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Fig. 1. (A) Growth habits of the crustose coralline algae. Left to right: irregular
crust, nodule, and rigid branched form. (B) Typical growth form of the
articulated coralline algae (left) and internal structure of calcareous segment
(right). geniculum (g); intergeniculum (ig); medullary filaments (mf); cortical
filaments (cf). (After Wray, 1977).



[e3]
2R

H iy a1

oA thae

SR

gl

Z

(19 2). 2 Z7Fd(intertidal zone)ol A

A =]

Z

S 7F A AA

T

Y (subtidal zone)ol A= A HtHLogan et al., 1969).

Aol Eel

_Eo

t}(Adey and Adey, 1973). 2) & %7F7}

ki3

&

(photic zone)oll Al A

a7t g4 s7] flsiA

T

(Adey, 1970). 3)

=AY 7HA

ol A
}71% $tch(Prager and Ginsburg, 1989).



Fig. 2. The world distribution of living rhodoliths. Squares are from the map in
Bosence (1983).
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Fig. 3. A chart showing oceanographic element necessary for rhodolith growth.



H < B T o m o o0 T H g o
(I N S o P R WP
R T o = R oy o= = © 7 T
Mﬂ AT OT M_Vl ‘Mv_l in " ‘V ,WE <
_ S S O i <
T o . Mo P wo ;X T o "
K o R — SOm
S 8 T o o T X SN
o8 T ® e TNy
o m Loum ‘M_M < W © K 2
¥y 3 o b T % = % % g g
ErsSs=r w5 8V g
- o B oM oo =S
o0 st ..m 1: 1 =L .cl N o=
w2 5 o= o W zn ,__M. o ™
o N g Mg B Ry 9
ok Lnuu o T v e - 0
< B A T
ol T T T 9 i o & T = A
S < W oy o ~ T o N
B A oo =F ook Mg o I
o o 5 o L om T oW oo T
e F ook B oy
Xy S R~ X =z 1k
° w W o % o g
W e TS AR K = £ o
N m @ T H =5 <X
2N " b 0 W M o g
o :J L I T
0 0 o -
- ) o Mo ey oF
EO =0 K2 OT L ot oy AT o Elg ,UI o}
w R e E g AR R e
(SR o o ) o B o
= S ol G o 2 o W -
o R e et
- G- I
Ho- 2w ) T ow o ® M
OT \.m_l /h\ ‘ﬂuﬂ o :i OC JE-ﬁ AT - AT
o o A T 5T W
R g X H N T P W K ok

, 1990).

1

2

RENE

I

& A=

=

=

2 1.3 m/s= w§ wm=A &



50 100
e
‘ ..... ) .
‘3 ¢l
) | ( 10 F Lo ¢
\ AN ¢ Udo | m27
= o ~ 5 Y d AN
Jejulsland =~ | = SN
F o\ L/ L o \
) \3z2eN—~ S~ \ ) 3 |
- | y . . Yon e 1
o207
o 100
! | I | /
2 o e 50 /
T | gseongsAn, N A
' km \ ! h -
126 55'E k™ | | v L =
i o 5 M AU L

Fig. 4. Location map of the study area and the sampling site of rhodoliths

(arrow) in this study (depth contours in meters).

o 37 Ane I GERA A A Nl AEE Ql-&-3tA
(http://info.khoa.go.kr). 1968 8¥ ¥ 2011d 10€7t# wig T F o] 3
FAREAF 400-276F50N, 127°07E)el A BEHYT, BEE FALS 0(ED),

10, 20 melw(E 1. 4 0 mellA 59 23 d&8s 2, AsE Hd 52

o °f 15.0°Coln oS54 Hv o] of 268°ColtH(2d 5a). T2 A3 o
11.8°Cel W3shig Helt d&2 A2d Hato] of 3450, o153 Htol o 3L
4 =A, AAFHo] AeHdEY 2 FFS Hola, T3 Ad Wyt yEhdn.

T4 10 mell A= 7HE w@kd Aed it 2] oF 15.0°Coln o] M =

Btk A& A= Aol oF 344%, o152 Fifol oF 324%°lth. =4 20 m
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Table 1. Mean sea water temperature and salinity in the study area.

mean sea

mean sea

salinity (%)

temperature (°C)

depth (m)

winter

winter

summer

summer

34.5

31.4

15.0

26.8

34.4

32.4

15.0

24.3

10

34.4

32.9

14.6

23.4

20
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Year

variations of salinity and sea

temperature of study area at the water depth of 0

m, 10 m and 20 m.
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Az A Avpstaditt. Fxd Wel dobsls dAvtAlE AAS7] s s34
%

A LA S WA B4 (radiocarbon) ¢F F-2Ha-E < 54 ¥ (uranium  thorium
dating)& &3l olFol At WAREE AR TN NS web =R
F71(dental dril)< o83k 3 Al 242z} 3708 AR5 AFA AT DA
A AgEAe F oA AAEAT AlE oF 200 mg & AFHA3 A LAY

> - (Korea Institute of Geoscience and Mineral Resources; KIGAM) A& EA

o

T ANA AAE A, AR 50 mg & AMFH ] m=e] BETA #4143 Al A
ofFojxtt. ARE AAHCHH FASUEFNaOH)S ol&a Hx3 +
AMS(Accelerator Mass Spectrometry) @2 =439ttt 442 2 sigma calibration
curveE ©]-&3to] calendar age® WA WAt $etE-EFAddEAS w5 my

ZEtthgtoll 4 TIMS(Finnigan MAT 262-RPQ mass spectrometer)S ©]-&3to] #
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A3kt 4 dx= Edwards et al.(1987)3 Cheng et al.(2000)2] ol whet
AEsAT WAEE FAHHNOYl &3A71 F *Thy U-*U *Pu=*U) F
A2E 7bekAth. 92w (Uranium)® E§ (Thorium) F4 2 & 4L FHE~92~
A3 A (New Brunswick Laboratories; NBL)®|] 3%+ Al&(Standard Reference
Material) Q] 112-A T 4-& AF83to] H A o1, ofo] 2 e (Towa)e] o}H] =(Ames)
2 Z A A ¥ (Standard Materials Preparation Center)2] A #| E
#< Fe(OH)y7b 3% A E-F42 §HoziE

L=
Aol AAAR LM, o] uF Moz FEAAY. o2 9Ad wolo-dr &

X
oA Atmp FrEAFEe=vl AFEA7(LA-ICP-MS)E o]l &atith. wFd i
gaFatol 7 wWeol yr] wiimdd ICP-MS®F FEZ#FEetzv dAEE37)
(ICP-AES)® o] #4383 =z AHE Tx2d9e FEARE 3 mg A
HAstArk AHA FHEARE 250°Cel A AAHHNO,)H §FAIZ & FA st #
Ao Far7] 292 YA ) (Korea Basic  Science Institute)ol] A o] 5o £ T},
LA-ICP-MS #4123 Fxd3o AA45s wel usdes ol Foxa, AHZ
(conceptacle)®] A= HFES ZAHZTS & dHEES u 248, 242
St 7] 2t P Aol Al A HE A 7] (mass  spectrometer; Thermo  Scientific
Company X7)of 4Z24% UV dolx 2tn} A~®(213 nm Nd:YAG laser; New
Wave UP213)S ©] 83} t}. Laser energy densitiest™ 6 J/cm?©]al, @ o] A 2fw}
Al z=go A & F(helium)< ©] &3FFTHO0.90 I/min). 412 FxdF o A A=
= WeEbA spot Al AAISHA AL, spot size®t spot Abo] IFA S 55 pmE SFAT

BEXFA 5= NIST SRM(U.S. National Institute of Standard and Technology
Standard Reference Material) 6102 AF&3F T NIST SRM 610 2+ GeoReM
database(K. P. Jochum and F. Nehring, GeoReM preferred values, 2006, see
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http://georem.mpch-mainz.gwdg.de/sample_query_pref.asp) Z5-E A< 4 v} 7+
kel B ZwECa)e dHe WHEFASE ol&std HASN S, Virgina

Tech®] AMS £ZEFIO1E ol §ote] 22l viFah F3< Astar

300~400 pg AHAsA AHAD BEAEZ 70°C QAZAE A QAHH,PO,)# Bk
SA A FZ3 CO, IS o] &35t A4 BAEYdALE ZAG o, AL

v = o g]Zy el Environmental Isotope Laboratoryoll A & @& 7](Mass

spectrometer; Finnigan MAT 252)& o]&3lo] #43A0. A 5= NBS-18%
NBS-195 Al&3t oy, #4903 W= A5 D407 £0.10%, G257}

+0.08%°1t}. & A ztS VPDB(Vienna Pee Dee Belemnite) %<]o]t}.

