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Magmatic differentiation of ilmenite series granitoids in San-yo belt.
~discovery an oscillatory zoning of amphiboles in granodiorite
in the Kakogawa area, southwest Japan—~

Kazuya Kawakatsu™ and Erika Aoyama*®
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Abstract
Medium-grained Cretaceous to late Paleogene hornblende-biotite granodiorites are distributed from east to west in

Kakogawa as small masses about 1 km X 2 km in size. The granodiorites are thought to be a part of a batholith around the
Sea of Harima, and belong to the ilmenite series granitoids in the San-yo belt. Oscillatory zoning was discovered in the
amphiboles in the Kakogawa granitoids.

The granitoids contain automorphic ilmenite in the pale green rims of automorphic amphiboles. This shows that oxygen
fugacity was not so high, and indicates reducing conditions in the early stages of magmatic differentiation. Following that,
the outer parts of the amphiboles reequilibrated, and pale brown cores and pale green rims were formed by replacement of
the primary stage, due to fluid circulation under subsolidus conditions. Moreover, replacement of the secondary stage by
fluid circulation continued, and oscillatory zoning formed in the pale green rims of the amphiboles by sudden oxidation of
the remaining magmatic fluid. At the same time ilmenite re-equilibrated into a combination of rutile and sphene among the
amphiboles and other crystals. The oscillatory zoning, which has developed only in automorphic apatite in the pale green
rims of the amphiboles, shows that the oscillatory zoning formed after replacement, by fluid circulation of the primary
stage. The oscillatory zones are a few micrometers wide, with a form like a cross-lamina structure. This developed in the
direction of c-axis.

The San-yo and San-in granitoid belts became active at the same time, but differ greatly in the extent of oxidation of
their early magmatic differentiation stages. However, there are some similarities, such as the same oscillatory zoning of
amphiboles. Using this as an index, contrasted with granitoids of both belts, suggest the temperature and pressure conditions
after the late magmatic differentiation were alike in both belts.
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hornblende-biotite granodiorite

rhyolite(lava)

massive hyaloclastite

{rhyalitic glassy crystalline tuff)

layered hyaloclastite(rhyolitic glasay

=) grystalline tuff-eartiyerystalline glassy tuff)
= partial welding pyreclastic flow sediment
(fine-grained tuff)

dense welding pyroclastic flow sediment

) (partly crystalline glassy tuff)

1

%km

1 B N~ &St o K (2 77 5000 430> 1 IR % 1)



24 Jg - Ak - IR D A

F—7 =2V /#02 mm

DOWRERIRT, IEEL pm O R Z V)

PR B AREE SF WL S A RE L, I A&
oA 2/8NakTh b ANAITEE~FEET, Mg
WmmplaoBea T e, 7o F A ~Mg HilARa o
KIFEDIRFE R ) D05 b. FRICERE ORI
LA (T 7T 7WR) 2b0060H 5. WIRBNEGE LR
) AHORI AL ND, B | AOIRIEH um T, #5cEE
DX RN OYSNODEEZIRL A5 ¢ #iFIAICm
Mo TEHELTVDS (F4Ra~c). PIRBEGHEIL KE
a7 RS ) A IEA SR,

