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Fig.1 Concentration factors for chemical spe-
cies in various groups of limestones in
the Ryukyu lIslands. N —H, hardrocky
samples of the Naha limestone; N—S,
soft-sandy samples of the Naha limesto-
ne; Y —H, hard-rocky samples of the
Yontan limestone; Y —S, soft-sandy sam-
ples of the Yontan limestone; M —H,
hard-rocky samples of the Machinato
limestone; M —S, soft-sandy samples of
the Machinato limestone; (a), Fe.0s; (b),
Si0; (c), AlOs; (d), P:Os; (e), Mn; (f),
MgO; (g), Na; (h), CI; (i), SO..
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(3) HERAIKEH ORI

HEKAIKE hDSi0. 13FH 3.7% bbb <
DSi0: (T AIKE T O LK) D Quartz PG L L)
WCHkd 35D T Dolomitedi 3 F. FHEKAIK
B ARCOWT | IR CEE L 7RISV T,
XEROfra:copEERE LR, 2 ToRM
IZDWTQuartzd ¥ — 27 3B, F - EREY)
olliteSHERAIKEICHEE IR 51, Dolomite
D KB E T, Kaolinited € — 7 (3
Wil Dolomite THl C FERAIKEICHI S HHE T o
¥ 72 Feldspar®MontmorillonitedsH % D A3 &b
hid, <R3 LDERBTVbDHHD | Mt
SHBAME LTRALTWA I LZRLTE
D&,

Table 1. The mineral composition of the insolu-
ble residue of Ryukyu-limestone and
protodolomite treated with dil. HCI.

Sample No.| Quartz teldspar 11lite Kaolin Montmori.
39-24 + “+ + + —

37 +tt + + + -
37-2 +t+ + + +t+ —
21-48 +t+ + +Ht + +
32-1 +++ - +++ + -
21-4A +t+ + 4+ + -

6-3 +H+ - t+ ot =

(4) RERIGHIEYIOBab K USrEHE

WERAIKE. v d, Fa<A MEBLTITA
KBTI D PaFE D B IEHERRY) D rh A 58208 O
ARV, £ OBaZHEIC S W TREA AR
FEEROTERLE Lz, (T.J.Chow, Science\
193.57-58 1976) ZDfERER2ITRLET, &
ITRY & DT, Ba DYIGEHR I Y~ F8.5ppm |
FiBK A IK A3 5ppm . F o < A b §i14.2ppm
AIKEIBELEY)140. lppmTH Y ¥ L1,
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Table 2. Average of major elements and Ba
contents of Ryukyu Limestone and
Associated Materials.

S104%) Ca(x) K(ppm) Sr(ppm) Ba(ppm) (Ba/Ca)’(Ba/Cayy,

Corals Mean 0.112 37.98 139 7895 8.55 0.82
Number of Samp. (17) (19)  (8) (20) (20) (7
Min 0.013 35.64 115 3800 3.81 0.38
Max 0.668 38.69 170 8700 22.6 2.3

S104%) Ca(%) K(ppm) Sr(ppm) Ba(ppm) SQfppm)

Ryukyu Mean 3.25 37.32 59§ 333 13.56 151
Limestone (19) (190 (18)  (19) (18)  (19)
Min 0.12 31.9¢ 17 130 1.93 10
Max 1M.31 0 39.64 3970 700 78.9 370
Dolomite Mean 12.29 26.78 n.d 1284 14.24 5413
Numver of Samp (13) (13) (15) (13) (13)
Hin 2.83 21.84 n.d 330 5.36 170
Max 20,84 33.3% n.d 2800 321 9360
Marine  Mean 3346 21.84 3810 1456 140.1 3892
Sediment (31) (31) (20) (28) (30)  (25)
Min 0.25 0.8 170 10 6.4 300
Max 87.59 35.94 18560 4500 405 6400