Fig. 6. (A) Living rhodoliths in the shallow marine environment between the

Seongsan and Udo. (B) Collected living rhodoliths from the study area.
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SEEE]

4.1. Fzxg3 9 g

@ o] = (shortest diameter), <%= (intermediate diameter), “& = (longest
diameter)2] ZolE A48t Txw@Fo PYEHE Sneed and Folk =3 (Sneed and
Folk, 1958)°ll =Al&l] Bttt @59 Zole 4~8 cmZtA WeErYH, H 274
58 cmeolth. &9 doli= 55~9 ecmZHA WEtYY, A4S 7 cmeolth. A5
Aol 6~10 cmZ7bA] YRV, B A A 79 cmolth o] Al 9] HiEAH S oF

7 cmolthH(& 2). $x@¥ ] FHE Fetom BEEAS W=

473 7 cm ool A R A%E 7Y Az 44N Aow F4
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@ Spheroidal

Frequency

40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90 95-100 Discoidal (L-1)}/(L-3) Ellipsoidal

Mean Diameter (mm) @ C::)

Fig. 7. (A) Histogram showing the rhodolith size distribution. (B) Classification
of rhodolith shapes by plotting on Sneed and Folk diagram (1958). Longest (L),

intermediate (I) and shortest (S) diameters of the rhodolith. I:1.=4/82/(L*I)
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Table 2. Measured length of the longest, intermediate and shortest diameters

of 27 rhodoliths. (unit: cm)
Sample no. L (longest) [ (intermediate) S (shortest)
1 10.0 9.0 6.0
2 8.5 8.0 7.0
3 10.0 9.0 6.0
4 9.0 8.0 7.5
5 8.5 6.5 6.0
6 9.0 8.0 6.0
7 7.5 7.5 6.5
8 8.5 6.5 6.0
9 10.0 8.0 7.5
10 9.0 8.0 5.5
11 9.5 6.5 5.0
12 7.0 6.5 5.0
13 8.0 7.0 5.5
14 6.0 6.0 4.0
15 7.0 6.5 5.0
16 6.0 6.0 6.0
17 7.0 6.5 6.5
18 6.5 5.5 4.5
19 7.0 6.0 5.0
20 6.5 6.0 6.0
21 8.5 8.0 8.0
22 6.5 6.0 4.0
23 7.0 6.0 4.5
24 6.0 6.0 5.5
25 9.0 7.0 6.0
26 8.5 8.0 7.5
27 8.5 6.0 5.9
average 7.9 7.0 5.8
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A7]= AZFol7b vz o] Aol= oAFH I A&HEY AL WEE vkt o
AbeFol Wil 2E7F w2 o= Ale] AV|yf Ax, dAFe] Ha vt
S AEHd e Ao 277F A7) wEZelth(d 8). wetA oAF3 ALd A A7)
o] F7AE ol&dtel FxdHe] AAV|HE dEfdor Add = 9t (Frantz
et al, 2000). @/ &7 Wele vid Agrith A EAE wEste] H43H7]
gl AAEATE 1A W ZAE Fo]l wWel EAst, A7 vdes T
1l o}k A (aperture)”t SAth HE FAAAES st FX2FE ofgAsE 3 A I
s ZAHES A dow, FARAES st Aol oluAst & ) was
ZAHZY oy /) B ZAHIFS BT /HA 2 9otz &8 A 2 th(Johnson,
1961). AT AFeNA e Fxd o] Ffes g e ofmArt wda] e ZAH
=+

2 UE 32 @ 5 3den, o8

ha|

AR TxGI e tiFfFo] Lithophyllum %
of oa AAdE Ho=zZ ASkE vl JH(HFAE £, 2003). ZAHEZ UF= A2

A7F Mg F R Fo R gopd A, M S48l os 4% Wy

BOH

off
i

AEol F5& T8t AJAtHa® 9A, B). @/ T2/ dodx ®HA
(bryozoan), ¥+ X (serpulid worm tube)”} @3 ol TxFoF 374 %

HZEAH (™ 9C, D, E). £ T2 W= B (boring)e] S4 o] @l
HE 9F). B2 A5 JeEjrE dF7h4 GE7F vefstal, 271 4 umy
B 3 cm7bAl B3 el wel wig vdsiA vEtde 24 o] 0.3 mmEd &
HEYS F2 olwfaiF, AXFGo], Azt ZE& AL o3 Aol 0.3 mmE T
A BE 25, o, WrEgoked o8] AR ArE vk AtH(Checconi et

al, 2010). EREWF-= W Ftor Fopd AU, A, AMEFES, 444 A4 T

-/

B

BN
Y
s

(i3
N
i

i

H
W55 4 & (internal sediments)o] H2 ¥ ez SAAG(2E 9G).
|

= @ ol FIE BY el Y dE= ol V= ez
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30
4°

Growth Bands

Fig. 8 A generalized example of potential band
structure in a longitudinal section of a rhodolotih. A
1° band is a single row of cells, and a 4° band
represents a possible annual band. Four 1° bands are
shown in each 3° band, but this number can vary
greatly, especially between 3° bands within a 4°
band. S is summer and W is winter (After Foster,
2001).
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—
conceptacle

E

Fig. 9. Photomicrographs showing the internal texture of the
rhodoliths. (A) Conceptacles in the red algae. (B) A closeup of
(A). Note that the conceptacle is filled with shallow marine
cements. (C) Coralline red algae. (D) Bryozoan (bry). (E)
Serpulid worm tubes. (F) Borings in the rhodolith. (G) The bore
within the rhodolith filled with calcareous skeletal grains and
detrital grains. (H) Boring bivalve (bv) remained within the

bore.
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43 Fx4 9 dddd
UD-RAN-02 A &89 ddi= BApdediet s2tu-E5dd A4S 3

3t
W 22 AdE ddv. FxGI ] T AT wek 22 Aol

o

AzhE = 3 ARAA 24 3Ae ARE Adetel(1¥ 10) A¥ BAF A5, wA)
Hers olgste] BAW Ay FUAFE LTS weh 284040,

2180+40, 203040 yr BP¢} 182030, 1890+30, 1840+30 yr BP9 #< ® i, et
~EFS o] &ste] B3 AiE 2076+319, 1925+775, 2283358 yr BPSl Ao ®
EAHAHE 3). o] AUFES AFER Aelad 71g Lgd Adel A WA
2L 2840+40, 1820+30, 2076+319 yr BP2 Aul7} 7} w@o] zbo|ili= 2840+40
yr BPE A3 F Ao HFA = 1948+174 yr BPolal, 71 th5o =2 L2 o
el ¥ WAl A" 2180440, 1890+30, 1925+775 yr BPZ T AthE 1998+281
yr BPo|th. mpxuwto g 7hF e Adil Al WAl A" 2030+40, 1840+30,

o

-

2283+358 yr BPE HirAdl+ 2051+140 yr BPo|tH(2® 11). o] <AF-el A&+

A Fel 3

M

UD-RAN-01 A &9 ddi+=
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Fig. 10. Sampling points of the UD-RAN-02 for age dating. The solid lines

represent the sampling area for the radiocarbon dating and the dotted lines are

for the uranium-thorium dating.

Table 3. Results of radiocarbon and *°Th/?'U age dating of the UD-RAN-02.

