMW) & LCAREH ANk S, Barsicm g
AL TWb, L722%o T, I# BRI KED
MR IZBIN 2 TR FETIEE b o 72K D
—#R7%, SAMWIZHU D AT H, MREKFIEICH N
HRTEZVWrLEZOND, 9 LI miE -
DBEDY DGR INTTR F > TW7ziEIE, R
R a 7o s S R MERRE (B 23R E R,
BoRERFE, A4 Y ARMAARLRE) ZHWZE»S
IR I N TWA (Spero and Lea, 2002; Marchitto et
al., 2007; Pena et al., 2013).

8. HHDIC

A FFENARIREE O E . B T E T
TV2H, HARENOAYRREREA VS 7 LD K75
M ARREICE LT, RICHSENCER Z & > T
%o MC-ICPMSIZ X %l @ EA— Ml & 72 o 7o R
A7 R AR E OB IS T AT > TB Y, Hrl
I—F—=DBADPRKCICLENL, MERIRBEL e
FEVEAL I N B S IC BV TIE, B0 R EIHBRT
FROBEEE I TIEN ) TH Y, ToOhTHRYERM
IFEO LA T O F 2 L LCOMNBGIR LD R WT
H59. BROMEKpHER R HpHEN & L TOATE
FEUDPHIBEH R XN &0, & FRMAKONER
B EIZOWTIIREHEIT B % o 72 &R D 7%
Vo —HT, EBRBRBICBI DR RHRICET S/
TN OFERE & BT, SRITHEOMEL DR H
LI ¢, HREEDOHET N — TR0 £ ) BEE
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MBS, FRICE T, &0 EHERMEE DR
FHPRAIEOND Z LGBV RV, FEZOSHD
Wy HMAELTIE, X0HEREIDRL, LD HET,
L U786 MRS & 7 AL 23] B 2 & 9
12, FHEZELICERBLAVERSTWLIRETD
%o

-

FHR SR G 20T OB DA LB dZ 121, FADS
PRI R T REVARGN &2 &, RERIEERILY
&, TNEM LR - R RO -
TWe2&, ERFICEEF--TLEFVFE L, T
IYANOEBIL, EBRNREE 2RO LB
X, EHOMREEDaI = r—va vkl b
DIZE L DT L EBINIRETHD Y F Lizo T
JEBHFEREME = A0 2 7 AR ZERT O A TGS 2, R
RENARGHT OIEEHD SR E TP ERA TV 220
272 THRLE, SIHEFORESICREFH > T
& HREiCiEFEFoTcLEwFE L, FIRPDOZITA
WIFEB D o T2 &, BILLWHTHARL
DICSFSFLMRICES> TV ET LI, v ¥
T =2 T8y OxcH—yRE L, REEE L, A E
W, B 7RIS BT 2 0MOHTH S
WLIGE - P R— bW & T L, RS
Bt OB =R 11, AT Tl 72 AWl e
AN K THLERDGH L, B LDHED
HTEL OIHE - FR— M2/ Z2& F Lz, idEnf
JERSE I O BE A I, A Yo7 T Ly
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