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ABSTRACT

A geological, geochemical and isotopic study on granitoids and their weathered crusts
was conducted at Sibolga, Panyabungan, Muarasipongi, and Kotanopan in the western part of
North Sumatra, Indonesia. The objectives of this study are to understand the geological
occurrences of granitoids, geochemical characteristics of rare earth elements (REE) in
granitoids and their behavior in weathered crusts of granitoids. The study was conducted on
the basis of microscopic observations, X-ray diffractometry (XRD), scanning electron
microscopy (SEM-EDS), X-ray fluorescence spectrometry (XRF), inductively coupled
plasma — mass spectrometry (ICP-MS), thermal ionization mass spectrometry (TIMS), and
sequential leaching of REE.

Granitoids in Sibolga are, calk-alkaline, ilmenite-series, mainly peraluminous, I-/A-type
and are classified into quartz alkali feldspar syenite, quartz syenite, alkali feldspar syenite,
alkali feldspar granite, syenogranite, and monzogranite. Cordierite and corundum occur as
xenocrysts and inclusions in K-feldspar in syenogranite, quartz alkali feldspar syenite and
quartz syenite from Sarudik, Sihobuk and Adian Koting. P,Os contents of the granitoids tend
to decrease as ZREE contents increase. LREE and HREE are enriched in alkali feldspar

syenites from Sibolga Julu and Tarutung.

Ganitoids in Panyabungan are calk-alkaline to alkali calcic, ilmenite- and magnetite-
series, metaluminous to peraluminous, S- and I-type, and are classified into monzonite,
monzodiorite, diorite, syenite, syenogranite, quartz syenite, alkali feldspar granite, quartz
alkali feldspar syenite and alkali feldspar syenite. Coexistence of metaluminous, I-type and
magnetite-series quartz alkali feldspar syenites and peraluminous, S-type and ilmenite-series
granites at Tano Tombangan suggests that those granitoids were derived from different

sources. SiO, and XREE, P,0s, and Rb/Sr are positively correlated. P,Os contents of the
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granitoids tend to increase as XREE contents increase. LREE are enriched in alkali feldspar
syenite from Pintu Padang Julu and quartz alkali feldspar syenite from Tanjung Jae. XREE
contents are high in the S-type and ilmenite-series granitoids than the magnetite-series

granitoids, which contain allanite and apatite.

Granitoids in Kotanopan are calk-alkaline, magnetite- and ilmenite-series, peraluminous,
and I-type, and are classified into quartz monzonite, monzogranite, syenogranites, tonalites,
and granodiorite. Monzogranite, and quartz monzonite from Kotanopan are metaluminous to
slightly peraluminous, calcic to alkali-calcic, while a granodiorite from Tanjung Alai is

metaluminous and calcic.

The initial Sr isotopic ratio (Sr;j) of syenogranite from Sarudik is high (0.724128),
suggesting that the syenogranite magma has resulted from partial melting of granitic crusts
and was probably contaminated with metasedimentary rocks in the upper crust. The Sr; of
Sibolga granitoids ranges from 0.710700 to 0.724100, that from Panyabungan ranges from
0.709382 to 0.712104. The Sr; of granitoids from Sibolga and Panyabungan are lower than
those of granitoids from Klabat Suites and Bebulu from Bangka Island. The ®'Sr/®Sr of
quartz alkali feldspar syenite from Pintu Padang Julu (0.710812), and Tukka (0.710700)
suggest that most probably they belong to the Main Range granitoids. Metaluminous and I-
type granitoids of Sibolga were produced by Paleo-Tethys subduction beneath amalgamated
Western Sumatra Block, East Malaya and Indochina in Early Permian, followed possibly by
the tectonic translation which resulted in peraluminous, ilmenite-series and A-type granitoids
in Sibuluhan Sihaporas, Sibolga Julu, Sarudik and Tarutung. Peraluminous, ilmenite-series
and S-type granitoids at Panyabungan, and I-type granitoids from Muara Sipongi and
Kotanopan were formed due to the Early Triassic to Early Jurrasic subduction of Meso-

Tethys beneath the amalgamated Western Sumatra Block and Sibumasu.
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Highly differentiated ilmenite-series I-/A-type granitoids are the parent rocks of the
weathered crusts in Sibolga. Allanite and titanite were present in the parent granitoids at
Sibuluhan Sihaporas, but they were decomposed in the weathered crusts. Ce was
predominantly accumulated in the upper part of weatherd crust due to oxidation of Ce** to
Ce**, while most of the REE*" moved to the lower part by acidic soil water and they were
adsorbed mainly onto halloysite group minerals and gibbsite. The P,Os contents of the
weathered crusts of granitoids at the outcrop Sibuluhan Sihaporas A and the outcrop
Sibuluhan Sihaporas B tend to be higher than those of the parent rocks, suggesting the
occurrence of secondary phosphate minerals in the weathered crusts. ZREE contents of the
weathered crusts in Sibolga are lower than those of their parent rocks indicating that REE
were leached out during weathering.

The values of elemental change (tj) (si, ca, Na, k) Of Weathered crusts of Sibuluhan
Sihaporas B, Sarudik and Sibolga Julu are -1 suggest losses or removal of these elements. On
the other hand, (tj) (al, Fe, Mn, ca, Na, k, Py 1N the Sibuluhan Sihaporas A are +1 suggest addition of
these elements. The tjreg) for all weathered crusts of granitoids are -1 suggest losses or
removal of these elements. These signatures might be related differential fractionation degree

of the REE-bearing minerals (e.g. allanite and titanite) during weathering.
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CHAPTER 1

INTRODUCTION

1.1. Definition of REE

Rare earth elements (REE) include seventeen elements, including fifteen from s;La to 7;Lu,
in addition to ,;Sc and 39Y (Wilson, 1989, Castor & Hedrick, 2006). The lanthanoids comprise of
elements with atomic numbers from 57 to 71 that include the following elements in order of
atomic number : lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd),
promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). In rock-
forming minerals, rare earth elements typically occur in compounds as trivalent cations in
carbonates, oxides, phosphates, and silicates. Rare earth elements are classified into light rare
earth elements (LREE) and heavy rare earth elements (HREE). LREE consists of seven elements
from La to Eu (Z = 57 through 63), and HREE consists of eight elements from Gd to Lu (Z = 64

through 71) (Castor & Hedrick, 2006).

1.2 Occurrences of REE

The REE occur in a wide range of rock types: igneous, sedimentary and metamorphic rocks.
REE deposits in igneous rocks are commonly associated with alkaline and peralkaline rocks, and
they can also be formed in carbonatites (Kamitani, 1991; Long et al., 2010; Castor & Hedrick,
2006). REE can also be enriched in the granitoids through the accumulation of REE-bearing
minerals such as apatite, allanite, monazite, titanite and xenotime, since they tend to remain in

the melt until the late stages of magmatic differentiation (Wilson, 1989; Castor & Hedrick,
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2006). The world distribution of REE deposits corresponding to the classification is shown in

Table 1.