Dating

Sample no. Age (yr BP)
method
JR-1-1 9840+40
14
C age JR-1-2 9180+40
(KIGAM)
JR-1-3 2030£40
JR-2-1 20764319
20Th age JR-2-2 1925+775
JR-2-3 22834358
JR-3-1 1820430
14
C age JR-3-2 1890430
(BETA)
JR-3-3 1840430
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Fig. 11. Age versus growth length of the UD-RAN-02.
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B vhadlge b B2 gho] ¢F 35000 ppmo 2 FAl A ey 7 =e
#2 oF 43000 ppml 2 7 A=l A gk Q7oA YETTE T oA S 9
g#Fatel= 8,000 ppmol i, 871 A9l Ft kS 38,200 ppmelth. H S V)
Fagro e gro] etues A2 1= H AF, 55X, oA, FAtol,
o]F M =L FS zte A9ge Zrolth Higrt =e Fo]l Ygus A
< AAEFEH &z, XF, AF, o7vstoltt. 2EERES UM 9
2,000 ppmo.E AFE LA e, MY 2o gre oF 2
oA bt £ A9 dEkatol= 600 ppmelal, 870 A9l HE ke 1,800
ppmo|th AFEe} o7 ve} BF e Fe Holu, F AHE ALd yHx
oo #e AR ZFE A Frtete AFS HRth vEe M
° 5000 ppb& @71kt A vEbUY, 7HE =2 g 12,000 ppbE Skl A
Eltc}. o] Fx]99] ghEkAlol= 7,000 ppbol i, 87§ A Hit ik 8700 ppbO]
ot gebEe 7P w2 ghol oF 300 ppbE XA uEhuE, 7hE =2 gk of

M

=

ke 600 ppbelth, WHE I S-ehE e AR W SE 4ee welw, mpagaks A
= ogEE 3PS welFth 2hel sl @ Aje) o] wAEEH uEY
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1,600 ppmo = Aol A Ve, b =& e °F 1900 ppmeE FHEoA U
Eldtt 7 A9 g zboli= 300 ppmelil, 370 A 9] Hir gt 1,800ppme] .
vt @y A E A U A T A4 1,900 ppmA o] Mg ghs
zZte=th vbEe 7P W ghol °F 6,000 ppbE HxoA vEuH, M =S 3
°F 12,000 ppb® stAelA yebdt 7 A e 3hEF ZFol= 6,000 ppbel i, 378 A
ool gk 9,000 ppbolth. LA AR AFE HA Frtete A
HolFErh fehr2 7 whe ghe] ©F 200 pphE =

°F 300 ppbE Fxol A YERITE F Al o] FeFato]i= 100 ppbel i, 371 A4
o] Wk 260 ppbelth &£x& AL U A F A HeA oF 250 ppb W] 9
Al 528 3e ety 14).

rlo
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Fig. 12. Mean values of the trace element (Mg, Sr, Ba, U) from the red algae
with latitude. 1=Sokcho, 2=Gangneung, 3=Dokdo, 4=Pohang, 5=Haseo, 6=Busan,
7=Udo, Jejudo, 8=Okinawa.
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Fig. 13. Mean values of the trace element (Mg, Sr, Ba, U) from the crustose

coralline algae with

latitude.

1=Sokcho,

2=Gangneung,

5=Haseo, 6=Busan, 7=Udo, Jejudo, 8=Okinawa.
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Fig. 14. Mean values of the trace element (Mg, Sr, Ba, U) from the articulated
coralline algae with latitude. 1=Sokcho, 2=Dokdo, 3=Haseo.
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Table 4. Trace element (Mg, Sr, Ba, U) compositions of the red algae of

various sites in Korea and Japan.

site date taxon Mg (ppm) Sr (ppm) Ba (ppb) U (ppb)
CrUustose  a0540 2212 6939 759
199(0. coralline
Sokcho 08.13
. ticulated
artiewiated 40775 1878 6,200 341

coralline

19809. t
Gangneung Crustose s6000 2160 10,935 793
10.28 coralline

crustose

. 36.637  2.210 8.666 528
coralline
Dokdo 29.720  1.895 9.045 283
icul
articulated o000 1899 10,097 230
coralline
36.230 1,939 7.894 235
1993, ¢
Pohang Crustose 40630  2.309 8,466 334

01 coralline

crustose

) 35,760 2,074 12,248 701
1989, coralline

Haseo
08 articulated

coralline

33,855 1,618 11,795 252

1990. ¢
Busan Crustose s5053 2627 9,989 882
02.01 coralline

U island, 2010. crustose

, , 39.813 1,980 7,556 620
Jejudo 08 coralline
t

Okinawa Crustose  uoe77 2021 5.037 143
coralline

average 36,483 2,102 8.836 492
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45. LA-ICP-MSE | &3ty SAT ZTXxGF9 nZFdL A&
nEFd A 443 UD-RAN-01 A 59 viauls(Mg)el o2 30,400~ 56,900
ppme HelA Wakste, 40,200 ppme] @S zteth SERT 7 G
et ZA 379 F71E Helwd, 7 kb FEAE &S Fo o) 279 A&
np2 7 GEbG (1" 153, b, ¢). uFERE : °k 50,000~55,000 ppme] 9l
E Holi, & FEINNE o 30,000~40,000 ppmZ7tA Hl A He WS ®Wolth
T gl wet Zo kAol FolA i, wiEe Hulgg VFo® F/4E e
e wa2A gadcth 2EERESnHY TS 700~
2,300 ppme WY ol HFgS ok 1,200 ppme #HS = Aow EA LUl
2,000 ppme]de] e A7t 4] dEREE AWHA 35 AQstas vl
I frAbeE Rl A dERdTh e F3E A UH A FRAAME A 700~
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UD-RAN-02 Al&9] vladlel %S 25300~85700 ppme] ol w3}
atv, 3t 53,000 ppme] #& ztrh TR Gl we =24 579 vhE
s} Zo] yehdth mpRe] Hirghke 70,000 ppmeE 3WHA vEE A9F 1A
upFo Al AL ws=gk g Holh 3WA W= Aolrp 120~2508 74 7HE A
A vebdeh AgolE 120~150U7kA F7kstekrt 2200 A A7AA S dASA &
A= a1, 225 A Ao Al 85000 ppme] HujzkS zteth HU@s VIEe® TS

i AAE Frhetn 2ad W s et 2o dol: o 10049 )
=
N

ot
jut)
Ho
il
P
M
o,
By
BN
rlo
o
1
(@)
(@)
(@)
g

8

o
fru
)
E
=,
Mg
o
By
to
b
T
A
B
Mg
-3
>,
Y

ZEZFO S 800~2400 ppme] Welolil H gk °F 1,600 ppme] #h&

2 FAEAT 0~1208 A A@7HA 270 €] mpFe} Zo] #AE =Y 7 vl
T+ 2,000 ppmo.2 AL H|3H FEES HolAwh F o Z2 1WA ZeoA 1,800
ppm?| #& zZtal, 2WA FelA = @ASHA w2 800 ppme] #he =t E 350
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Fig. 15. Trace elements content (Mg, Sr, Ba, U) of the UD-RAN-01
was measured by using a LA-ICP-MS. Spot analyses were carried
out along the laser transects on a cross section of rhodolith. Most of
the trace element values show similar trend except for a few
intervals. The arrows show the trend. It is notable that three main

Mg peaks always have two lows (grey areas).
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Fig. 16. Trace elements content (Mg, Sr, Ba, U) of the UD-RAN-02 was
measured by using a LA-ICP-MS. Spot analyses were carried out along the
laser transects on a cross section of rhodolith. Every trace elements show low

value (grey area).
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Fig. 17. Oxygen and carbon isotope compositions of the UD-RAN-01.
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Table 5. Stable isotope compositions of the UD-RAN-01.

Sample 5180 si3C Sample 5180 si3C
no. (%,VPDB)  (%,VPDB) no. (%,VPDB)  (%,VPDB)
1 -0.1 0.0 13 -0.9 0.9
2 -0.1 -0.3 14 -0.5 0.1
3 -0.5 -0.5 15 0.1 0.0
4 -0.2 -0.2 16 -0.3 -0.2
5 -0.4 0.0 17 -0.7 -0.5
6 -0.5 -0.4 18 0.1 0.7
7 -0.6 0.8 19 0.2 0.9
8 -0.8 0.0 20 0.1 0.8
9 -1.0 -0.7 21 0.2 1.2
10 -0.4 -0.6 22 0.5 1.3
11 -0.4 -0.2 23 -0.6 -0.4
12 -0.5 0.8 24 -0.7 0.2
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Table 6. Stable isotope compositions of the UD-RAN-02.