(). Number of Sample

(4—-2) Ba&SrmBafk

K 2icBalSrofRAE R LE T, KicR 5 &
1T\ Ba & Srid#pE kY < 2 IHM S B 0 iE
BAZRT A, BEKAKE. v TP Fo<w A M
TRIE-E0ELBRRBESNERA, ThiIZ
LB IC v ) A%< | Bald T orhic
EREICEENh, £ cBad IS & 3R DY
MH Y SridEEIE O D Aragonite 122 4
FhoehoLEILShET,

(4—3) BaliEBARAKEL DR

Baldr A OHIcE EF N TV S A[EMN &
5O TilkE 6 NIERE TR L. Z offik & 7R
WKOWTCBak L& Lico TDRER. £31
KT LD ICBalRBEALHEEA.S 7 v B &
WIEFERE IR U 7o BB C EHRE T,
COHEFBadr A BEE M ICEEN S T L &R
LTwET,
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Fig.2 Relationship between Ba and Sr.

Table 3. Difference of Ba content on treatment
with GM HCI| and HF+HCIO, Solution.

NO. 69-35-424  70-24-G5M IN-21-2 37-6

Si0, 70.59% 83.77% 0.50% 2. 85%
Bay 6M HCI 0.55ppn T4 07ppm 9. 20ppm Y. 51ppm

{HPHCIO,, 337.1 " 385.4 " 967" 811"

(4—-4) Bad&K&DBEF

Ba tKDfIC@EWIEDOHMM S D % 9,
Ba(ppm)=0. 0225 X K(ppm ) DBHFRIASRLIL U &
To COFRBZDELZDA 4 VEHBaldl.35 A
TR 33A LIFHITEVWEERLTWS T &
5. NS ISR TR TRE LR TV EMT
HahFzT, TDLH7 T & idEngelhardt(1936)
SAUETICKORE W b DICBads@ W HAR LT
B, % 72Chow. Z(1978) bMarianaif & o0
Lava®HizBaDgWicKmuh e vwd T &%
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ZOhor A BIEICHEET 52 bDEEZ SN FE
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DBald3. 8~22. 6ppm TH148. bppm &L Y | 85—
0.55="7.95ppm & 750 £ 97, ikt dBa, Cad

JRFHAT.29X107°(T. J. Chow) & LT SELFE 0 100 200
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Fig.3 Relationship between Ba and K

OHEERIIILE RS (19712 K hiF20CT
AragoniteicXt L CTI12IZ0.9EETH O . ENE

(5) iR ERHh X
ERDKER & 4 v e oW TSR 2ol 12 131FE Ul + B

FOZA FEEICDINT

I H Yy TOHADBaDE D 1A A O KRS 13

FENEBICL > THRIATE 2 bDEEZLONE T, MREAS BT ER RIS i KB L EE | T—HA 1

Table 4. Difference in chemical composition between the dark-and light-colored

parts of the Pleistocene Naha Limestone, central Okinawa.

“Number of

KQCI‘207
analyzed MgO SO4 consumption Cl P,05
— samples %) %) (mglp) (D) (%)
Dark-colored
Mean 23 9.57 0.49 38.7 0.012 0.047
Min. 5.16 0.16 13.0 0.008, 0.014
¢ l ? ¢ ¢
Max. 15.49 0.94 73.6 0.025 0.101
‘Light-colored
Mean 13 7.51 0.070 3.6 0.0051 0.0438
Min. 3.97 0.012 0.3 0.0010 0.002
¢ l ¢ ¢ ¢
Max. 12.59 0.226 8.2 0.0016 0.030
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Fig.4 The relation between the amounts of SO,
and “K.Cr.0, consumption” and their
change from the dark-to the light-colored
part in the carbonate rocks of the Naha
Limestone, central Okinawa.
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(a) Naha Limestoﬁe
(dork—collored)

(b) Naha Limestor)e
(light —colored)

A’