1.2.1 Igneous rocks

Carbonatite/alkaline rocks constitute the majority of the world REE resources following the
Bayan Obo hydrothermal replacement origin. More than 550 carbonatite/alkaline complexes are
distributed in the world (Kamitani et al., 1990). The distribution is restricted to the interior and
marginal regions of continents, especially Precambrian cratons and shields, or related to large-
scale rift structures. Main concentrated areas of the complexes are the East African rift zones,
northern Scandinavia-Kola peninsula, eastern Canada, and southern Brazil. The carbonatites are
associated with ultramafic and or alkaline rocks, and in so many cases occur as isolated dikes,
cylindrical intrusive bodies and volcanic cones. The ages of complexes vary from Archean to
Recent time, and each group of the complexes is closely related to their regional structural
events. In East Africa, many carbonatites and alkaline rocks are arranged along the East African
rifts and structurally related. The other deposits of hydrothermal and supergene origin in
carbonatites also represents a large REE resource and occurs at Araxa and Catalao, Brazil and

Mount Weld, Australia.

1.2.2 Hydrothermal Deposits

Bayan Obo, China is the biggest REE deposit in the world. The deposit was formed by
hydrothermal replacement of the carbonate rocks of sedimentary origin, but the hydrothermal
fluids may be derived from an alkaline—carbonatite intrusive series (Drew et al., 1990; Cao et al.,

1995; Bai et al., 1996; Kanazawa et al., 1999).
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Table 1.1 Classification of rare earth elements ore deposits

Deposit-type Mines
(1) Igneous

Mt. Pass (USA), Weshan, Maoniuping (China), Mount Weld
(Australia), Araxa, Catalao (Brazil)

b) Alkaline rocks Khibiny, Lovozero (Russia), Posos de Caldas (Brazil)

c) Alkaline granites (Brazil), Strange Lake (Canada)

(2) Hydrothermal Bayan Obo (China)

(3) Sedimentary

a) Carbonatites

Kerala (India), Western Australia, Queesland State (Australia),
Richards Bay (South Africa)

b) Conglomerate Elliot Lake (Canada)

(4) Residual Longnan, Xunwu (China)

a) Placer

1.2.3 Sedimentary Deposits

Weathering of all types of rocks yields sediments that are deposited in a wide variety of
environments, such as streams and rivers, shorelines, alluvial fans, and deltas. Depending on the
source of the erosion products, certain rare earth elements-bearing minerals, such as monazite
and xenotime can be concentrated along with other heavy minerals.

The source need not be an alkaline igneous rock or a related rare-earth deposit. Many
common igneous, metamorphic, and even older sedimentary rocks contain enough monazite to
produce a monazite-bearing placer deposit. As a result, monazite is almost always found in any
placer deposit.

Most placer accumulations with significant amounts of REE minerals are Tertiary or
Quaternary deposits, derived from source areas that include granitic rocks or high-grade
metamorphic rocks; however, paleo placers deposits that are as old as Precambrian contain REE
resources. Orris and Grauch (2002) listed more than 360 REE-bearing placers. Most commercial
deposits are in sands of marine origin along or near present coastlines and consist of titanium

mineral placers with by-product zircon and monazite; some contain xenotime. In the 1980s,
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monazite and xenotime from titania-zircon paleo beach placers in Australia were the third most
important source of REEs in the world, but Australia currently exports little or no REE minerals
from such sources, owing to their high thorium contents. In addition to Australia, by-product
monazite has been extracted from beach deposits in Brazil, India, Malaysia, Thailand, China,
Taiwan, New Zealand, Sri Lanka, Indonesia, Zaire, Korea, and the United States. Present-day
production is from India, Malaysia, Sri Lanka, Thailand, and Brazil. In Southeast Asia, monazite
and xenotime are collected from concentrates produced during placer tin, zircon, and titanium

mining.

1.2.4 Residual Rare Earth Deposits

In tropical environments, rocks are deeply weathered to form a unique weathered profile
consisting of laterite, an iron- and aluminum-rich weathered rock, as much as tens of meters
thick. When a rare-earth deposit undergoes such weathering, it may be enriched in rare earth
elements in concentrations of economic interest. A particular type of REE deposit, the ion-
absorption type, is formed by extraction of the rare earth elements from seemingly common
igneous rocks and fixing the elements onto clays in weathered rocks.

Wu et al. (1990) revealed that HREE are mostly concentrated in an adsorption state on clays
in the weathered crust of granitic rocks e.g. Longnan, Xing Feng, southern China (Wu et al.,
1990), a reported prospect at Takua Pa (Imai et al., 2013) and Phuket in Thailand (Sanematsu et
al., 2013), and Madagascar (Berger et al., 2014).

Study on lateritic deposit started since 1980 in China. There are at least 18 prospect areas
located in China (Orrisch & Grauch, 2002). REE from these deposits comprise 14% of Chinese
production (Wu et al., 1996), and this source has had a substantial impact on yttrium supplies

since 1988. The deposits were formed due to the weathering crusts of granite (Ren 1985; Wu et

4
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al., 1996). The ore referred to as REE-bearing ionic absorption clay, mostly comes from two
sites in Jiangxi Province - Longnan and Xunwu, the former yielding HREE- and yttrium-rich
material and the other, LREE-rich material (O’Driscoll, 2003). Both ores have relatively low
cerium content, suggesting deposition from REE-bearing groundwater with depleted cerium that
results from the element’s insolubility in the oxidized (Ce*") state. The ore bodies are 3 to 10 m
thick and occur mainly in a wholly weathered zone composed of halloysite and kaolinite with
residual quartz and feldspar; grades are reported from 0.05% to 0.2% REOs (Wu et al., 1996).
There are some prospects of lateritic materials overlying carbonatite in many sites worldwide
mostly in the tropical areas, but none has produced significant amounts of REEs (Orris &

Grauch, 2002; Berger et al., 2009).

1.2.5 Other Rare Earth Elements Deposit Types

The iron-oxide-copper-gold type of deposit has been recognized as a distinct deposit type
only since the discovery of the giant Olympic Dam deposit in South Australia in the 1980s. The
Olympic Dam deposit is unusual because it contains a lot of REE and uranium. An economic
method for recovering rare earth elements from these deposits has not yet been found (Castor &
Hedrick, 2006). Karst bauxites, aluminum-rich weathered rocks that accumulate in cavernous
limestone (underlying karst topography) in Montenegro and elsewhere are enriched in rare earth
elements, but the resulting concentrations are not of economic interest (Maksimovic & Pantd,
1996). The same can be said for marine phosphate deposits, which can contain as many as 0.1
percent REE oxides (Altschuler et al., 1966). As a result, recovery of REE as a by-product of

phosphate fertilizer manufacture has been investigated.
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1.3 Main REE ore minerals

Although REE occur as significant variety of minerals, almost all production has come from

less than 10 minerals (Castor & Hedrick, 2006). Table 1.2 lists minerals that have yielded REE

commercially or have a potential for production in the future.