Sample 5180 si3C Sample 5180 si3C
no. (%,VPDB)  (%,VPDB) no. (%,VPDB)  (%,VPDB)
1 -0.8 -1.0 29 -0.7 -0.7
2 -0.8 -1.4 30 -0.8 -1.0
3 -1.0 -1.2 31 0.0 -0.3
4 -0.7 -1.7 32 -0.7 -1.2
5 -0.9 -1.2 33 -0.7 -0.9
6 -1.2 -1.5 34 -0.6 0.0
7 -1.0 -1.5 35 -1.4 -0.9
8 -0.9 -1.8 36 -1.6 -1.6
9 -1.3 -1.3 37 -0.6 -0.7
10 -1.2 -1.4 38 -0.5 -0.7
11 -1.4 -1.6 39 -1.5 -0.1
12 -1.0 -1.2 40 -0.7 -0.8
13 -0.6 -1.2 41 -1.4 -1.4
14 -0.8 -1.2 42 -1.1 -1.7
15 -0.8 -1.3 43 -1.2 -0.9
16 -1.1 -0.9 44 -1.0 -2.0
17 -0.6 -1.3 45 -1.4 -0.7
18 -1.9 -1.0 46 -1.5 -1.0
19 -1.1 -1.2 47 -1.4 -0.8
20 -1.9 -1.0 48 -1.4 -1.2
21 -1.0 -1.4 49 -1.1 -0.7
22 0.0 -0.5 50 -1.2 -1.2
23 -1.0 -0.9 51 -0.7 0.1
24 -0.8 -1.4 52 -0.4 0.4
25 -0.8 -1.6 53 -1.5 -1.4
26 -0.4 -1.3 54 -1.1 -1.3
27 -1.4 -1.0 55 -0.9 -1.6
28 -0.8 -0.5 56 -0.7 -0.5
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Table 7. Estimated growth rates for rhodoliths. Growth in mm-yr ' unless
otherwise noted.
] ] Depth Growth
Species Location From
(m) rate
Norway 7 1.0 Freiwald and
Lithothaminio (~70° N) 18 0.6 Henrich, 1994
n glaciale Newfoundland Halfar et al
0.25-0.45 B
(~54° N) 2000
Spain
Phymatolithon (~40° N) 5.5 0.486 Bosence, 1983
Baltic Bohm et al.,
calcareum 13 0.5-9.7
(~56° N) 1978
Gulf of Half t al
alfar et al.,
California 3 0.25-0.45
2000
(24° N)
) ) Gulf of
Lithothamnion . . Frantz et al.,
] California 3 0.6
crassiusculum 2000
(24° N)
Gulf of G ) Ri
eorgina-Rive
California 3 0.6 £
ra, 1999
(24° N)
Rhodolith B J Bosellini  and
0 OI.S ermuda 2-5 0.4 Ginsburg,
(no species) (~32° N)

1971

_47_



Drill spots
for stable isotope

Laser spots
for trace element
analysis

. Ny
- et g

&

n

o
- S

Growth directio

———
by L T

P T e

Fig. 19. (A) Polished cross section of the UD-RAN-01. Indicating the

LA-ICP-MS and isotope transect on the surface of the polished slab. (B) The

part of the UD-RAN-01 examined for growth rates. Annual growth laminae are
indicated by white dashed lines. S=summer, W=winter.
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Fig. 20. (A) Polished cross section of the UD-RAN-02. Indicating the
LA-ICP-MS and isotope transect on the surface of the polished slab. (B) The
part of the UD-RAN-02 examined for growth rates. Annual growth laminae are
indicated by white dashed lines.
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Growth direction

Fig. 21. Thin section photo showing different cell sizes between summer and
winter. Growth rate is higher in summer than winter because of the higher
isolation in summer. White and grey arrows (area) indicate summer and winter

growth intervals, respectively. S=summer, W=winter.
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Table 8. Growth intervals of the part of UD-RAN-01 examined for growth
rates. The values are separately measured for the growth intervals with the

longest, intermediate and shortest lengths between growth laminae. (unit: mm)

Growth interval

Section Intermediate
Longest axis . Shortest axis Mean
axis

0.18 0.17 0.17 0.17

0.20 0.20 0.20 0.20

0.23 0.20 0.20 0.21

a 0.28 0.26 0.24 0.26
0.20 0.19 0.15 0.18

0.22 0.22 0.20 0.21

0.33 0.30 0.23 0.29

0.40 0.30 0.25 0.32

0.18 0.13 0.10 0.14

0.32 0.22 0.10 0.21

0.43 0.35 0.28 0.35

b 0.50 0.04 0.29 0.40
0.30 0.28 0.22 0.27

0.30 0.27 0.22 0.27

0.28 0.17 0.10 0.18

0.30 0.30 0.30 0.30
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Table 9. Growth intervals of the part of UD-RAN-02 examined for growth
rates. The values are separately measured for the growth intervals with the

longest, intermediate and shortest lengths between growth laminae. (unit: mm)

Growth interval

Section Intermediate
Longest axis . Shortest axis Mean
axis

0.11 0.11 0.11 0.11

0.22 0.17 0.17 0.19

0.14 0.11 0.09 0.11

0.08 0.07 0.07 0.07

0.16 0.12 0.11 0.13

0.12 0.10 0.10 0.11

a 0.11 0.11 0.11 0.11
0.10 0.09 0.09 0.09

0.16 0.13 0.12 0.14

0.17 0.14 0.12 0.14

0.09 0.08 0.08 0.08

0.11 0.10 0.10 0.10

0.09 0.08 0.08 0.08

0.21 0.20 0.19 0.20

0.16 0.14 0.11 0.14

0.13 0.12 0.10 0.12

b 0.17 0.14 0.11 0.14
0.11 0.11 0.09 0.10

0.10 0.09 0.08 0.09

0.10 0.09 0.08 0.09
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Fig. 23. (A) Sampling points of the UD-RAN-02 for age dating. (B) A closeup
of the dotted line area. (C) Borings in the rhodolith.
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5.3. LA-ICP-MS$}t ICP-MSE ©| &% n|ZFdiL AE v

Tl PEda 2 s4E gl F 7171 LA-ICP-MS, ICP-MS)E ol &

il

slRgkeh ICP-MSE o] &3 Fxua9 mEds e =
Mol Haghe Aestgch mavle 2S 30000~43,000 ppme] 9ol A ¥ Ee

ol

gk 38000 ppm, 2EEEF @2 1,600~2,600 ppme] H oA wWEshy H
a2 2,200 ppmelth. vHE 32 5.0~12.0 ppme] WA W3tstH Ht gk 9.0

ppme] i, f-E #S 0.8~0.2 ppme] H A Wsketm H gk 0.6 ppmolth.
LA-ICP-MSE °] &3 &xd¥ o nwgeda 35k UD-RAN-01 A&7} vfadl+
2 30,000~57,000 ppme] HHNA W3t H gk 40,000 ppm, 2EEF
700~2,300 ppm<&] HL A Wt P gk 1,200 ppm, HHE #2 3.0~9.0 ppm
of WA Walstm Hir ke 40 ppm, $EF 72 0.3~0.8 ppme] W oA W
slsl Hr gk 05 ppmelth. UD-RAN-02 A&+ vl2uls 32 35,000~85,000
ppme WA WHEsY HF S 53,000 ppm, 2EEF S 800~2,400 ppmo
Hol A Wstst H g2 1,600 ppm, HHE 32 3.0~9.0 ppme] Wl A H3}sk
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Table 10. Trace element (Mg, Sr, Ba, U) content of rhodoliths using ICP-MS

and LA-ICP-MS. (unit: ppm)
Trace
Instrument Sample element Mg Sr Ba U
content
max 42,677 2,627 12.2 0.8
ICP-MS min 29,720 1,618 5.0 0.2
average 37,479 2,152 8.7 0.6
max 56,897 2,288 9.2 0.8
UD-RAN-01 min 30,399 709 2.8 0.3
LA-ICP- average 40,244 1,116 4.3 0.5
MS max 85,685 2,387 8,5 1.7
UD-RAN-02 min 25,295 781 2,3 0.1
average 52,990 1,587 4,8 0.5
(a) 13(b)
e a 4 ICP-MS

- *,
2500 :' s ut 18

2000 |-

Sr(ppm)

1000

500 1 1 1 I 1 1

= LA (UD-RAN-01)
> LA (UD-RAN-02)

.,
*

_ZDDDD 30000 40000 50000 80000 70000 80000

Mg (ppm)

50000

Fig. 24. (a) Scatter diagram of magnesium

rhodoliths using ICP-MS and LA-ICP-MS.

versus strontium contents of the

(b) Scatter diagram of barium

versus uranium contents of the rhodoliths using ICP-MS and LA-ICP-MS.
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HAe] AolA =44 g@ddE fl vl e AdAQ Wstke &
o] x=wslel & tujEtty X uE It (Chave, 1954; Chave and Wheeler, 1965;
Moberly, 1968; Milliman et al., 1971, Hetzinger et al., 2009, 2011). z&4}
Moberly(1968)= &xw¥ 9} olmjulFo] nlaulg FHFS £ o9 w We] 7

L, AR gy ddol st A Bl e Adset 22 434

A AEES B E(CaCO,) o2 o] Folx ok, AE 72k deof Zx(Ca)ol vt
augeR ABAUA DS Fre]) wEel Ao LEst Holdd wheh g
A gol dojubr) webd M8l 244 el wiaulg FHe die] Lt &

ofdgE Aol @aq wWalAd el miadls 2 E=obXth(Lea, 2003).
o] o AToME FxTY W madls ol FR F3 dAVE v AlRb
3lal A tH(Henrich et al., 1996; Halfar et al, 2000). o}#j¢} #ro] Halfar et al
(2000)7F AA & =G o]gste] I o] madlg e Wstel] wE

o] 2=wsts A ¢ Stk

e 9 WA digdetd FRe Hx7b 228°C, AEol 221°C, HEE

= 24.1°Colt}. %3S AYsta HxHE FAMAE el Apol= A9
H| 28k 28 Hola, olRy ALZd X3 AFE =9 7|1t 2°C
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2% s 43S Rt me Feol F7HEl wek MgCO; ¥

Fig. 25. Satellite images of the sea temperature (2010).
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Fig. 26. Magnesium contents of the rhodoliths.

magnesuim value of rhodoliths in the summer. The dotted lines indicate the

magnesuim value of the rhodoliths in the winter. The number is calculated value

of the temperature by using MgCO, value of the rhodoliths.
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Table 11. Mean values of Mg, MgCO,, and 60 compositions and calculated

growth temperatures.