(c) Tonaki Dolostone

1 : _
20 30 40 50
diffraction angle

|
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25

Fig.5 X-ray diffractograms of (a) bulk rock
of the dark-colored part, and (b) that
of the light-colored of the protodolomite-
bearing Naha limestone, and (c) order-
ed dolomite-bearing dolostone of the
Tonaki Formation: Dpr; protodolomite:
C, calcite;Mg-C, magnesian calcite; Q,
quartz; F, feldspars.
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Fig.6 DTA curves of two representative dolo-
stone samples from southern Okinawa,
the Ryukyu lIslands; 39—2 light-colored
portion, 37—14 dark-colored portion.
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Fig.7 DTA curves of residual matters in disso-
lution experiment. 37-15-A: dark-colored
protodolomite-bearing sample, 37-15-W:
treated with water, 37-15-0.5N: treated
with 0.5N hydrochloric acid.
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Table 5. Chemical composition and color of Rainbow stone from Kita and Minami Daito Islands

Sample Si0, Fe,03 AlLO3 MgO Ca0O Na Cl Mn Color

No. (%) (%) (%) (%) (%) (ppm)  (ppm) (ppm) H—VvV__C
KD-28B 002 012 076 624 47.00 2500 3570 23000 1 Grayish black
KD-27 0.03  0.04 033 1791  33.46 3200 4030 9300 J 0—11—0
D-3-F 0.07 328 041 1838 3130 2000 2230 7300 Brown coffee
D-3-E 005 332 031 1842 3215 1200 1680 3400 4—13—3

Al 9 Brown
DD | 008 376 025 1816  32.07 1100 }390 2000 ,],,4:"_ a4
D-3-B 002 364 036 1796  31.90 1200 1560 230 _
D-3-G 010 4380 038 17.13 3219 1800 2060 130 ] aciitd e
D-3-H 0.03 404 020 17.56 32.43 840 1040 1300
D-3-A 084 297 064 987 4050 3100 4050 80 Brilliant Yellow Orange
D-3-1 042 210 020 17.43 3393 720 770 87 7—18—4
D-3-C 002 039 017 1879 3347 1700 2220 sz ] e iellew Swange
KD-35A 1118 201 447 912 3299 2400 2740 730
KD-35B 6.00 1.64 406 11.64 3343 3300 3480 120 Pale Yellow Pink
KD-36C 767 120 232 728 3931 2200 2490 540 7—19—3
KD-S 431 064 092 1004 4155 550 400 120
D-11B 015 006 0.1 165  53.81 270 220 90 Cravish Wh
D-11A 0.07 004 013 1798  34.53 960 870 340 prhide s it 4
KD-28A 010 001 012 1971 3297 480 410 67

H = Hue., V = Value, C = Chroma.
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(a) Mn Koy 15 um (b) Fe Ko

(c) Mn Kai (d) Fe Kai

Fig8. EPMA for Mn and Fe in sample KD-28B(black colored porion)(X1200). (a) Composition image
and line profile for Mn K«, X-ray, (b) Composition image and line profile for Fe Ka, X-ray,
(c)Mn Ka,; X-ray image. (d Fe Ka, X-ray image.

(d) Fe Ka:

Fig9. EMPA for Ca, Mg and Fe in sample D-3H(yellowish brown)(X600). (a) Composition image.
(b) Ca K, X-ray image. (¢) Mg Ka, X-ray image, (d) Fe Ka; X-ray image.
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Fig10. Relationship between relative concentra-
tion ratios, (Na/Cl)solid/(Na/Cl)s.w,
and Cl content. (Na/Cl)solid and (Na/
Cl)s.w denote Na/Cl ratios in sample
and in sea water, respectively. Solid cir-
cles (®) are for Rainbow stone, solid tri-
angles (a) are for corals and open
squares (O) are for marine seiments.
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Fig1l. EPMA for Cl and Na in sample KD-28B (black portion(X600). (a) Composition image, (b)ClI

Ka, X-ray image, (¢)Na K«, X-ray image.
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Table 6. Average of REE, Sc, Hf, Cs, As and Sb

Associated Materials.