Table 1.2 REE-bearing minerals of economic or potentially economic deposits

Rare Earth Oxide (REO)

Mineral Name Mineral Formula* wt% T i
Aeschynite (Ln,Ca,Fe, Th)(Ti,Nb),(O,0H)s 36
Allanite (orthite) (Ca,Ln)2(Al Fe)3(SiO4)3(OH) 30
Anatase TiO, 3
Ancylite SrLn(CO3),(OH).H,0O 46
Apatite Cas(POy)3(F,CI,OH) 19
Bastnasite LnCOsF 76
Brannerite (U,Ca,Ln)(Ti,Fe),0¢ 6
Britholite (Ln,Ca)s(Si04,P04);OH,F) 62
Cerianite (Ce, Th)O, 81"
Cheralite (Ln,Ca,Th)(P,Si)O4 5
Churchite YPO4.,H,0 44"
Eudialyte NajsCas(Fe,Mn)3Zr3(Si,Nb)Sizs073(OH,Cl,H,0)s 10
Euxenite (Ln,Ca,U,Th)(Nb,Ta,Ti),O0¢ <40*
Fergusonite Ln(Nb,Ti)O4 47
Florencite LnAl3(PO,)»OH)s 32"
Gadolinite LnFeBe,Si,019 52
Huanghoite BaLn(COg),F 38
Hydroxylbastnasite  LnCO3(OH,F) 75
Kainosite Ca2(Y,Ln),Si401,C0O3.H,0 38
Loparite (Ln,Na,Ca)(Ti,Nb)O3 36
Monazite (Ln,Th)PO, 71
Mosandrite (Ca,Na,Ln)12(Ti,Zr)2Si;031HeF4 <65"
Parisite CalLn,(CO3)3F2 64
Samarskite (Ln,U,Fe)3(Nb,Ta,Ti)sO16 12
Synchisite CaLn(COs),F 51
Thalenite Y3Si3010(OH) 63"
Xenotime YPO, 61"
Yttrotantalite (Y,U,Fe)(Ta,Nb)O, <24*

* Source for mineral formulas: Mandarino (1999), with Ln = lanthanide elements.

+ Sources for REO content: Frondel (1958); Overstreet (1967); Anon (1980);
Kapustin (1980); Mazzi and Munno (1983); Mariano (1989a).

TWhere more than one analysis is available, the analysis with the highest
REO content is reported (e.g., REO for monazite from the Mountain Pass
carbonatite is reported; monazite from pegmatites and metamorphic rocks
generally has lower REO).

# Stoichiometric calculation of REO content.
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Extraction of a potentially economic REE resource strongly depends on its REE mineralogy.
In the past, producing deposits were limited to those containing REE-bearing minerals that are
relatively easy to concentrate because of coarse grain size or other attributes (Castor & Hedrick,
2006).

Minerals that are easily broken down, such as bastnasite, are more desirable than those that
are difficult to dissociate, such as allanite. Placer xenotime, once an important source of REE,
has been largely abandoned because of its high thorium content. Recently, REE absorbed on clay

minerals in laterite have become important sources of REE in China (Castor & Hedrick, 2006).

1.4 Use of REE

Rare earth elements are particularly useful in petrogenetic studies of igneous rocks because
all the REE are geochemically similar. All, except Eu and Ce, are trivalent under the most
geological conditions. Eu is both trivalent and divalent in igneous systems. The ratio Eu®*/Eu®*
depends on oxygen fugacity (fO,). Geochemical behavior of Eu?* is geochemically very similar
to geochemical behavior of Sr. Ce may be tetravalent under highly oxidizing conditions (Wilson,
1989).

The mobility and distribution of REE are used as geochemical tracers for crustal evolution
and magma genesis and differentiation (Wilson, 1989). REE are very critical to support the
development of future high technology, such as manufacturing catalytic converters, petroleum
refining catalyst, magnets, hybrid cars, and electronics, making them economically important

worldwide (Pecht et al., 2012; Dickson, 2015). REE uses are indicated in Table 1.2.
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1.5 Classifications of Granitoids

Term "granite” is often loosely applied to a broad variety of felsic intrusive rocks.
Because granite is a term defined by a restricted range of quartz-plagioclase-alkali feldspar
proportions in the IUGS classification, this dual use can be confusing. Meanwhile, term granitoid
is adopted for the broader usage. Granitoids are the most abundant plutonic rocks in the upper
continental crust. Such a wide spectrum of rock types will have a wide range of sources and
genetic processes, and their genesis is not limited to the subduction zone processes (Winter,

2001). There have been numerous attempts to classify the diverse spectrum of granitoids on the

basis of their petrography and geochemical compositions.

Table 1.3 REE uses and applications by industry

Automotive Catalysts for pollution control; catalytic converter catalyst substrate;
rechargeable batteries; fuel cells; colored plastics

Ceramics Oxygen sensors; structural ceramics for bearings; jet engine coatings;
investment molds; refractories; pigments

Chemicals Oil refinery fluid cracking catalysts; pharmaceuticals; water treatment;
catalysts; moisture control, dryers, and detection

Defense Lasers; missile guidance and control; visual displays; radar; electronic
countermeasures; communication; shielding

Electronics Capacitors; cathodes; electrodes; semiconductors; frequency circulators
and toroids; yttrium iron (YIG) ferrites garnet thermistors; traveling
wave tubes (TWTS); radio

Glass Polishing compounds; decolorizing; colorizing; increase refraction;
decrease dispersion; radiation stabilization; absorber

Illumination Trichromatic fluorescent lamps; mercury lamps; carbon arc lamps; gas
mantles; auto headlamps; long-glow phosphors

Magnets Speakers and headphones; linear motors; antilock braking systems; tape

and disk drives; gauges; electric motors; pumps; ignition

Magnetostrictive

Sonar systems; precise actuators; precision positioning; vibratory
screens; speakers; ultrasonics to kill bacteria

Medical Contrast agents; magnetic resonance imaging (MRI); positron emission
tomography (PET); radioisotope tracers and emitters

Metallurgy Alloying agents in aluminum, magnesium, iron, nickel, and steel alloys;
superalloys; pyrophoric alloys; lighter flints; armaments

Phosphors Cathode-ray tubes (CRTS); fluorescent lighting; radar and cockpit
displays; x-ray intensifying screens; temperature sensors

Other Simulated gemstones; textiles; magnetic refrigeration; hydrogen fuel

refrigeration;

storage; lubrication; photography; nuclear use
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1.5.1 Modal composition/IUGS classification

The International Union of Geological Science (IUGS) classification focuses on differences
in abundances and compositions of the feldspar and accounts for a wide variety of granitoids.
This scheme is based on measurable parameters. It employs modal proportions of quartz, alkali
feldspar, and plagioclase (Streickeisen, 1967). It is simple and truly non-genetic. Besides, the
scheme has the major scientific disadvantage of not taking into account the mafic minerals and
other minor phases such as muscovite which may be significant for petrogenetic implications.

Because of this apparent handicap, geochemical classification schemes flourished.