Temperature?

§1%0
(%, VPDB)

Mg MgCO; Temperature!
(mol %)

(ppm)

Sample

°C)

O

no.

21.7

-1.0

28.3

17.5

57000

UD-RAN

-01

15.2

0.5

19.4

9.8

30000

26.3

-1.9

34.2

22.6

85000

UD-RAN

-02

17.6

0.0

21.8

11.8

35000

is calculated temperature by using the MgCOj3 content(or equation (1)).

1
2

*Temperature

O(or equation (2)).

18

is calculated temperature by using the MgCOj content and &
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Fig. 27. Oxygen isotope profile for the rhodoliths. The dotted lines indicate the
oxygen isotopic values in the winter. The number is calculated oxygen isotope

values of the seawater in winter by using oxygen isotopic value.
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Fig. 29. Scatter diagram of oxygen versus carbon isotope compositions of the
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Appendices

Appendix 1. Trace elements compositions of the UD-RAN-01.

(unit: ppm)
Me}f;”; "8 Mg Ssf Ba U Me}f;”; "2 Mg S Ba U
1 37,007 1,180 501 0.48 33 39,360 937 3.44 044
9 40,169 1405 555 0.49 34 40,967 1,010 3.90 0.48
3 38,964 1,204 4.17 0.46 35 39545 963 4.25 0.49
4 41766 1,316 452 043 36 38,031 931 4.04 042
5 43,896 1,290 3.96 0.45 37 38591 1,090 4.09 0.44
6 38425 1228 3.86 0.44 38 44,272 1,009 355 057
7 31,671 2006 6.09 0.76 39 40,826 983 3.72  0.60
8 39,765 1,280 4.50 0.44 40 43262 1,114 4.95 0.54
9 38570 1,255 504 0.44 41 51,064 1,132 371 0.54
10 36,376 1,235 6.49 0.49 42 39017 999 407 055
11 35,107 1,238 4.63 0.41 43 49835 1,268 5.66 0.54
12 36,379 1,587 822 0.55 44 45399 1,246 459 0.44
13 43374 1,294 4.65 0.40 45 41,974 1,107 3.76 0.40
14 43,642 1,172 3.85 0.38 46 34,287 964 3.01 043
15 33,782 1,004 3.34 0.33 47 40,720 1,107 3.67 0.40
16 33554 1,005 3.29 0.34 48 39,786 1,045 4.45 045
17 36,086 1,151 3.85 0.37 49 37,164 1,430 470 0.67
18 37,315 1,089 3.53 0.37 50 39,918 997 3.23 0.46
19 34517 904 3.07 0.35 51 39,864 981 344 054
20 45,946 1,199 4.64 0.44 52 47,416 1,250 3.92 055
91 37811 999 3.76 0.34 53 43,660 1,163 4.37 0.53
92 41538 1,107 4.30 0.40 54 44557 1,144 358 0.54
93 41,627 1,053 447 0.42 55 44,124 1,469 4.33 056
24 45807 1,151 4.97 053 56 33,227 1,216 3.93 047
95 35919 921 344 0.49 57 35309 1,020 3.79 051
26 36,552 942 344 0.49 58 35245 1,083 4.05 053
97 37756 1,004 356 0.57 59 36450 965 4.34 0.48
98 38455 987 3.40 0.62 60 35521 1,109 4.37 0.46
29 38790 966 3.35 051 61 39,124 1,075 3.35 0.44
30 37,612 933 320 0.49 62 39387 1,189 3.83 0.58
31 37911 933 324 049 63 41,904 1,213 3.90 0.58
32 40,259 955 336 051 64 45706 1,161 3.65 0.56
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Appendix 1. continued

(unit: ppm)
Me}f;”; "8 Mg Ss Ba U Me;‘;”; "2 Mg S Ba U
65 44440 1,175 3.80 051 97 32,030 1,170 4.79 0.48
66 46,595 1,194 3.81 055 98 34,642 987 3.86 0.40
67 51,082 1,308 4.26 057 99 33,203 963 3.82 0.34
68 43,025 1,204 4.91 054 100 33,049 937 3.67 0.38
69 43915 1,202 509 0.42 101 32,957 908 3.58 0.33
70 39501 1,091 4.15 0.43 102 37,749 978 417 0.39
71 46,421 1548 4.74 0.49 103 33,955 902 3.90 0.39
72 39789 1,110 4.13 0.47 104 33,024 886 3.69 0.37
73 47,009 1,189 5.12 0.46 105 34,102 951 3.74 0.34
74 47395 1,263 4.92 0.50 106 34,021 880 3.79 0.44
75 37,977 1,055 4.09 0.43 107 37,758 1,051 451 0.44
76 31,885 1,591 3.93 053 108 38,435 1,180 4.04 0.43
77 36786 1,032 3.25 047 109 39,146 1,080 3.82 0.40
78 46,621 1,331 3.56 0.54 110 39,833 1818 451 0.44
79 53813 1,681 659 053 111 36,090 1,280 4.57 047
80 38450 2,155 589 0.53 112 45,907 1,286 4.11 0.49
81 39486 2,050 505 0.65 113 45,078 1,175 3.97 0.45
82 46,536 1,567 457 053 114 39,870 1470 4.75 055
83 48185 1,393 6.12 0.50 115 37,713 1,051 3.84 047
84 45934 1,323 543 045 116 36,966 1,071 4.26 0.45
85 49310 1462 630 0.42 117 37,815 1,070 3.68 0.46
86 40,863 1,237 9.24 047 118 40,731 1,160 3.94 0.45
87 37474 1,228 6.32 0.44 119 42,247 1241 441 047
88 38914 1,257 4.69 0.38 120 44,223 1,361 512 051
89 43550 1,305 849 0.52 121 49,568 1516 4.83 0.58
90 40,375 1,376 5.80 0.46 122 50,475 1,513 513 0.62
91 37,448 1272 580 0.42 123 50627 1424 455 061
92 31,968 1,071 4.72 0.46 124 54,159 1,391 458 0.58
93 33,151 1,116 4.64 0.42 125 48,030 1,264 4.33 0.59
94 37522 1,244 470 0.43 126 49,803 1,330 3.81 0.67
95 35100 1,117 3.81 043 127 53,109 1,384 4.24 0.63
96 33,452 1,254 510 0.41 128 51,003 1,489 515 053
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Appendix 1. continued