Contents of Ryukyu Limestone and

La Ce Sc Eu Gd Dy Yb Lu Sc Hf Cs As Sb
Ryukyu Limestone 3.3 7.30 0.76 0.24 1.05 0.68 0.51 0.06. 1.41 0.59 0.76 3.78 0.68
(63) (68) (63) (49 (12) (18) (62) (58) (62) (61) (49) (58)  (60)
Daito Dolomite 3.45 7.62 0.58 0.15 0.99 0.32 0.42 0.06, 1.04 0.76 1.71 22.99 3.12
(13) (16) (17) (12) (5) (8) (8) (10) (15)  (14) (16) (16)  (16)
Akamichi Dolomite 3.17 9.99 1.3¢ 0.11 0.92 0.31 0.26 0.04s 0.79 0.65 0.92 17.71 1.45
(25) (25 (25 (25 (15 (9) (25) (20) (25) (25 (25) (255 (23)
Marine Sediment 2.65 5.99 0.57 0.13 0.86 0.28 0.32 0.055 1.23 0.53 1.00 50.19 1.44
(23) (23) (23) (22) (6) (12) (23) (23) (23)  (20) (22) (22) (21)
Motobu Cryst. Limestone 1.26 1.87 0.22 0.08 0.51 0.35 0.25 0.02, 0.63 0.36 0.41 0.88 0.32
(15 (19 (15 (12) (4) (3) 1n (13) (14) (7 (12) (8) (13)
Coral 0.45 1.29 0.31 0.02 0.02 0.06- 0.05 0.13 0.11 1.11 0.13
(6) (14 (149 (5) (3) (12) (14) (6) (10) (4) (13)
() : Number of Samples
HroAS B La, CesSmy Eu, Gd. Dy, Yb, Lu’s kbDEEZ o E T, Hf ZRBIEHERY O F
EDEBREITOE Lo OO EEEEK 6 H{EH30. 13~0. 7T6ppm TRainbow-stnoelt %%  #
WWRLED, VIR BBEWVETHD T,

(7-1) SHERICONT
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Z L CHEL B <50, 2ppm & FRRICH WEER
LET. Ih3EFEEOBYCEEDICEROE
FE 2 ~10ppmDEFHEEICEGEFNATVWE EWVWD
Lunde (1977)* O#ESED o MIEKESIEES 1
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Fig12. Chondrite normalized REE patterns of Ryukyu Limestone and Marine sedi ments.
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Fig13. Effect of concentration degree (volume
of original sea water/volume of diluted
and/or evaporated brine wate) on diffrac-
tion angle; 26 (CuKa) of (104) spacing
of rhombohedral carbonates.
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#Ar 533°CT 7T B> > THRL L 72Protodolom-
ite T,

Synthesized
Protodolomite

(A-11)

Natural
Calciandolomite -

Fig14. X-ray diffraction pattern of synthesized
protodolomite and natural calcian dolo-
mite. Synthesized protodolomite was ob-
tained by dropwise addition of 50ml of
0.4M-Na,CO; solution into 380ml of pare-
ntbrine solution at 33%£1°C, which was
prepared by evaporating normal sea wa-
ter to one eighth of its original volume.
Reaction time; 7 days. pH range; 5.58
(initial )8.00(final ). Condition of X-ray
instruments; target;Cu(Ka), 30KV-10mA,
count range; 125, time constant; 8. Natu-
ral calcian dolomite was a fossil coral
collected from Riukiu Limestone(Pleisto-
cene) at Yonehara, Okinawa. Condition
of X-ray instruments; target;Cu(Ka), 30
KV-10mA, count range; 1,000, time con-
stant; 1.
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Fig15. Mg/Ca molar ratio in precipitates, dif-
fraction angle(26-CuKa) of (104) spacing
of protodolomite and relative abun-
dnace of the minerals vs. volumes of
0.4M-Na.CO, added to 380ml of the 8
times concentrated brine waters at 33°C.
Symbol;large ©>0O>A>(A)=trace.
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Fig16. Effect of reaction time on mineral com-
position of precipitates at 35°C. Condi-