1.5.2 S-1-A-M Classification

The S-1-A-M classification is based on measured- to inferred parameters. The alphabets of
S-1-A-M are the abbreviation of sedimentary, igneous, anorogenic, and mantle, respectively.

Chappel and White (1974) introduced two alphabets, | and S, to denote two distinct types of
granitoids. I-type granitoids is metaluminous to weakly peraluminous, relatively sodic and have a
wide range of silica content (56-77 wt % SiO,). It was inferred to have formed from a mafic,
meta igneous source, while S-type granitoids is strongy peraluminous, relatively potassic and
restricted to higher silica content (64-77 wt % SiO,), and they are inferred to have formed from
melting of metasedimentary rock sources (Mondal & Hussain, 2011; Frost et al., 2001; Chappel
& White, 1974).

The I-type granitoids have higher Na, Ca, Sr, Fe**/Fe*, 8'sr/**Sr, and &0 and lower
SNd/***Nd. The rocks are hornblende-rich, and are either metaluminous or weakly
peraluminous. The chemical composition suggests that they are derived by partial melting of a

mafic mantle-derived igneous source material (probably of a sub-crustal underplated lithosperic
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materials, but subducted crust or older high-level pluton sources cannot be excluded). The S-type
granitoids have the opposite chemical trends to those listed above, and is always peraluminous.
The rocks are biotite-rich, and typically contain cordierite. They may also contain muscovite,
andalusite, sillimanite, and or garnet. The chemical composition suggests that they are produced
by partial melting of peraluminous sedimentary source rocks imprinted by weathering at the
Earth's surface.

White (1979) thus added an M-type granitoid for both immature arc plutons and the oceanic
"plagiogranites” found in the ophiolites-oceanic crust and eroded OIBs, such as Iceland. Whether
I-types are two-stage remelts of underplated lithosperic material, and M-type granitoids are melt
products of single-stage mantle melts is yet to be confirmed. A-type granitoids (for anorogenic)
contain higher SiO,, alkalis, Fe/Mg, halogens (F and CI), Ga/Al, Zr, Nb, Ga, Y, and Ce than I-
type granitoids (Whalen et al., 1987; Eby, 1990). They have an intra plate trace element
signature, commonly lacking the high "decoupled" LIL/HFS ratios associated with subduction
zones. I-type and S-type refer to igneous and sedimentary precursor sources respectively,
whereas A-type indicates anorogenic setting of emplacement, and not the precursor source.
Further, I-type and S-type indicate one-stage origin of the granitoid, derived directly from the
igneous or sedimentary sources, whereas M-type may be one-to-more-than-one stage origin,
derived directly or indirectly from the mantle (Mondal & Hussain, 2011). The S-I-A-M
classification is summarized in Table 1.3 and Table 1 4.

As with most classifications, however, S-1-A-M gives the impression that the types of
granitoids are really distinct. In reality, hybrid magmas are common. I-type and S-type hybrids
are likely to be produced in orogenic belts by mixing of source reservoirs and/or magmas. In

fact, few orogenic belts have shown the I-S distinction as well as the original Lachlan example.
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Crustal assimilation is a process that may readily incorporate an S-type component into I-type
melts. M-types and I-types are also likely to be mixed in mature island arcs and continental arcs.
The reservoirs are so similar that it may be impossible to geochemically or isotopically
distinguish them. Magmas that classify geochemically as A-type are not restricted to the original
anorogenic setting. Enriched and alkaline magmas may be created in orogenic belts and
hybridize with I- and S-types. S-, I-, and M- are based on source chemical characteristics,

whereas A- is based on classification (Chappel & White, 2001).

1.5.3 Alumina saturation

This system uses the concept of alumina saturation (Chappel and White, 1974; Frost et al.,
2001). A simple parameter A/CNK, defined by molecular Al,04/ (CaO + Na,O + K;0), is used
to classify the rocks into metaluminous (A/CNK < 1), or peraluminous (A/CNK > 1) or

peralkaline A < NK.

1.5.4 Magnetite-series and ilmenite-series

Ishihara (1977) observed that granitoid rocks of magmatic arcs can be conveniently divided
into two series based on their magnetic susceptibility: 1) magnetite-series characterized by the
occurrence of magnetite and 2) ilmenite-series characterized by the absence of magnetite
(Ishihara, 1977). The mineral assemblages imply a higher oxygen fugacity in the magnetite-
series granitoids than in the ilmenite-series granitoids during solidification of the granitic
magmas.

The magnetite-series granitoids are considered to have been generated in a deep level (upper
mantle and lowest crust) and not to have interacted with C-bearing materials; whereas the

ilmenite-series granitoids were generated in the middle to lower continental crust and mixed with
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C-bearing metamorphic and sedimentary rocks at various stages in their igneous history

(Ishihara, 1977).

1.5.5 Tectonic discriminant schemes

Many authors have attempted to establish the links between the chemical composition of the
granitoids and the tectonic settings of their emplacement (Mondal & Hussain, 2011). Batchelor
and Bowden (1985) and Maniar and Piccoli (1989), have proposed a tectonic discriminant
scheme based on a function involving Si-Ti—Fe—Na—K against another function involving Al-
Mg—Ca to demonstrate the relationship between chemical composition and tectonic environment
of emplacement.

A similar attempt was made by Maniar and Picolli (1989), they classified the granitoids on
the basis of major elements into seven tectonic settings: island arc, continental arc, continental
collision, post-orogenic, rift, continental epeirogenic uplift, and ocean ridges and islands.

The tectonic classification scheme that has found wide application is the one by Pearce et al.
(1984). The scheme is solely based on trace elements, discriminates granitoids into four major
tectonic environments: volcanic arc, oceanic ridge, within plate and syn-collision. The major
drawback of the tectonic discriminant diagrams is that the elemental composition of the
granitoids is a direct manifestation of the sources and the magmatic processes, and not the

tectonic environment in which they are emplaced.

1.5.6 Three-tier chemical scheme
Frost et al. (2001) proposed a classification scheme based on three geochemical parameters:

Fe-number, modified alkali lime index (MALI) and alumina saturation index (ASI).

12



Akita University

Table 1.4 Characteristics of |- type, S-type and A-type granitoids (Chappel & White, 1974; Ishihara, 1977; Winter 2001; Gill, 2010)

I-types granitoids

S-types granitoids

A-type granitoids

Major element

Metaluminous*, Mol. Al,Os/(Na,O+

Peraluminous*, Mol.