(unit: ppm)
Me}f;”; "8 Mg Ss Ba U Me;‘;”; "2 Mg S Ba U
129 42,040 1,336 5.14 0.52 161 31,570 774 350 0.41
130 48,561 1,502 4.52 0.64 162 33,767 771 350 0.37
131 43,383 1,630 6.34 0.63 163 35,057 819 3.65 0.37
132 51455 1,547 5.61 0.60 164 33,612 785 3.21 0.39
133 45,985 1,285 4.12 047 165 33,704 804 3.03 0.36
134 38,616 1,138 4.14 0.50 166 31,942 710 281 0.31
135 37,739 1,141 4.42 047 167 44,708 1,031 4.80 0.43
136 37,205 1,117 4.12 0.46 168 52,864 1,303 5.33 0.44
137 37,593 1,193 4.98 0.49 169 48,565 1,459 5.15 0.49
138 42,497 1,183 5.60 0.44 170 32,960 782 3.19 0.40
139 36,538 963 4.47 0.41 171 51,019 2,023 589 0.63
140 36,865 1,134 3.23 0.49 172 45,626 1,981 7.69 0.72
141 49457 2,289 4.93 0.60 173 46,673 1,126 5.08 0.43
142 33282 1,105 4.07 0.48 174 33,195 770 3.43 0.38
143 30,765 850 3.72 0.41 175 34,049 844 412 0.38
144 56,898 1,390 5.60 0.67 176 43,346 1,245 535 0.51
145 46762 1217 4.72 0.59 177 45,164 1,230 5.29 0.50
146 45,004 1,095 4.17 0.54 178 46,674 1,179 532 0.69
147 44,267 1,055 3.90 0.45 179 40,651 1,036 4.96 0.50
148 43,501 1,047 3.18 0.44 180 36,772 1,190 519 0.51
149 43,996 1,062 3.07 0.46 181 41,094 1,149 477 0.49
150 40,427 978  2.82 0.42 182 40,444 1,108 5.31 0.49
151 38,794 943 2.83 0.38 183 41,625 1,065 541 057
152 37,374 993 3.17 0.37 184 42,883 1,063 5.33 0.59
153 34,040 916 3.07 0.37 185 49,153 1,222 5.83 0.62
154 34,142 882 3.49 0.38 186 44,745 1,173 6.33 0.58
155 32,137 851 2.97 042 187 49,687 1,565 6.30 0.66
156 33,276 883 3.29 0.43 188 45,021 1415 6.49 0.65
157 31,998 825 3.34 0.40 189 44,949 1591 6.23 0.60
158 31,591 827 3.29 0.41 190 43478 1,162 5.11 0.54
159 30,399 764 3.36 0.40 191 44,726 1,169 4.80 0.57
160 30,834 785 3.62 0.41 192 46,145 1,200 545 0.57
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Appendix 1. continued

(unit: ppm)
Mej;”; "8 Mg Ss Ba U Me}f;”; "2 Mg S Ba U
193 49,802 1,287 549 0.61 204 37477 1,033 3.12 0.42
194 39,659 1,029 4.13 0.49 205 38,203 1,070 3.31 0.45
195 37,525 1,010 3.94 0.44 206 38,623 1,251 3.66 0.43
196 41,152 1,092 4.36 0.48 207 40,083 1,166 4.09 0.46
197 37,358 991 3.96 0.47 208 37,193 961 3.46 0.38
198 34,325 900 4.09 0.44 209 34,310 925 346 0.38
199 35,291 969 3.36  0.49 210 33,003 882 3.01 0.36
200 34450 911 3.44 0.42 211 32,440 926 3.31 0.37
201 36,297 1,003 3.32 0.46 212 35148 1,032 352 041
202 39,353 1,089 3.48 0.46 913 34,356 1,204 542 055

203 35,343 974 3.16 0.39
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Appendix 2. Trace elements compositions of the UD-RAN-02.

(unit: ppm)
Mej;”; "8 Mg Ss Ba U Me}f;”; "2 Mg S Ba U
1 50,877 1490 4.67 0.70 33 61,971 2,062 542 096
9 47,629 1481 445 0.69 34 59,167 2,064 458 1.07
3 53343 1542 4.65 0.90 35 51,937 1,695 4.78 0.77
4 48199 1,485 4.88 0.80 36 44,606 1,504 5.78 0.77
5 45641 1521 4.82 0.76 37 48548 1,538 597 0.71
6 51,747 1517 4.68 055 38 46,498 1,669 5.30 0.76
7 42,618 1510 442 1.08 39 43,688 1,749 459 0.6
8 49771 1560 5.18 0.98 40 41,779 1,759 5.09 0.65
9 69,411 2227 7.58 1.17 41 43836 1,825 448 0.80
10 65,691 2180 6.36 1.13 42 43,924 1,791 5.73 055
11 66,660 2,170 854 1.30 43 40511 1,535 5.17 0.71
12 63283 2201 6.75 159 44 39191 1,618 554 0.99
13 64,902 2218 7.58 1.23 45 41,886 1,710 558 0.68
14 60,545 2,166 7.06 1.72 46 43,605 1,748 6.34 0.75
15 55476 1,831 6.24 0.82 47 50543 1,815 5.63 0.66
16 51,938 1,927 6.94 0.85 48 52,531 1,836 5.63 0.89
17 46,899 1,660 6.32 1.16 49 54862 1,687 5.69 088
18 56,849 1897 6.98 1.06 50 46,721 1,464 543 1.01
19 73,950 2,237 6.72 0.80 51 44,439 1468 561 1.08
20 56,744 1,827 595 053 52 43,202 1528 556 081
21 59,153 1,899 6.07 0.78 53 43,947 1,513 547 0.94
22 62531 1,840 4.80 0.69 54 40,763 1,535 5.09 1.05
93 59550 2,312 4.32 1.34 55 37,270 1,519 4.85 0.77
24 58328 1,983 6.08 1.06 56 46,170 1,633 548 1.07
95 58952 1,990 595 1.04 57 50,947 1,889 5.34 0.90
26 55670 1,986 824 0.75 58 52,542 1,846 554 0.65
97 925358 1,255 59 52,050 1,846 5.03 0.84
98 57455 2,086 5.96 1.02 60 52,524 1,717 567 1.05
29 47611 1,647 479 0.71 61 47,522 1,604 578 1.07
30 46,505 1,807 4.91 0.73 62 46,794 1,663 541 1.12
31 48178 1,797 534 0.69 63 47,759 1,729 6.28 0.88
32 50415 1,906 5.06 0.92 64 53818 1,861 553 0.99
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Appendix 2. continued

(unit: ppm)
Mej;”; "8 Mg S Ba U Me}f;”; "8 Mg S Ba U
65 55020 1,008 4.77 071 97 36,981 1,060 3.38 0.13
66 50,207 1904 5.30 0.95 98 31,989 982 3.22 0.14
67 43457 1,719 539 091 99 36,662 1,075 3.68 0.17
68 39,081 1638 6.06 1.22 100 37,535 1,029 343 0.17
69 42,648 2377 7.45 1.21 101 30,902 910 280 0.13
70 61,788 599 1.46 102 28914 856 241 0.10
71 62,410 1,737 520 0.99 103 26,696 840 231 0.12
72 45455 1566 4.23 1.03 104 28,685 889 322 0.16
73 50,274 1497 3.68 1.05 105 26851 782 266 0.15
74 53489 1,907 6.38 0.92 106 31,858 928 296 0.18
75 46,930 1,637 4.06 0.95 107 27,0149 787 255 0.14
76 51,149 1,744 108 33,165 934 3.12 0.18
77 57,578 1,909 4.93 0.98 109 32,714 942 331 0.18
78 78,149 2313 4.67 0.54 110 25295 788 246 0.17
79 78331 2235 552 0.83 111 27,763 795 279 0.17
80 69,523 2,173 4.71 0.68 112 31,950 872 284 0.17
81 58437 1971 5.18 0.65 113 33856 955 2.84 0.14
82 52,698 1,750 5.71 0.88 114 36,266 875 275 0.17
83 53043 1,740 6.31 0.76 115 34878 851 289 0.17
84 50,858 1,787 4.25 0.93 116 40,599 1,070 3.27 0.14
85 46,359 1,734 4.56 0.84 117 39,065 1,029 3.03 0.15
86 48,413 6.38 0.96 118 44,044 1,118 3.06 0.17
87 43,851 661 1.15 119 35856 943 267 0.15
88 50,392 1851 4.75 0.77 120 38817 1574 329 0.17
89 50469 1,863 6.52 0.69 121 31,343 1277 338 023
90 58,139 1,984 6.38 0.66 122 33182 1,932 3.83 0.23
91 71524 2,188 559 071 123 52,347 1,268 3.43 0.20
92 70,365 2,052 6.67 0.73 124 49,040 1,182 3.36 0.21
93 49474 1,820 6.62 0.65 125 44,687 1,080 351 0.20
94 53864 1907 551 0.65 126 36012 967 295 0.16
95 45,029 1,243 3.83 0.13 127 45160 1,208 351 0.19
96 47,634 1,334 4.07 0.14 128 48,143 1,366 3.90 0.22
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Appendix 2. continued

