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Petrology and Geochemistry of Granitic Rocks
In South Sulawesi, Indonesia: Implication for
Origin of Magma and Geodynamic Setting

Adi Maulana, Koichiro Watanabe, Akira Imai, Kota¥onezu

Abstract—Petrology and geochemical characteristics of ganitdiscuss the origin of magma and the geodynamiéngeth
rocks from South Sulawesi, especially from Poleavali Masamba these two areas.
area are presented in order to elucidate theiriro§ magma and
geodynamic setting. The granitic rocks in thesasege dominated by
granodiorite and granite in composition. Quartzfellspar and
plagioclase occur as major phases with hornblendk kaotite as
major ferromagnesian minerals. All of the samplesenplotted in
calc-alkaline field, show metaluminous affinity atygical of I-type
granitic rock. Harker diagram indicates that grianibcks experienced
fractional crystallization during magmatic evolutioBoth groups
displayed an extreme enrichment of LILE, LREE arstight negative
Eu anomaly which resemble upper continental crif#igy. They
were produced from partial melting of upper comitaé crust and
have close relationship of sources composition iwith suite. The
geochemical characteristics explained the arc eelatubduction
environment which later give an evidence of comttrentinent
collision between Australia-derived microcontinamid Sundalandto
form continental arc environment.

Il. GENERAL GEOLOGY

The study areas are located at Polewali and Masamtbe
northern part of south Sulawesi, approximately &®0and 400
km north of Makassar, respectively (Fig.1). They separated
by mountainous topography consisting of Tertiaryd an
Quaternary volcanic rocks. The general geologyhis area
consists of five sequences [5]: (1) Pre-tertiary tane
sedimentary rocks including flysch deposit whichsvimrmed
in a forearc basin setting, and ophiolites of Lan@amplex;
(2) Miocene to Pliocene syn-rifting sequence coregosf
siliciclastic, coal, volcanic and carbonates seditagy deposit
of the Toraja and Mallawa Formation; (3) Tertiansprifting
sequence including the Eocene to Middle MiocenéhQzaite
Makale and Tonasa Limestone; (4) Middle Miocene to
Pliocene granitic to gabbroic intrusive rocks; Bjocene to
Recent non marine to upper bathyal sedimentary siepo
including Walanae Formation.
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|. INTRODUCTION

HE magmatismin Sulawesi Island in the central pdirt

Indonesian Archipelagoranges from Tertiary to Quetey
in ages. They consist of basaltic-andesitic to igiamagma in
composition [1], [2], [3]. Constrain on the magnaakiistory
and source of the volcanic rocksas well as geoatemi
processes have been reported by previous studged4g [1], ¢
[3]) and discussions on their tectonic setting hawsen
prevailed. However, there has been little systamsttidy of
granitic rocks in this island despite their largstribution,
tectonic significance and economic potential. Ateygtic
study of particular granitic rock will provide dédtanagmatic
and geochemical processes that perform in partieméa.
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Therefore, a systematic study on the granitic rdaks this
island needs to be intensified. The aim of thisepaig to
address the petrological and geochemical charatitsriof the
granitic rocks in Polewali and Mamasa, in Southe@elsi and
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Fig. 1 Geologic map of study areas

The Polewali granitic rockis situated in the west@art

which belongs to granitic rock series consistsiofite granite
[6]. They were classified as granodioriteby [7] amdecent
report by [8] reported these rocks classified aanie,
granodiorite, diorite, syenite, quartz monzonitd ayolite. The
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occurrence of Masamba granitic rock was reportefPbwho
then classified them into Kambuno Granitic groupickih
consists of granite, granodiorite and gneiss roéke age of
these groups were interpreted as Tertiary as thieyded the
Bonebone Formation which is Tertiary in age.