WS F 2 >~ $iERI~ I DRMEICET 5 —FE

BRI 121d, < 7~ bR O~ 7k o Z{L=,

KELGHED EFIZE 5> TH 726 IND RO L 99, He
DOEEANOPHN L 2WFEFIED LA, FHARHIC X 2WER
ROFEL &I SN TV D, ERE ST
WCEER D IEOIREE & % 2 O3, BRALIN & & DA G HET
H5. b OANARLBEERO ) ATEREEDED, <7
YLK~ TV ) AT TR D B\ I L7z
EEZ ONDERALER ) VKA OB, LT RSk IR
FIEREEDO D DL UL TWE, ToZ ik, B &
DB O = 7 < LRI DU O BB S EAYEIL L T/ 2
EERRLTWD, SEOERE D L2 LT, s & e
O~ 7~ O b E R L 72X % 55 5 KIIR L7z,
BRI B AR A — W H s 2 A 9 2 FIIEACAE e (B
A~ AP /NI, BN RERSLRIIZE T
WYY AD—Fa 7 LTEY, HEE=RAERAE B~
RIS \CINEICE 2N T, BRI RSz L)1
3 % (Kawakatsu and Yamaguchi, 1987). HAPIA Ok
1) MZBEEOKE LRSIl TE SNTBY, ARAERE
W 288 (v 7 <L) 2 SBFESEDS LA LT
CEERRLTWD, 20K, MAFREREL - 7 SR
12 & BHE5E T 585C ~500C (logfO,= —174~—-24) £\ 9
RTROV) T ARMRE LD b o LIERWIRETARAD
PR L, Bt o a7 (Mg @ mpaa) o
gkt ) & (77 F 7 PR ~Mg El A PIH) BT S
7z (551 BB SRIERD) . S HICTFRARERNC & 23
5EC 425TC ~390C & 2 9 IR T, £ < ® porphyry copper &
MG S 2 TER i & FB, R ORI X 5 B8Rtk
EMFESIEO BN ARSI B Y, STV
T AL T THNAR ) VIKAOWIRBREEATR S L
FRAEH)EAPHFA L, & SISHRRESRSEAN T L7z
(2 BB RIER). —ERICH SN2 T & #EiE, IS
IREEREE L AE L T2 070%, X D IRROMRILIC X 54
2R OSRKRIEMTHEL, A7 x— ¥ + EL DS HL A



i 7 & > $RELRVIRRIE~ 7~ Oft s LVERIZ BT 5 —& %
~ VU H AP I N H B PAeE o A PIa 72 53R S NIRRT S 2 e & LT~ 25

Fal¥a APGICASNLIIRATEE ZDOR 7 v F
A =7y - ZaV/o5mm, H JLK) A —7> - =20/ 02 mm

GhEIB L7z, BAFORSRSLD, X0 I L
7o INSHIEWING, HEEVBESTEEGTHo L
ERLTWA.

S EANTIE R O F iR Bl ~ 7 55 = A A B L 72Ny
N ofekEE QLB T 7~ 885550 1, BEANA D
Byt a7 Rkt ) ACHE~FEEORE 2T 8V 8EH°
WESNTWS, Zhiud, <7< boRIzE 2z Lk
TR B, BEUMBEECTHo-ZLERLTWVS
Z0%, T V)T RGN T ORARIERIC L 25 1 B o
ZARMERIC & o THIHOIFBO L, #Bha7 &
AR ADR S Nz S 512, WARHOMEERIZL 582
BREOZMRAERAB BN, 28~ 7RO L > T
FPTA PR B2 S, F 5 v SREERS SR ©
VTN + AT == OFEPRAG OEITT L7z, HIRSR
THREOTEIRD S, Z OFHERE XY 7V ) ¥ ARETH -

7 REMEATE N, BT B X OSSO G e a2 S 12 A
bz YIkAlE, WIS ANANETTRIZICKE F6E
LTWwaZehn, /<ot RcANas &b IcmliL
7bDEEZLNL. Z0H L, ANAOBRGOLTICEA
ENDY VIKADRIZFEL TWD, NEAWLRIGIRE RT
PR B ARG L, 55 1 AR QTR & 2 SR DUV
B S 7z WIRRTTEE ORI IR OB, RESEE
HAEREBI LTV ERRIBL TV,

O L9 AR OB, I )T RE T B AR B
K — M DD A B Z o 72 TE LT
BaweEzons, % OEREEITE | B RIERO
HAEREERL, 2 BRSO & 2B REA 2R L Tw
BTz ®, I T LG A5 7 B B 7 B
e FE o7 RAHOIEBRITRE L 2B I b, 20
BEICL o TS ESEMHMEEIERING. F2 EEO



26 N sk - Fiz )

B4aMb ANAICALNLIRENTEEE ZDA 7 v F
A —=7v Zav/Ho5mm, H FEK) =7 - =3)/H02 mm

SANE I & AR L 725l A& R S R B i s A R L T v B
APIAIE, BEICHED > T A EMEEe, — kIl s
NTOLIEMEBEHEOBRIZOALNL., —FEHYE LT
WLz ThH, EREE T T HO IS8 L7240 F T,
650C RRIEDRIRTH o T EAHDEHGERT 5 2 LT X<
MHENTWES, Z0XH12, BB~ E5E =SS L
e rid, BEFELZ > TWTY, w7~k S
WEIZFA L L) ICRERGEN LA L, WIS EISE oW
TWwolztEZbN5.