(unit: ppm)
Me}f;”; "8 Mg Ss Ba U Me;‘;”; "2 Mg S Ba U
129 161 52,671 1,393 546 0.33
130 43,680 1,200 3.12 0.21 162 45,612 1,377 4.85 0.34
131 47,827 1,180 2.97 0.21 163 44,048 1,253 3.91 0.35
132 44432 1,111 3.08 0.19 164 53,484 1,478 3.89 0.33
133 45,703 1,134 2.91 0.20 165 41,814 1,158 4.56 0.29
134 53,651 1,259 343 0.23 166 48,684 1,402 4.32 0.29
135 42,998 1410 3.99 0.32 167 44,321 1,332 3.96 0.28
136 44,953 1,406 3.73 0.36 168 52,017 1,482 517 0.34
137 45,593 1,362 3.97 0.31 169 64,350 1,500 6.11 0.41
138 44,755 1,255 4.04 0.30 170 59,222 1,367 529 0.34
139 48,548 1,370 4.39 0.32 171 60,720 1,401 539 0.34
140 48,392 1,403 4.03 0.31 172 54,331 1,326 5.03 0.32
141 51,220 1,414 365 0.32 173 57,691 1,383 540 0.35
142 59,710 1,472 4.06 0.37 174 48,403 1,663 5.48 0.39
143 63475 1512 391 0.39 175 50,930 1,354 4.73 0.32
144 65,053 1,635 3.96 0.40 176 60,982 566 0.41
145 58275 1512 3.75 0.36 177 63,363 1,624 4.48 0.39
146 63,114 1,735 3.78 0.35 178 55,048 1,347 3.87 0.37
147 59,276 459 0.54 179 65,150 1,619 453 0.39
148 60,665 1,658 3.99 0.34 180 50,412 1,487 3.87 0.33
149 72,675 1,798 4.06 0.35 181 49,520 1,342 3.85 0.34
150 182 55,151 1,468 4.44 0.35
151 60,443 1,666 4.19 0.33 183 60,841 1,655 4.78 0.35
152 61,526 1,590 4.15 0.32 184 71,491 1,761 5.07 0.35
153 58,529 1,529 4.61 0.32 185 59,849 1,605 4.72 0.28
154 50,274 1,310 4.10 0.31 186 65,272 1,636 4.66 0.34
155 52,681 1,439 4.23 0.36 187 47,407 1,304 4.41 0.33
156 47,509 1,792 4.58 0.48 188 49,759 1,456 3.70 0.30
157 46,557 1,284 4.26 0.33 189 61,847 1,668 4.09 0.40
158 56,942 1529 4.89 0.34 190 61,630 1,753 4.24 0.41
159 54,203 1,441 4.65 0.30 191 53,325 1,596 3.63 0.31
160 56,120 1,908 6.48 0.41 192 55,423 1,547 3.90 0.31

_93_



Appendix 2. continued

(unit: ppm)
Mej;”; "8 Mg Ss Ba U Me}f;”; "2 Mg S Ba U
193 51,167 1,451 3.64 028 925 68,687 1,610 521 041
194 49,172 1,419 3.98 0.28 996 53,871 687 0.71
195 61,523 1,707 3.99 0.29 997 69,010 6.45 0.47
196 60,035 1,681 3.99 0.27 298 64,950 1,565 4.99 0.38
197 52,003 1,477 4.22 0.30 999 55263 1,444 4.98 0.36
198 56,693 1,485 3.89 0.33 230 53,071 1,607 4.36 0.35
199 63,971 1,614 377 0.31 931 53,108 1,578 4.17 0.35
200 57,361 1,572 3.25 0.34 932 64,857 1,790 4.19 0.44
201 57,985 1,631 3.22 0.34 233 60,223 1,709 4.35 0.37
202 61,616 1,759 3.87 0.37 934 58793 1,779 4.05 0.34
203 61,757 1,775 3.97 0.35 935 81,356 2,110 4.80 0.37
204 57,062 1,634 4.36 0.37 936 75026 2,044 5.10 0.34
205 69,413 1,849 5.11 0.34 937 69,708 1,894 4.96 0.33
206 54,145 1,569 4.65 0.31 938 59,781 1,817 540 0.32
207 65250 1,565 4.62 0.32 239 52,176 1,623 5.73 0.34
208 63,681 1,492 4.68 0.35 240 55651 1,598 5.02 0.36
209 58471 1445 4.79 0.33 241 52,689 1,587 4.59 0.37
210 62,511 1456 4.14 0.33 242 47,058 1,573 4.40 0.35
211 65725 1,707 4.15 0.36 243 48544 1,551 6.71 0.35
212 55,724 1,293 4.19 0.38 244 53589 1,792 6.65 0.31
213 85685 1,822 3.99 0.35 245 59,700 1,715 6.03 0.31
214 77546 1,734 356 0.29 246 53,135 1,610 4.99 0.30
215 247 45377 1,636 4.17 0.33
216 248 41,760 1,574 4.15 0.31
217 249 44,252 1579 4.19 0.32
218 950 51,453 1,639 4.30 0.33
219 65033 1,521 549 0.39 951 52,070 1,688 4.43 0.34
290 67,346 1,683 5.67 0.34 952 54,980 1,592 4.69 0.35
221 953 58,862 1,811 523 0.34
292 75262 1,846 539 0.35 954 53,117 1,766 548 0.33
293 74,610 1,789 566 0.35 955 52,856 1,791 5.72 0.36
9224 68,072 1,742 532 0.38 956 51,196 1,643 5.26 0.34
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Appendix 2. continued

(unit: ppm)
Mej;”; "8 Mg Ss Ba U Me}f;”; "2 Mg S Ba U
957 47,924 1,650 4.90 0.36 289 66,025 1,741 6.17 0.26
958 45823 1,652 5.17 0.37 290 50,990 1,577 6.90 0.31
959 46,642 1,532 4.85 0.34 291 62,784 1,708 5.69 0.33
260 47,117 1,602 4.78 0.38 292 60,201 1,526 4.75 0.32
261 46,785 1,661 4.93 0.38 293 66,199 1,677 4.60 0.33
262 48,826 1,599 4.82 0.37 294 59,647 1,525 4.35 0.32
263 47,036 1,640 5.00 0.38 295 58,032 1498 4.38 0.35
264 48,077 1,534 4.44 0.34 296 57,247 1,629 3.99 0.33
265 47,616 1,630 4.34 0.35 297 53,043 1,538 4.02 0.30
266 50,981 1,697 4.92 0.32 298 45,157 1,370 4.07 0.34
267 51,562 1,699 4.87 0.31 299 44,015 1,259 4.04 0.34
268 57,934 1,672 527 031 300 47,931 1,406 4.03 0.33
269 61,019 1,630 4.98 0.30 301 60,150 1,761 4.40 0.33
270 59,593 1,658 4.85 0.30 302 56,131 1,705 4.51 0.33
971 54,093 1,568 4.78 0.29 303 62,458 1,843 4.87 0.32
972 55199 1,602 4.64 0.31 304 61,003 1,820 4.73 0.30
973 58,060 1,657 4.47 031 305 58,762 1,670 4.61 0.31
974 59,488 1,665 4.56 0.38 306 59,135 1,643 4.91 0.30
975 60,951 1,667 4.34 0.40 307 60,508 1,712 4.98 0.30
976 63,655 1,677 4.40 0.43 308 60,225 1,614 4.81 031
277 66,105 1,903 4.59 051 309 53,673 1424 436 0.30
978 64,600 2,077 4.74 0.52 310 53,945 1427 4.75 0.33
979 58,685 1,984 595 0.47 311 56,183 1,526 4.75 0.30
280 57,197 1,526 4.45 0.34 312 53372 1461 4.81 0.30
281 50,960 1,492 455 0.35 313 50,941 1436 501 0.32
282 52,833 1,665 4.73 0.37 314 56,207 1,554 447 0.34
283 60,765 1,702 4.68 0.35 315 52,704 1,485 4.13 0.33
284 58543 1,651 4.97 0.34 316 49,867 1,552 4.43 0.33
285 65,847 1,749 5.02 0.34 317 47,143 1553 421 0.34
286 66,431 1,770 512 0.33 318 48621 1,500 4.01 0.34
987 64,691 1,769 528 0.32 319 54437 1,582 421 0.36
288 76,744 1,854 549 0.31 320 62,460 1,643 4.30 0.36
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Appendix 2. continued