Tertiary magmatic complex in south and central ®ek,
which includes the Tertiary Polewali and Masambaniic
rocks, is part of the West and North Sulawesi Pltizanic arc
province [10], [11], [12] which has been explairseh result of
west dipping subduction of a microcontinent bloBk [

IIl. ANALYTICAL TECHNIQUE

Twenty four granitic samples were taken from th&cmps
in both Polewali and Masamba areas. Polished thaticns
were prepared for petrographic and analytical workise
samples were later crushed and pulverized and zippately 1
kg were crushed and milled to 200 mesh and therotighly
mixed using a swing mill.
compositions were analysed at Dept. of Earth Ressur
Engineering, Kyushu
Vancouver, Canada, respectively. Whole rock contipos
were determined on fused disc and pressed powidey Ksray
fluorescence spectrometer Rigaku RINT-300 whereaset
elements including REE were determined by ICP-M$hoe:

IV. PETROGRAPHY

Polewali granitic rocks are coarse- to medium-grdimand
are hypidiomorphicequigranular. They generally egmtjuartz
(20 to 40%), plagioclase (40 to 55%), alkali felaisf<10%),

biotite (10-15%) and hornblende (<10%) with minutes = “

accessory of titanite, apatite, zircon, magnetitd @menite.
Quartz grains are generally clustered between pttage with
micrographic and occasional granophyric
Plagioclase varies from oligoclase to labradoritéhveome
crystals showing oscillatory zoning and sieve textin Some
samples, plagioclase occurs as phenocryst whichrezch 5
mm in length, showing polysynthetic twinning anchtzoning
abundant inclusion of quartz and biotite. Some iplelgse rim
has been altered to carbonate and chlorite. Myrietiexture
occurs but is not common in some samples. Alkadisigar is
orthoclase and sometimes occurs as matrix intettraovith

quartz. Sometimes microcline is found which is iadyt

resorbed. Ferromagnesian mineral include hornblgnéten
altered to chlorite and calcite) and biotite (atkto chlorite).
Hornblende occurs as dark brown crystal, rangiognfd to 3
mm and sometimes more than 4 mm in size. Biotitedsown
and greenish yellowish and common in almost all fam
Magnetite and ilmenite are the most common opaase

Masamba granitic rocks are coarse- to medium-ggaine®

hypidiomorphice quigranular texturewith grain simestly in
the range of 1 to 4 mm. The rocks are generallyidarad by
quartz (30-45%),plagioclase (20-30%), K-Feldspail@%o),
biotite(5-8%) and hornblende (3-5%). Plagioclasemigstly
subhedral and euhedral,
albite-caldsbad twinning. Sometimes they occurtanpcryst
in some samples, up to 8 mm in size and sometimes &
typical oscillatory zoning with quartz inclusionidiite occurs

Major and trace elements

University and ALS Chemex,

and commonly show albit

as flakes, brownish to yellowish and sometimes basn
replaced partially by chlorite along with hornblenth the
groundmass. Titanite, small tiny zircon, apatitel @apots of
iron oxide occur as accessory minerals. Mymerkitete was
found in some samples. Chlorite occur as seconaémgral,
usually found in the rim of plagioclase, biotiteamanblende.

V. GEOCHEMISTRY

The results of major and trace element compositives:
listed in table 1. Most of the rocks were plottedyranodiorite
and granite field with some of them plotted in dmar
monzonite, monzodiorite and diorite fields in Totalkali
Silica (TAS) diagram of [13] (Fig. 2). The bulkroposition of
all samples shows high Si@nd KO contents with low MgO
content.

A Polewali
14 O Masamba

10 Foidolite

Na.O +K.O (wt%)

.........

I R TR TN W N T T N TR T T T N

65 T3

55
S10.(wt%)
Fig. 2 Total Alkali and Silica (TAS) diagram of [[L8f Polewali and
Masamba granitic rocks

intergrowth

The Polewali granite is dominated by granodioritck,
with subordinate monzodiorite and quartz monzofite SiQ
content of granodiorite and quartz monzonite rarfiges 64 to
65 wt% with KO and NaO content ranging from 3.9to 4.4
wt% and 1.1to 2.4wt%, respectively. Meanwhile, the
monzodiorite is characterized by lower $i(B6 wt %) and
K,0 content (3.9wt %) as well as j@acontent (1.9 wt %). This
monzodiorite also shows a high content of Lol (la=s
ignition).