B b Wl

NG AR =A% e ARy I = ey g e Py )
HWHOH I Z IR TBI o2 bDTH A, FEHEERRK
BEMNDLI LR, 74—V 2 kE L OBZEL

FATIRZE R X K FRn L v, BRWARTIZETEICL - THS
NIRRT HL. BIEETOLEIA, L5 ITICIEE-TH
59, SHBOBETH D,

I NATEFTH %2 U2 5046 5 2 A PR B R AL e PR
DPFBEITBLOREEEO) LOFRCl e EonNayry
TLEXEOCEPMAMEEZ B 2w, WEHFOMANA LD
(LR R e 5. S50, ZEAB X UL X
L EiREOEEY B .

@mdto) YKo ar yEvllET A2 LT, v
TRBCOFHIFK L 7ehE0E LoD, < Tk T
LEREFO ClEPSMIKT T2 2 LMo Tns,
BREO) VIRAIZERAFHEEEZLTBY, &
PNz, v AT TICMBK L Tzl L 2R L
TW5,

OB OERALSEIC L, F 7 Y885 /N FIRIC D DRk



i 7 & > $RELRVIRRIE~ 7~ Oft s LVERIZ BT 5 —& %
~ VU H AP I A E R PARE o A PI 2» 5 3R S NIRRT i 2 et & LT~ 27

Falkc APILICALNLIIRATEE 2O 7 v F
7B A - =2)V/K02 mm

LR, FH VB DIV T R ST B L &
HELRENDL. INSOHEDF & Y88, Z DO
NV FIRHFEILN R EN TN D, S 512, HEkiLZ o
b DL IRERINZ ST B, EPMA AT & - T, il
TN O EHOBALIEIZONT O RO ST % B 2
%9,

il 3

KiFEE B2 ) ldiz> T, BRSO LIEREL
121d, ABEEREIZ BT S HARBE SR 114 2T Re IS
BT, FERZIEMEERT L Cw2vi, 2ot
) THEZRLLT.

5 B X ®

Chivas, AR., 1981, Geochemical evidence for magmatic fluide in porphyry
copper mineralization. Part 1. Mafic silicates from the Koloula igneous
complex., Contrib. Mineral. Petrol., 78, 389-403.

Czamanske, G.K. and Wones, D.R., 1973, Oxidation during magmatic
differentiation, Finnmarka complex, Oslo area, Norway, 2, The mafic
silicates., J. Petrol., 14, 349-380.

Ishihara, S., 1977, The magnetite-series and ilmenite-series granitic rocks.,
Mining. Geol., 27, 293-305.

flEZE=, 1982, fbia Ry &S LIER., SalE, 32,281-283.

Kawakatsu, K and Yamaguchi,Y., 1987, Successive zoning of amphiboles
during progressive oxidation in the Daito-Yokota granitic complex, San-in
belt, southwest Japan., Geochim. Cosmochim. Acta, 51, No.3, 535-540.

JIBEFI, 1989, VET H A ILFE T DAL SO A PIA 2> & oscillatory
zoning DFEHL. ST UL STV i i AT e, 6, 24-61.

W )T LR R R 2 B4y, 1981, Wiy ORI



28

Jgs - Ak -

HIR D H»

Kakogawa

(San-yo belt / ilmenite series)

automorphic ilmemite

/

¢

Oxygen fugacity is low.

-

\

automorphic
apatite

ilmenite reequilibrate
to ilmenite +magnet|te

‘
~

\
=

(primary stage

7

suol}Ipuod Bu!z!p!xo 9A1SS920Ng

Magnetite reequilibrate

to rutile+ sphene.

/

Oscillatory zone
was fomed.

fluid
(secondary stage)

into more end constituents.
A lot of iimenite reequilibrate

Oxygen fugacity is high.

Y

fluid Oscillatory zone
(secondary stage) was fomed.
425~390°C

Jlapun uo&mmnbaau

Daito-Yokota (Shimane)

(San-in belt /| magnetite series)

automorphic
magnetite+ilmemite

I

4

\

limenite +magnetite
reequilibrate.

automorph|c apatite

@

R
585~500°C

(subsolidus conditions)

A

Fluid

limenite reequilibrate

to sphene+magnetite.

Magnetite reequilibrate
into more end constituents.

@
R
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