Metaluminous to peralkaline, high

composition K,0+Ca0) <1.1 Al,O3/(Na,0+ K,0+Ca0) >1.1 >FeO/MgO. high contents of
Relatively highCaO, Na,O normally Relatively low CaO, Na,O FeOt/(FeOt+MgO), SiO,,
>3.2% in felsic varieties, to >2.2% in normally <3.2% in rocks Na,0+K,0, Ga/Al, REE except
more mafic types, and low K,0O decreasing with approx. 5% K,0O, | Eu, Zr, Nb, and Ta, and low
decreasing to <2.2% in rocks with | content of Sr, Ba, Eu, CaO and
approx. 2% K;0 Al,O4
Normative CIPW normative diopside or <1% >1% CIPW normative corundum, | Normative diopside + acmite
minerals normative corundum, Normative Normative Corundum

diopside

Range of rock
types represented

Broad spectrum of compositions from
felsic to mafic. Plutons commonly
include a wide range of rock types
from basic to acid (SiO,, 56 to 77
wit%)

Relatively restricted in
composition to high SiO, types,
generally confined to high SiO,,
64 to 77 wt%. No associated with
mafic rocks

Typicaly high SiO, granitoids
(often associated with syenite)

Xenolith Mafic hornblende-bearing xenoliths of | Metasedimentary xenoliths Various

lithologies igneous appearance

Associated Porphyry Cu, Mo, sulphides+ Ag, Au, | Sn, W, U (Li, Be, B) Zr, Hf, Nb, Ta, Y, REE, U, Th,
economic deposits | bearing pyrite veins

Range of Low initial ¥’Sr/%Sr ratios (0.704 to High initial ®’Sr/% Sr ratios (0.708 | 0.702 to 0.717

(87Sr/86Sr)0 0.706) to 0.765)

Type of minerals

Hornblende, sphene, biotite*

Muscovite (ussually with biotite),
monazite, cordierite, garnet,
apatite

Mafic are Fe-rich biotite or alkali
pyroxene or amphibole

Occurence of
magnetite/ilmenite

Magnetite and ilmenite

lImenite

Magnetic
susceptibility

High magnetic susceptibility and
Fe,05/FeO by magnetite

Low magnetis susceptibility and
Fe,05/FeO by ilmenite

Harker diagram

Regular inter-element variations
within plutons; linear or near-linear
variation diagrams

Variation diagrams more irregular

Chappel and White (1974) placed the I-type and S-type boundary at Al,Os/(Na,O+K,0+CaO)mol=1.1 rather than 1
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Table 1.5 The SIAM Classification of Granitoids (Winter, 2001)

Type | SiO, | K,O/Na,O | Ca, Sr | A/(C+N+K)* | Fe*'/Fe** | Cr, Ni 5%0 | ¥sr/fosr Misc Petrogenesis
S 65-74% High Low High Low High <9/%o0 <0.707 | Variable LIL/HFS Subduction zone,
Metaluminous high Rb, Th, U, supracrustal sedimentary
biotite, cordierite, source
garnet and ilmenite
| 53-76% Low High in Low: Moderate low <9/%o0 <0.705 High LIL/HFS, Subduction zone, Infra
Mafic | metaluminous medium Rb, Th, U, crustal, Mafic to intermed
Rocks to hornblende igneous source
peraluminous magnetite
High Low Variable Variable Low | Variable | Variable | Low LIL/HFS, high | Anorogenic, Stable craton
A >TT% Na,O high Peralkaline Fe/Mg, high Ga/Al, and Rift zone
high REE, Zr, high
F and Cl
M 46-70% Low High low Low Low <9/%0 <0.705 Low Rb, Th, U, Subduction zone or ocean
low LIL and HFS intra plate mantle-derived

* molar Al,O3/(CaO+NA,0+K,0)
Data from White and Chappel (1983), Clarke (1992) and Whalen (1985)
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Based on Fe-number (= FeO/[FeO + MgQ]), the granitoids have been divided into two groups:
ferroan and magnesian. On the basis of MALI (= Na,0 + K,O0-CaO0), the granitoids have been
divided into four groups: calcic, calc-alkalic, alkali-calcic and alkalic. Based on ASI (molecular
Al/(Ca — 1.67P + Na + K), granitoids have been grouped as peraluminous (ASI > 1.0),

metaluminous (ASI < 1.0, but [Na + K]< Al) and peralkaline (ASI < 1.0, but [Na + K] > Al).

1.6 Location of Study Area
The study areas are located in Sibolga, Panyabungan, Kotanopan and Muara Sipongi at the
western part of North Sumatra province, Indonesia. These areas consist of granitic batholiths of

Permian to Cretaceous age, having I-type, S-type and A-type characteristics.

1.7 Objectives

Granitoids in (North) Sumatra are widely distributed, NW-SE direction parallel to the length
of the island (Hutchison, 1988). They have a relatively high REE content than the surrounding
granites, and associated with the very thick weathered of granitoids crusts. Petrochemical, REE
geochemistry on granitoids, and their weathered crusts and the granites source in the western part
of Sumatra are of particular importance. Any detailed research on granitic rocks in Sumatra has
never been conducted.

The objectives of this study are to understand the geological and REE geochemical
characteristics of granitoids and their REE behavior in weathered granitoids crusts, to elucidate
the origin and their tectonic evolution, and to elucidate the different types of granitoids in the

western part of North Sumatra.
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CHAPTER 2

GEOLOGICAL SETTING

2.1 Regional Geology

The Permian was a particularly important period in the geological evolution of
Southeast Asia (SE Asia). Sumatra located at the southwestern margin of the Southeast
Asia is considered to be composed of fragments of continental plates and magmatic arcs
which were derived from Gondwana during the Late Paleozoic and Mesozoicc
(Pulunggono & Cameron, 1984; Hutchison, 1994; Nishimura & Suparka, 1997; Metcalfe,
2002; Barber & Crow, 2003; 2005a). Paleomagnetic study of Sumatra Island (Nishimura &
Suparka, 1997) suggested that the Sumatra region underwent drift during Triassic through
Early Neogene. Sumatra as part of Gondwanaland during the Triassic was located just north
of the junction of the Indian and Australian continents (Nishimura & Suparka, 1997).

Sumatra was firmly part of the Sibumasu Block. The Permo-Carboniferous
stratigraphy and paleontology of northern Sumatra and Malay Peninsula and Peninsular
Thailand were correlated in particular of the occurrence of tilloids. Furthermore, the
northern Sumatra compared with the Permo-Carboniferous stratigraphy of Bonaparte Gulf
region of northwest Australia has a mirror image relationship, suggesting that Sibumasu
Block was separated from this part of the Gondwana margin in the mid-Permian
(Hutchison, 1994; Barber & Crow, 2003, 2009).