The Mamasa granite has more acidic compositiorhass
by the intensive distribution of granite and graindte with
one sample show dioritic composition. The gi@htent range
from 63 to 68 wt% and more than 70 wt% for grandtkcand
granitic rocks, respectively. X content of the granodiorite
ranges from 2.9 to 4.8 wt% whereas that of graniticks
hows a relative wide range (1.9 to 5.8 wt%). Ti@®, Sontent
of dioritic rock is 57.5 wt% with KO content of 2.9 wt%. The
N&O content of all the samples is confined to a réfngm 2.3
to 3.8 wt%. ASI (Alumina Saturation Index) valués
Polewali samples range from 0.88 to 0.92 whereasettfirom
Masamba samples range from 0.82 to 1.1.
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TABLE |
WHOLE ROCK AND TRACE ELEMENTS ANALYSIS OF POLEWALI
AND MASAMBA GRANITIC ROCKS

Polew ali granitic rocks Masamba granitic rocks
POL-ST2 POL-ST3 POL-13 POL-STL POL19  POL1l  M-STI3 M-ST6 M-RF2_M-RF4  M-RF6_M-ST3B _M-1 M-ST3A M-RF7 M-RF4B M-RF1
&

Rock name Grandiorite | Monzosiorite | Granesoriie | Granodirite | ® | Guangiorie | Granadoriie | Granodirite | Granssorite | Granodorite | Dierite | Granodirite | Gransdiorie | Grankte Granie Grante | Granosarite

Sample

Whole rock (wt%g

sioz 64.33 56.61 6516 6478 6478 6542 66.14 64.33 6520 6866 5757 7167 63.89 76.59 74.28 7140 66.97
Tio, 068 069 052 063 056 040 054 064 058 051 100 043 070 016 01 044 056
ALLOs .28 us 518 11 168 .20 us4 165 1500 ua1 .08 18.40 183 266 BS7 B8 1507
FeOT 452 507 423 429 387 256 385 459 360 274 6.04 325 453 145 152 as7 296
Mno 010 01 007 009 007 007 008 009 007 005 0.0 oun o 005 0.03 on 005
Mgo 328 578 259 289 254 182 244 299 329 21 546 158 315 073 0 142 237
ca0 a7 557 381 426 394 421 394 458 422 321 6.84 295 503 187 070 365 358
Na,0 233 17 261 239 242 15 249 256 268 237 232 271 251 386 330 330 239
K0 439 389 393 431 498 443 459 365 405 485 294 207 394 198 582 199 431
P.0; 028 025 023 024 021 01 022 024 021 01 027 009 024 004 0.02 0.0 0.3
S0, 003 004 002 004 001 000 001 ou 000 001 004 000 002 0.00 0.00 000 000
Lol 082 581 134 160 160 540 089 133 081 071 i) 163 082 058 0.40 046 144
Total 9977 9973 9969 9971 99.66 99.79 9973 9979 | 9980 9982  99.80 9992  99.77 9997 9994 | 9992 99583
Trace elements (ppm)