tion of X-ray instruments; target: Cu
(Ka), 30KV-10mA, count range: 500,
time constant: 2, (A: aragonite, PD:

protodolomite, HC: monohydro-calcite,
HM: monohydro-magnesite).
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Fig17. Formation field of Mg-bearing carbona-
tes at 35+2°C in relation to concentration
degree (volume of original sea water/
volume of evaporated brine water) vs.
concentration of CO?; added as Na,COs.
(V: aragonite, O: calcite, @: Mg-calcite,
@®: protodolomite, [J: huntite)
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Table 7. Results of chemical analyses for terrestrial ferro-manganese nodules.

Si0; MnO; Fe;03 ALO;  CaO  MgO

Cu

Ni Zn Cd Co Pb Sr

i (%) (%) (%) (%) (%) @ @em) (pm) Gpm) (pm)  (pm) pm) (ppm) /¥
N-3 36.27 199 1537 200 025 034 120 90 160 60 1,000 1,200 95 117
N-§ 29.07 207 1745 1106 040 037 140 170 210 70 890 1,100 160 1.07
M-8 36.62 17.6 14.60 8.64 0.70 0.23 100 50 180 64 950 160 320 1.09
M-9 3444 183 8.66 1534 038 0.8 60 50 200 17 350 130 240 1.91
S-1 26.66 19.3 21.61 10.00 0.21 0.28 90 90 150 42 700 930 35 0.80
S-4 2991 211 1195 1525 041 047 60 120 190 47 310 72110 1.60
S-5 24.40 19.8 22.28 9.42 0.26 0.21 80 100 160 72 1,000 260 71 0.80
KI-1 25.25 249 16.55 10.41 0.23 0.29 120 150 160 51 1,300 550 130 1.36
Y-1 28.13 234 15.71 4.49 1.10 041 120 150 200 71 830 850 550 1.34
Y-2 2984 233 1355 7.2 123 051 140 130 230 100 490 590 490 1.55
Y-3 29.96 215 18.88 6.18 0.43 0.30 90 90 160 37 930 1,200 9s 1.03
Y-4 28.89 228 15.15 6.78 1.00 0.44 140 130 220 S8 970 780 410 1.36
Gi-3 2320 197 1824 1001 045 024 100 90 150 68 720 140 140 097
T-1 30.58 20.4 17.45 10.45 0.55 0.40 100 140 190 51 770 380 400 1.05
K-1 30.71 21.7 17.93 7.86 0.69 0.61 190 220 460 64 680 490 590 1.09

Av 2959 210 1636  9.00 055 035 110 120 200 58 790 590 260 1.21

A

i 1
1 cm

B

Fig18. Photographs of terrestrial ferro-manganese nodules
(A) Physical appearance and (B) cross sectional feature of the manganese nodule.

RSO LE T ey b LIODHI9THD E T,
BlicH 2 X583/ ¥ a—uaphEand 3R
EAEVWASEET B3I oNTHA L. 2enll ki
155 ERIEF—EDMEL B, Mnld/NE VTR
BEEAEWAHER T SIc o THER L0, 2enll |

MmEALFEUE 4, 20 (1990)

(19)

K BEING—ERBAERBRONET, #
B DColPhbERT I >N TRBIBHEAK
MR SN B0, 3nmPl Fics 5 & 3IF—EICK S
AR SN E T, Zn, Cuy Nik & UCdIF
PEVWEHERTELLLFDRBVLITHDET,

47



1000
800"
600r
400F

2001

Minor components(ppm)

401

30+

201

10F

Major components (%)

Radius of manaqanese nodules (cm)

Fig19. Changes in major and minor components in manganese nodulcs with nodule size.
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Fig21. Differential thermal analysis patterns
for terrestrial ferro-manganese nodules.
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Fig22. Depth dependence of excess loniun/Thorium (lo/Th) ratios in terrestrial manganese nodule.
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