On the other hand, Permo-Carboniferous rocks in Central Sumatra contain the

Cathaysian fauna and flora, suggesting that this area can be correlated to Indochina Block
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rather than to Sibumasu (Djambi Nappe). Cathaysialand Block was separated from
Gondwana before the Sibumasu Block, and these blocks were successively accreted to the
southwest margin of Sundaland (Barber & Crow, 2003). The Cathaysian fauna and flora
were associated with an early Permian Volcanic Arc. The existence of Permian arc was also
reported by Katili (1973). It has been suggested that this arc was developed on the margin
of the Cathaysialand Block and was emplaced in its present position outboard of Sibumasu

by strike-slip faulting (Barber & Crow, 2003) (Fig. 2.1).
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Fig. 2.1 Pre-Cenozoic tectonic blocks in Sumatra and Peninsular Malaysia, modified from
Hutchison (1994) and Barber and Crow (2003). Sibolga is shown as part of the West Sumatra

Block.
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West Sumatra Block was derived from Cathaysia and was emplaced against Sibumasu
west margin by dextral transcurrent faulting. East Malaya Block was part of Indochina
block. West Burma Block is an extension of West Sumatra Block, from which it was
separated by the formation of Andaman Sea in Miocene. The Woyla nappe is correlated
with the Mawgyi nappe of Myanmar. The most recently accreted pre-Cenozoic tectonic
unit on Sumatra is the Woyla Group, a Jurrasic-Early Cretaceous oceanic volcanic arc. The
associated accretionary complex of oceanic crustal material was thrusted over the western

margin of Sumatra in the mid-Cretaceous (Barber & Crow, 2009) (Fig. 2.2).

A. EARLY PERMIAN
Palaeo-Tethys subducting beneath the margin of Cathaysia

Palepat Magmatic Arc Continental block
Gondwana volcaniclastics and catbonates  including Indochina and
Palago-Tethys Silunkang and Mengkarang East Malaya
T 1 e e 0 0 O O
LT LRI IRENRARN
[WEST SUMATRA CATHAYSIA
] NN
I Tt
Site of future

strike-slip fault
(Median Sumatra Tectonic Zone)
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y Prograding Continental  Qcean-floor  Prograding Continental Continental
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Sibumasu with East Malaya (Indochina) Block Magmatic Arc
No sedimentary record Volcanics
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D. MID-CRETACEOQUS Collision of Woyla Oceanic Arc with the margin
of Sundaland Sundaland
Waoyla Nappe Inverted Triassic Grabens
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Fig. 2.2 Cartoon ilustrating the plate tectonic evolution of Sumatra (Barber & Crow, 2003).
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Pre-Cenozoic tectonic and magmatic development of the mountain ranges of Sumatra
were reconstructed by Suparka and Asikin (1981). The development included reversal of

the direction of subduction at the end of the Mesozoic because of the northward movement

of the Indian continental plate (Fig. 2.3).

Fig. 2.3 Pre-Cenozoic development of arc volcanisme in northern and central Sumatra

(modified after Suparka and Asikin, 1981).

Katili (1973) reported the Permian magmatism on both east and west Sumatra Blocks
on the basis of Rb-Sr age determinations on feldspars of Setiti batholiths giving the ages of
298 + 30 Ma (brecciated granite) and 276 + 10 Ma (sheared granite). On the Western

Block, Lower - Middle Permian volcanic rocks and sedimentary rocks and several
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associated granitic plutons crop out and form a discontinuous belt, much disrupted by
strike-slip movements along the Sumatra Fault Zone, parallel to the west coast of the island
(Crow, 2005).

The products of Permian volcanism on the Western Block are listed as Sibolga granite
(Aspden et al., 1982), Silungkang Formation (Katili, 1969; Fontaine & Gafoer, 1989;
Silitonga & Kastowo, 1975), Palepat Formation (Fontaine & Gafoer, 1989) and Kuantan
Formation (Silitonga & Kastowo, 1975). These events are ultimately resulted in the
collision of India with the Asian continental plate during Jurassic through Late Cretaceous,
as shown in Fig. 2.2. Suparka and Asikin (1981) assumed that subduction occurred near the
Asian plate, based on paleomagnetic and geological data. It is suggested that subduction
occurred along the frontal arc of Gondwanaland. The northward drift of the mountain range
of Sumatra began at the end of the Triassic, and it collided obliquely with the Asian plate at

the beginning of the Cretaceous (Fig. 2.3).

2.2 Southeast Asian Tin Belt

Three main granitoids provinces are identified in Southeast Asia. These are, from west
to east; the Western, Main Range, and Eastern Belts, trending broadly from north to south
(Cobbing et al., 1986, 1992; Hutchison, 1994; Cobbing, 2005; Searle et al., 2012).
Charusiri et al. (1993) reported that the Ar-Ar ages of granitoids from the Western, Main
Range and Eastern Belt in Thailand range from 80 to 50 Ma (Late Cretaceous to
Paleogene), from 220 to 180 Ma (Late Triassic to Jurassic) and from 245 to 210 Ma (Early

to Late Triassic), respectively (Fig. 2.4).
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U-Pb ages from Western, Main Range and Eastern Belt from Thailand range from 218
to 71 Ma, 220 to 219 Ma, and 266 Ma, respectively (Gardiner, 2015). The U-Pb ages of

granitic rocks in the Main Range, and Eastern Belt from Myanmar range from 220 to 219

Ma, and 266 to 258 Ma, respectively (Gardiner, 2015; Ng et al., 2015).
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Fig. 2.4 Map showing granitic provinces of Southeast Asian Tin Belt and the location

of the study area (modified after Cobbing et al., 1992; Cobbing 2005).

The Eastern Belt and Main Range in Peninsular Malaysia were separated by Bentong-
Raub suture (Metcalfe, 2000). The ages of granitoids of Main Range are younger than those

of the Eastern Belt. They range from 227 to 198 Ma (Searle et al., 2012; Ghani et al., 2013;
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Ng et al., 2015) and 289 to 220 Ma (Gardiner et al., 2015; Ng et al., 2015), respectively.
The U-Pb ages of granitic rocks of Main Range from Singapore range from 289 to 201 Ma
(Ng et al., 2015), and those of the Eastern Belt range from 254 to 230 Ma (Hotson et al.,
2011).

Sumatra Island was formed by collision and suturing of microcontinents during
Paleozoic and Mesozoic (Pulunggono & Cameron, 1984; Barber & Crow, 2005a). At
present, Indo-Australian Plate is being subducted beneath Eurasian Plate with 20°E
direction at a rate from 6 to 7 cm/yr (Pulunggono & Gumilar, 2000). The Middle to Late
Paleozoic basement rocks are crustal blocks derived from Gondwana Continent which
collided with the eastern margin of Eurasian Plate to form the Sundaland during Late
Paleozoic to Early Mesozoic. Pre-Cenozoic basement rocks consist of partially
metamorphosed sedimentary rocks and volcanic rocks, which were defomed, intruded by
granitoids and later covered by Cenozoic sedimentary rocks and volcanic rocks (Barber &
Crow, 2005b).

The granitoids in Sumatra were formed in two geological cycles. The first was the a
Carboniferous-Permian cycle of subduction of Paleotethys oceanic floor, and collision of
Sibumasu continental plate with the amalgamated East Malay-Indochina Block. The
collision was followed by the younger Triassic to Early Jurassic cycle in which a new
subduction of Sibumasu and East Malay — Indochina zone was formed along the
southwestern margin of the new continent (Sundaland). The second cycle generated
granitoids associated with Late Triassic to Early Jurassic volcanic arc along the southern
margin of Sundaland, which is the Main Range Belt (Schwartz et al., 1996; Hutchison,

1994, 2014, Cobbing, 2005).