cr 30 50 30 30 30 0 30 40 0 30 20 <0 30 <0 <0 <0 40
Ni < 37 < s < <5 < B 20 6 33 < <5 <5 ] < 6
Rb 196 74 s 1855 207 227 795 B4S5 52 233 615 364 8 313 8 a5 15
Ba ws 105 215 1540 2230 1020 1645 00 730 747 586 344 25 u1s 269 288 766
Th 369 434 a7 a7 439 544 445 535 263 23 265 441 407 2.59 353 736 16.05
u 9.04 02 933 01 882 05 934 n1 752 61 698 054 853 093 398 166 a2
Nb 7.4 .6 5 74 u9 208 54 7 u7 14 85 55 83 14 36 53 96
Ta 14 13 13 14 12 19 12 14 12 1 15 04 15 02 04 04 09
Y 299 253 278 275 23 26.1 257 295 w2 B8 258 56 311 203 0 382 U4
st 261 530 586 533 563 288 562 542 201 324 493 505 504 838 B1 805 322
zr 21 89 204 200 8 2B 11 209 80 59 255 16 07 02 302 152 158
H 68 6 63 62 55 67 61 67 58 53 75 46 63 39 93 a8 a8
La 36 659 61 61 64 719 645 085 378 344 53 62 746 76 751 154 293
ce 807 1w m m w 75 w 81 743 663 1025 27 B3 56 157 31 585
Pr 963 22 u7 16 125 275 12 B80S 815 698 12 162 u 21 w2 399 672
Nd 377 438 426 a17 392 429 403 602 303 253 a2 72 503 89 53 6.1 236
sm 769 782 78 781 68 725 7.38 968 56 437 778 185 909 23 78 a2 442
Eu 15 17 164 16 148 12 156 17 16 11 162 082 173 0.46 018 092 121
Gd 691 7.06 692 702 599 642 6.45 864 469 a2 668 192 785 241 598 454 401
™ 108 105 105 107 086 092 098 119 067 055 102 0.4 121 05 057 086 055
Dy 579 527 547 557 442 487 504 586 337 279 517 264 62 331 223 588 284
Ho 1n 095 101 101 082 089 095 1 062 051 095 06 1B 07 039 131 053
Er 32 274 296 298 241 264 276 321 181 144 279 187 336 223 122 421 152
[ 021 023 022 022 023 018 023 019 023 027 022 0.44 020 0.20 003 021 029
Ew 021 023 022 022 023 018 023 [E) 023 027 022 042 020 020 003 021 029
5 LREE 7172 | 24842 23574 23371 23473 26350 | 23694 37913 | 15731 13845 2B 3039 28272 3797 30966 7163 12375
T HREE 1986 .30 763 1787 U3 1592 B41 2019 139 928 .83 787 19.95 935 042 701 974
IREE 10158 | 26572 25337 2515 | 24946 = 27942 | 25335 39937 | 16870  WM773 | 23493 3826 30267 4732 32008 8864 13349
IREE+Y 22148 | 29102 | 2811 27908 27246 = 30552 27905 42887 18590  B153 26073 = 5486 33377 6762 33008 12684 4789
LREE/HREE 864 136 1837 13.08 1593 .56 144 B.78 1882 u91 1296 386 u 4.06 29.73 421 27
HREE/REE 010 007 007 007 006 006 006 005 007 006 007 021 007 020 003 019 007
Asl 083 082 098 087 089 099 090 089 091 096 083 11 085 106 104 095 100
Lay Yby 80 78 1.9 152 190 108 72 253 5.1 83 150 19 59 19 518 24 158

Both granite groups define a typical calc-alkalirend on
an AFM (proportion of total alkali (A) + FeO (F)MgO (M) ) szl
diagram (Fig.3) though Si¥s K,O diagram show the high K O
affinity for almost all samples. In A/CNK (mole &4/(CaO + A D
Na,O+K,0)) and A/NK (mole AJOy/(NaO+K,0)) e
classification, almost all rocks were plotted intetaluminous
field except three granitic rocks from Masamba \higere o
plotted in the transition between metaluminous and Peralkaline
peraluminous field (Fig 4). This diagram also cifésd the os | Absiomil
granitic rocks into I-type granitic rocks which fsrther O Masamba

confirmed by SiQ and BOs ratio diagram [14] (Fig.5). The D o1 2
overall mineralogy of the rocks which consists aftite, Fig. 4 AINK-A/CNK diagram of Polewali and Masambagitic
hornblende, magnetite, apatite and zircon alsmgtysuggest rocks