(unit: ppm)
Mej;”; "8 Mg Ss Ba U Me}f;”; "2 Mg S Ba U
321 61599 1,685 4.65 0.33 353 47,311 1,553 5.78 0.38
322 65683 1,680 4.64 0.39 354 48330 1,537 6.47 0.36
323 67,534 1,731 471 041 355 52,107 1,541 6.36 0.40
324 61,169 1,702 481 0.40 356 49,003 1,563 5.46 0.55
325 58919 1,700 4.45 0.39 357 47,792 1,550 4.85 0.56
326 59,377 1,791 451 0.34 358 45871 1488 4.91 051
327 58,788 1,643 511 041 359 44,357 1476 5.16 0.42
328 63,216 1,798 4.92 0.49 360 45822 1411 5.34 0.42
329 35325 1,638 7.76 0.62 361 47,185 1,465 520 0.43
330 54,229 1,550 6.67 0.69 362 50,379 1,505 6.45 0.52
331 54,879 1453 7.49 0.67 363 55170 1,592 5.75 0.55
332 50,984 1,440 0.73 364 58,203 1,801 543 0.58
333 51,656 1,560 5.35 0.46 365 64,631 1,866 5.24 0.57
334 51,506 1,648 4.90 0.46 366 52,947 1,539 448 0.47
335 54,685 1,615 4.84 0.39 367 52,913 1,565 5.76 0.39
336 56,121 1,728 5.41 0.42 368 48,096 1,464 4.70 0.43
337 58540 1,645 511 0.42 369 46,802 1,458 4.53 0.38
338 52571 1,542 501 0.36 370 57,256 1,724 6.03 0.39
339 55918 1,564 4.83 0.34 371 60,809 1,799 5.69 0.46
340 54,347 1496 501 0.31 372 67,829 2,047 5.92 0.50
341 58303 1,547 583 0.32 373 63,723 2,006 555 051
342 53,147 1,607 7.31 0.40 374 71430 2114 6.73 0.57
343 51,336 1,565 6.51 0.38 375 69,576 2,228 6.42 0.45
344 44011 1403 517 0.35 376 65048 2,043 6.32 0.44
345 39,963 1,248 5.12 0.38 377 61,174 2,007 6.25 0.44
346 46,148 1,429 6.22 0.39 378 61,812 1,756 6.24 0.37
347 50,036 1,460 548 0.36 379 50443 1,516 4.88 0.34
348 47,238 1453 481 0.39 380 57,042 1,678 5.35 0.39
349 45055 1480 501 0.36 381 52,032 1,841 6.05 0.43
350 46,587 1,510 555 0.36 382 52220 1,742 6.11 0.43
351 45185 1,508 5.92 0.40 383 49449 1,677 6.31 0.44
352 42,360 1,462 557 0.38 384 52,790 1,652 6.49 0.46
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Appendix 2. continued

(unit: ppm)
Me}f;”; "8 Mg Ss Ba U Me;‘;”; "2 Mg S Ba U

385 55773 1,789 6.08 0.43 417 39,612 1,311 355 0.34
386 59,976 1,782 578 0.42 418 35,300 1,365 4.02 0.42
387 63,801 1,855 578 0.43 419 42454 1,340 421 0.42
388 64,495 1,935 531 0.39 420 43,195 1,367 3.93 0.39
389 70,374 2,064 523 0.42 421 42499 1426 4.02 0.38
390 66,338 1,992 5.10 0.43 422 41,768 1416 3.76 0.40
391 60,593 1,946 5.30 0.43 423 41,881 1428 4.10 0.37
392 58377 1,931 471 043 424 41530 1,382 3.86 0.38
393 52,278 1,673 4.40 0.38 425 41,344 1,310 3.80 0.38
394 57,975 1,798 4.37 0.41 426 46409 1426 3.83 0.31
395 56,528 1,671 4.46 0.38 427 46,145 1,301 3.50 0.28
396 63,977 1,882 4.93 0.43 428 44,488 1,263 3.50 0.27
397 59,225 1,710 4.46 0.39 429 45830 1428 431 031
398 57,160 1,650 4.54 0.38 430 45036 1,357 4.27 0.31
399 61,301 1,698 4.44 041 431 37,117 2,063 4.71 051
400 63,284 1,800 4.76 0.44 432

401 64,639 1,849 4.83 0.42 433 46,625 1,502 524 0.72
402 56,303 1,529 4.08 0.37 434 44,323 1,317 4.13 054
403 56,875 1,483 4.27 0.38 435 44,270 1,357 4.15 0.45
404 55678 1471 4.28 0.37 436 46,903 1437 439 0.41
405 45425 1,172 3.65 0.30 437 50,310 1,484 4.64 041
406 44,750 1,130 3.39 0.32 438 68,994 1,712 532 051
407 45367 1,113 3.35 0.32 439 54,966 1,649 5.05 0.38
408 51,124 1,433 3.89 0.48 440 57,695 1,600 6.06 0.39
409 59,542 1453 3.67 0.41 441 49,842 1,378 594 0.37
410 46,759 1,217 353 0.33 442 57,336 1,541 591 0.37
411 47,719 1,258 3.92  0.30 443 59,677 1,592 5.65 0.43
412 44469 1,183 3.85 0.30 444 64713 1,636 6.46 0.43
413 43,760 1,223 4.14 0.30 445 54779 1447 548 0.37
414 39,191 1,189 352 0.32 446 48,669 1,320 525 0.35
415 46,557 1,366 3.98 0.37 447 52,323 1414 536 0.36
416 48430 1,548 4.23 045 448 48,123 1,349 4.87 0.34
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Appendix 2. continued

(unit: ppm)

Measuring

Mg Sr Ba U

point

Measuring

Mg Sr Ba U

point

449 51,193 1,456 4.70 0.36
450 50,896 1,426 4.83 0.40
451 51,201 1,467 4.46 042

452 52,602 1,479 498 0.48
453 54,044 1471 497 0.58
454 53,459 2,388 6.94 0.75
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Paleoenvironmental reconstruction and growth rate
estimation using rhodolith near Udo, Jeju island

Heo, Nam-Guk

Department of Geology

ABSTRACT

The rhodoliths (UD-RAN-01, 02) was investigated to delineate paleoenviromental
reconstruction using textural, stable isotope compositions and high resolution
trace element data. It was collected from shallow marine environment between
Udo (U Island) and Seongsan, which is located in the northeastern part of Jeju
island. The rhodolith is mostly made up of coralline red algae with living ones
on the surface with a minor contribution by bryozoans, serpulid worm tubes and
boring bivalves. Conceptacles filled with shallow marine cements are commonly
observed within red algae. Clear difference of cell size between summer and
winter in the rhodolith can be observed. Cell size is larger during summer due
to faster growth rate. Cell size variations together with seasonal cyclicity
indicate that annual growth rate of UD-RAN-01, UD-RAN-02 are about 0.25,
0.12 mm/year respectively. Based on cell counting and counting of annual
growth laminae, it is estimated that the UD-RAN-01, UD-RAN-02 had grown
for about 100 and 300 years.

Trace elements (Mg, Sr, Ba, U) and isotope compositions were analyzed to

delineate paleoenvironmental changes during the growth of the rhodoliths.

_99_



Calculated temperatures using magnesium compositions of both the rhodoliths
show significantly difference in real winter paleotemperature. It is likely that
microsampling of the rhodolith during winter intervals was not accurate enough
to show real seasonal variations due to smaller cell size and narrower spacing
of winter growth intervals. However, it cannot also be ruled out that
paleowinter temperature was lower during winter. Calculated summer
paleotemperatures using magnesium compositions are considered that
UD-RAN-01 is 28.3°C and was grown similar seawater temperature in today.
UD-RAN-02 i1s 34.2°C and was grown higher seawater temperature than today.

There is clear linear relationship between carbon and oxygen isotope values.
This should imply that both isotope compositions were influenced by the same
controlling factors. it is considered that both the oxygen and carbon isotope
compositions are effected by fresh water input. However, Variation of
magnesium composition 1s unrelated water composition and only affected by
sea—temperature. Magnesium composition of the rhodoliths is mostly effected by
sea—temperature.

The carbon isotope composition of present seawater is -0.2%, and The carbon
isotope compositions of UD-RAN-01, UD-RAN-02 are 0.2%, —1.1%. Present
seawater and UD-RAN-01 have similar value and UD-RAN-02 has the most
depleted value. Also, The carbon isotope compositions of present seawater and
UD-RAN-01, UD-RAN-02 are wider values in summer than winter. The
variation value of present seawater and UD-RAN-01 have similar range and
UD-RAN-02 has the widest range. Thus, UD-RAN-02 was more effected by
Changjiang River. Consequently, It is considered that UD-RAN-01 was grown
similar environment in today and UD-RAN-02 was grown warmer and wetter

than today.
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