22



Akita University

2.3 Geology of Sumatra Island

Sumatra has experienced long magmatic processes during its geological history since
Paleozoic up to the present time. The Paleozoic age was indicated by the presence of
metavolcanics in the Kuantan Formation (Gafoer & Purbo-Hadiwidjojo, 1986; Silitonga &
Kastowo, 1975, 1995), that is Carboniferous in age (Early or Mid to Late Visean)
(Fontaine & Gafoer, 1989). The track of the Carboniferous volcanism is also noted by
Cameron et al. (1982a) through the discovery of green metavolcanics within the Alas
Formation, in the Medan Quadrangle that may be of Visean age, like the associated
limestone.

A large number of studies on the granitoids were conducted in Sibolga and its
surrounding areas, including petrographic descriptions and whole-rock chemical analyses
(Cobbing, 2005), tectonics (Nishimura & Suparka, 1997), magmatism and mineralization
(Subandrio et al., 2007; Subandrio, 2012).

A subduction may have been initiated at Late Permian at the west coast of Sumatra
(Aspden et al., 1984). Muara Sipongi and Kotanopan granitoids were probably formed
during the Late Triassic to Early Jurassic, ranging from 197 to 186 Ma (Kanao et al., 1971;
Hehuwat & Sopaheluwakan, 1978) and from 182 to 142 Ma (Aspden et al., 1984). During
that time, Meso-Tethys oceanic floor was subducted beneath amalgamated West Sumatra
Block and Sibumasu continent (Barber et al., 2005). Igneous activities involved the
intrusions of granitoids in Muara Sipongi, and Kotanopan lasted from Jurassic through
Cretaceous to Neogene.

Granitoids are widely distributed in the Sibolga area and occupy approximately 50x50

km? (e.g. Subandrio, 2012). The basement rocks of Sibolga are metasedimentary rocks
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composed of Carboniferous metagreywacke and Kluet Formation turbidites (Cameron et
al., 1980; Aspden et al., 1982; Pulunggono & Cameron, 1984; and Barber & Crow, 2005b).

Pre-Cenozoic rocks occurred in two different areas of Sumatra. The rocks in the
Sibolga area are composed of Early Permian, dioritic to alkali-basalt, and the rocks in the
Muarasoma-Natal area composed of sedimentary rocks including alternating layers of
quartz-sandstone, claystone, and shale, along with intercalations of limestone (Aspden et
al., 1982). These rock assemblages indicate that during Carboniferous through Early
Permian, sediments were deposited in shallow marine continental shelf environments. In
the Early Permian, magmatic activities which occurred in the western Sibolga area were
followed by regional metamorphism. Magmatic activity reached its maximum stage with
the intrusion of the Sibolga granite complex during Triassic (Aspden et al., 1982). The
distribution of the pre-Cenozoic metamorphic units and granitic intrusions is bounded by
WSW-ENE or E-W-striking faults (Nishimura & Suparka, 1997). At northeast of the alkali
basalt in the Bonan Dolok Massif, partially metamorphosed andesite-basalt, may have been
formed during the Early to Late Permian. Radiometric dating (K-Ar) on an augite-basalt
belonging to the calc-alkaline series within a volcanic unit located in the Silungkang area of
Sumatra indicates a Permo-Triassic age (248-218 Ma) (Nishimura & Suparka, 1997).
Exposures of this massif cover an area to the north of Sibolga, trending almost east-west,
and are cut by NNW-SSE-striking faults. The quartz, alkali feldspar and plagioclase (QAP)
diagram indicates that the granitoids are classified as quartz-monzodiorite (Nishimura &
Suparka, 1997). The granitoids were formed during syn-kinematic orogenesis in the Middle
Permian coincident with the breakup of Gondwanaland, which was subsequently followed

by subduction of an outer margin sea plate (Nishimura & Suparka, 1997; Barber, 2003).
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The granitoids from Bonan Dolok consist of granite, granodiorite and quartz-
monzonite (Nishimura & Suparka, 1997). Petrographic analysis reveals that most of these
rocks contain hornblende and biotite (Nishimura & Suparka, 1997). Geochemically, about
80% of these rocks belong to the I-type and magnetite-series, whereas the remaining
represents S-type granite and ilmenite-series (Nishimura & Suparka, 1997). The occurrence
of S-type granitic rocks of Early Permian age suggests that the Sibolga granite complex
might have been part of the Late Paleozoic continental crust in this area (Nishimura &
Suparka, 1997).

Volcanic-magmatic activities characterized by high-alkali and calc-alkaline rock series
occurred in the western Sibolga area during the Permian. The I-type granitoid rocks formed
along the east side of the Sibolga granite complex occurred during Late Triassic.
Petrographic analysis indicates an association of I-type granitoid with sphenealite, which
characterizes the magnetite-series and calc-alkali rock series. This indicates that the
granitoids were related to subduction along a paleo-continental margin (Nishimura &
Suparka, 1997).

Granite provinces in Sumatra island are divided into two provinces; Western Belt and
Main Range (Cobbing, 2005) (Fig. 2.5). The granitic rocks of the Western Belt consist of I-
type granitoids and are confined to Barisan Mountains. The Triassic Main Range granite is
mainly S-type with subordinate I-type and characterized by tin mineralization (Hutchison &
Taylor, 1978; Cobbing, 2005). The oldest rocks in Sumatra have been assigned to the Late
Palaeozoic Tapanuli Group which has been divided to Bohorok, Kluet and Alas Formations

(Aspden et al., 1982).

25



Akita University

T
106 108

300 400 500 km

4"

Volcanic Arc L"‘Si‘.?:' Y\
Province
I-Type,

-2'S 203-5Ma

Main Range
Province
S-Type assoc. Sn

247 - 143 Ma

Tanjung
L. BCadang

-

-4

=

7] Eastern Province
‘ Post Collisional

4 and crustal I-Types,
Age : 264-216 Ma

6"
/ aproximate limits of the granite provinces

JAVA

96 98 100 102 104 106

Fig. 2.5 Distribution of granitic rocks and their ages in Sumatra, Malay Peninsula and

Tin Islands (modified after Cobbing, 2005).

In Indonesia, tin has been produced mainly from placer deposits both onshore and offshore
of Tin Islands such as Bangka, Belitung and Singkep (Sainsburry, 1969). These tin
mineralizations are primarily associated with Main Range Belt granitoids, which are
distributed in the Southeast Asian Tin Belt, a major metallogenic province of Sn deposits
associated with ilmenite-series granitic rocks (Schwartz et al., 1995; Cobbing, 2005). REE
deposits in Thailand were classified into primary and secondary deposits. The major

primary REE deposits include REE-bearing disseminated tin granitoids and stockworks,
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REE-bearing Sn + W pegmatites, REE-bearing Sn + W quartz veins and REE-bearing Sn

skarns, and these granitoids are of S-type affinity (Charusiri et al., 2006).