metaluminous source of the rocks.
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Fig. 3 AFM diagram of Polewali and Masamba grarmiticks Fig. 5 BOsvs SiQ, diagram of Polewali and Masamba granitic
rocks[14]. Note the I-type trend of most samples
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Harkerdiagrams of major elementexhibit the wholekro
major and trace elements variation (Fig. 6). Thagdims
indicate that most of the major and trace elemesfisw
systematic variation with respect to the of gi@htents. They
clearly indicate a decreasing trend with increaSi@ except
K,O and NaO which is nearly constant and show an
increasing trend, respectively. In line with them& major
elements, some of incompatible elements particudd and
Zr also show decreasing trend with increasing,$Ky.7). In
addition, Sr and Ba as well as Y content show sintiegative
trend whereas Rbis relatively constant.

The concentration of large ion lithophile elemefitd_E)
such as Rb, Ba, Th and U seems to be similar in dtnitic
groups. However, high field strength elements (HFSEh as
Nb, Zr and Y concentration inPolewali granitic shhatively
higher concentrations. Trace element of Polewald an
Masamba granitic rocks were normalized against ifixien
mantle (PM) [15] (Fig. 8 and 9). The Polewali gtanrocks
show an extreme enrichment in LILE (Rb, Ba, Th &idand
depletionin HFSE, particularly Nb and Ta. Similattern is
also displayed by Masamba granitic rocks which alsow
enrichment in LILE and depletion in HFSE, partictyaNb
and Ta. Trace elements pattern of both granitiksoalso
resemble the upper continental crust pattern [X8lTratio
(more than 2.5) of the samples further suggestsdhgnental
crust affinity as proposed by [17] for the uppentioental
composition.

Chondrite-normalised are earth element (REE) pattér
Polewali granitic samples show enrichment in LREBh(
rare earth element) with W&'by = 15 and a slight negative Eu
anomaly (Ew/V [(Smyy.(Gdy)])(Eu* = 0.21) with relatively
flat HREE (heavy rare earth element) pattern (Fg,b).
Chondrite-normalised REE pattern of Masamba gm@niti
samples show a quite similar pattern to those from
Polewaliwith some variation in Eu content. The emment of
LREE was shown by the high &by ratio = 16 with
relatively flat HREE pattern. Negative Eu anomalysw
reflected byvalue of Eu* (0.22) from most samplathviwo
samples (MRF2 and MST3B) show a slightly depleted a
positive Eu anomaly, respectively. Both of groupsoa
resemble the upper continental composition of [£/IREE in
Polewali granitic rocks range from 191 to 279 ppithvan
average of 249 ppm and those in Masamba granitksrare
lower with an average of 194 ppm.
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Fig. 8 Primitive mantle normalized trace elemeritgras of granitic
rocks in Polewali (a) and Masamba (b).Note thelanity with upper
continental crust trend from [16]
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Fig. 9 Chondrite normalized rare earth elementtepas of granitic
rocks from Polewali (a) and Masamba (b). Symbohdsg.8

VI.

A.Fractional Crystallization

Compositional trend of the studied granitic roala both
areas is relatively similar to each other. Fraclon
crystallization during the magmatism was recognibgdhe
Harker diagram pattern since chemical compositibirace
and rare earth elements of igneous rocks are medmigrolled
by mineral/melt partition coefficients. The negativ
correlations between AD;, CaO, BOs, MgO, FeOT, MnO,
TiOand SiQsuggest that the granitic rocks are likely the
result of fractional crystallization during magntagivolution.
The fractional crystallization is also confirmed Kiye Sr
depletion and Eu negative anomaly (Fig 8 & 9) whiaticate
continuous plagioclase fractionation during differation.
The decrease in,®;, MgO and FeO during magmatic

DiscussioN

evolution indicates separation of apatite and mafioeral
(such as biotite) during crystallization.Early friaoations of
apatite and ilmenite were evidenced by the systemat
decreasing trend of ,0s and TiQ along with FeO with
increasing SiQ respectively. The I-type and calc-alkaline
granitic rocks were characterized by the fractimmatof
hornblende [14], [18], [19]. The hornblende frangéion also
occurs in Polewali and Masamba granitic rocks whicks
shown by the gradual decrease of Y contents witheasing
SiO,. Pronounced negative correlation between,3i@l Nb,
Zr, Sr and Rb further demonstrate that fractional
crystallization occurred during the formation oktgranitic
rocks.

B. Possible Sources Material

Possible sources material of igneous rocks can be
interpreted using trace and rare earth elementserpat
coupled with some major elements discriminationsnifive
mantle normalized trace element patterns have shiyan
both of groups show the upper continental crushigff This
is also supported by chondrite normalized rareheglement
patterns which is comparable with those of uppettioental
crust composition. The enrichment of LREE and niggdtu
anomaly suggesting that melts were generated fromnce
materials with abundant plagioclase. The Polewald a
Masamba granitic rocks are characterized by thén-Kig
calc-alkaline affinity, Ba, Sr and Nb negative tlenand
enrichment of Rb, K, and La which are compatibléhtmse of
typical crustal melt [20]. Therefore, the most @idle sources
would have been dioritic or granodioritic rockscmmposition
that might be widely distributed in the upper coatital crust.
The absence of S-type granitic rock within theseasr
indicates that sedimentary rock is not dominatetthénsource
area. Th/U ratio (more than 2.5) of the samplegesis the
continental crust affinity as proposed by [17] tbe upper
continental composition. The scarcity of mafic ro&ktype
granitic affinity, negative Sr and Nb anomaly asllwas
negative Euanomaly further support a crustal sodore
Polewali and Masamba granitic rocks. From this poiview,
it is likely that these two granitic groups haveosd
relationship of sources composition within a sutel were
produced from partial melting of upper contineralst.

C. Geodynamic Setting

Petrographic analysis coupled with geochemistry,
particularly trace and rare earth elements analgsis be used
to determine the geodynamic setting of the granitoks. The
enrichment in LILE and depletion in HFSE, particiyaNb
and Ta of most samples confirms the arc-relategiroand
strongly suggests that all the granitic rocks amedpct of
subduction [21], [22].Most of the samples were fgidtin
volcanic arc granitic field in Rbvs (Y+Nb) diagram,vsNb
diagram and Ybvs Ta diagram from [23] (Fig. 10and c).
The arc-related sources of the granitic rocks veése shown
by Zr and Y diagram (Fig. 10d). The Polewali andsiktaba
granitic rock consists mainly of granodiorite armdrgte with
subordinate monzodiorite and diorite. Metaluminous
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composition, strong mineralogical and geochemibatacters
indicate that these granitic rocks groups haveniaffiwith

I-type granite. In this context, a west dipping duttion zone
between the micro continent derived from Austradiad
Sundaland could have accounted for arc volcanisiiirihis
area. This scenario is relevant with the detachmisiocks of
the microcontinent derived from Australia in Teryiaalong
Sorong Fault in the western of Sulawesi Islandrapgsed by

[5].
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Fig. 10 Discrimination diagrams of Rbvs(Y+Nb), NbvsYb+Ta,
Zr+Yof Polewali and Masamba granitic rocks. Note Yolcanic arc
granitic affinity of most of the samples

VII. CONCLUSION

The granitic rocks from Polewali and Masamba ai@as
dominated by granodiorite and granite in compositibhey
have I-type granitic characters, strong metalumsnafiinity
and belong to calc-alkaline groups. Fractional tafjigation
was pronounced during the formation of the gramiicks as
shown by negative correlation between S&d some major
and trace elements. The geochemical charactersatedihat
the sources of these granitic rocks would have wuppe
continental crust affinity which probably dioriticor
granodioritic rocks in composition. Similar patterfitrace and
rare earth elements of granitic rocks from botraaneflects
the possibility of similar magma sources and teictsetting.
The geochemical characteristics explained the afated
subduction environment which later give an evidemde
continent-continent  collision between Australiaided
microcontinent and Sundalandto form continental arc
environment.
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