The secondary REE deposits are associated with Sn placer deposits derived from
granitic rocks by weathering (Charusiri et al., 2006). Wu and Ishihara (1994) reported that
total REE contents of granitic rocks in southern Thailand range from 21 to 731 ppm.
Sanematsu et al. (2013) reported enrichment and adsorption of REE in the weathered crust
of granite in Phuket, Western Belt, southern Thailand. Imai et al. (2013) reported that REES
are concentrated in hydrothermally altered granitic rocks and kaolinite veinlets associated
with Sn deposits in the Ranong tin-field and the Takua Pa tin-field in Western Belt,
southern Thailand.

In Sumatra Island, tin mineralization associated Main Range Granites occur in the
plutons at Sungai Isahan and adjacent areas in the Tiga Puluh region of South Sumatra and
the batholith at Sijunjung in the eastern flank of Bukit Barisan to the northeast of Padang
(Cobbing, 2005). The Hatapang Granite, located at the south of Lake Toba and to the east
of Sibolga associated with a tin prospect, belongs to the S-type Western Belt Granites
(Cobbing, 2005; Clarke & Beddo-Stephens, 1987). Uranium prospects are located in
Sibolga which are hosted in Cenozoic sediments. The Paleozoic basement on which the
sediments were deposited is composed mainly of Permo-Triassic granitic rocks
(Tjokrokardono & Ngadenin, 2004; Koesoemadinata & Sastrawiharjo, 1987).

Granitoids in Sumatra are widely distributed in NW-SE direction parallel to the length
of the island. They consist of plutons and batholiths up to several hundred km long
(Hutchison, 1988). The occurrences of REE-bearing minerals such as allanite and monazite
in highly differentiated granitoids have been reported in Sibolga (Subandrio, 2012), while a

high concentration of Ce was reported at Parmonangan, north of Sibolga (Suwargi et al.,
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2010), Sumatra Island. Therefore, a geological and geochemical study on granitoids in
Sibolga are of particular importance.

These granitoids units are equivalent to the Main Range granites of Peninsular
Malaysia and Indonesian Tin Islands, which are characterized as S-type granitoids
associated with tin and are Triassic in age (Hutchinson & Taylor, 1978; Cobbing, 2005).
Bangka and Belitung Islands, well known as the “Tin Islands” were tin producers regions
and are located in the region between Peninsular Malaysia (Eastern Province of Tin Belt)
and eastern Sumatra (Main Range Province of Tin Belt). Consequently, those two
provinces are geographically distinguished by the Bentong-Raub line (Hutchison, 1989).
The Tin Islands are characterized by a mixture of both provinces. The Klabat Suite and the
Bebulu Suite typify these two areas in Bangka Island. Both of them are associated with tin
mineralization. The Klabat Suite of northern Bangka belongs to the S-type granites which is
similar to the Main Range Province of Tin Belt. The Klabat Batholith is the largest body
and consists of six plutons. There are other tin-mineralized plutons and only the Kelapa
Pluton belongs to the I-type granite.

The Bebulu Suite of southern Bangka and Belitung belongs to the S- and IS-type
granite. The Bebulu Batholith is the most extensive body and consists of six plutons. Apart
from certain samples, the Bebulu Suite has consistently high SiO, contents and a restricted
range in K,O-Na,O-CaO proportions compared to the Klabat plutons (Cobbing et al. 1992).
Cobbing et al. (1992) also reported the initial %’Sr/*Sr ratios of the S-type Klabat Suite
range from 0.7163 to 0.7270, while that of IS-type granite of Bebulu Suite ranges from

0.71231t0 0.7171.
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In Sumatra Island, Sungai Isahan - Pegunungan Tiga Puluh regions and Sijunjung
Batholith are only examples of the tin mineralizations associated with Main Range Granites
(Cobbing, 2005), while the Hatapang Granite, located at the south of Lake Toba and to the
east of Sibolga is a reported as a prospect and is associated with S-type granites of the
Western Range (Cobbing, 2005; Clarke & Beddo-Stephens, 1987). Sibolga is a uranium
prospect area wherein the deposit is hosted in Cenozoic sediments. The Mesozoic basement
on which the sediments were deposited is mainly composed of Permo-Triassic Sibolga

granites (Koesoemadinata & Sastrawiharjo, 1988).

2.4 Local Geology

The geology of the Sibolga area consists of granitic batholiths which belong to the
Sibolga Granite Complex (SGC) and contain several intrusive phases of Permian to
Triassic age (Fig. 2) (Aspden et al., 1982). The granitoids are mostly megacrysts coarse-
grained biotite granite containing abundant xenoliths of amphibolite and cross cut by the
Haporas Granitoids pluton consisting of medium-grained hornblende syenite. The Sibolga
granitoids are composed of K-feldspar, quartz, plagioclase, biotite, minor hornblende and
accessory minerals including monazite, zircon, allanite, fluorite and uraninite (Subandrio et
al., 2007).

Granitoids are widely distributed in the Sibolga area, but they were mostly weathered
and covered by very thick soils. Fresh granitoids are mainly exposed along road cuts,
rivers, and in the quarries. The granitoids samples were collected from seven different
locations from the SGC which are readily accessible and are abundant in fresh outcrops.

The plutons do not show clear contact with each other in the field. However, the plutons of
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Sarudik, Sibuluhan Sihaporas and Sibolga Julu, Adian Koting and Tarutung, Tukka and
Sihobuk exhibit different texture and have different composition, suggesting that they are
different intrusive units.

The basement rocks at Sibolga are metasedimentary rocks composed of Carboniferous
metagreywacke and Kluet Formation turbidites (Cameron et al., 1980; Aspden et al., 1982;
Pulunggono & Cameron, 1984; Barber & Crow, 2005b; Subandrio, 2012). The Kluet
Formation represents the distal equivalents of Bohorok Formation and is thought to have
been deposited as mass flow and /or turbidity currents on the continental slope/shelf during
Late Carboniferous to Earliest Permian (Aspden et al., 1982).

Granitic rocks were identified in Kotanopan, Muara Sipongi, and Panyabungan areas in
geological maps by Geological Survey of Indonesia (Rock et al., 1983; Aspden et al.,
1982). The Muara Sipongi Granitoids are widely distributed over an area 2 to 5 km wide
and 20 km long from Kotanopan to Muara Sipongi (Aspden et al., 1982). Muara Sipongi
and Kotanopan Granitoids were identified as magnetite-series (Ishihara, 1977), a calc-
alkaline rock of the Jurassic period associated with massive copper, lead, and zinc skarn
type deposits (Zulkarnain et.al. 2006; Japan International Cooperation Agency (JICA),
1983). They are mainly of medium-grained holocrystalline hornblende granodiorite and
quartz diorite with a small random distribution of diorite. The primary rock-forming
minerals are quartz, plagioclase, and hornblende with smaller quantities of biotite and K-
feldspar. Fresh rocks are rare, and most minerals are slightly altered; namely, plagioclase
has often been altered into sericite and chlorite (Aspden et al., 1982).

Hatapang Granites were identified as a favorable area for the formation of sandstone-

type uranium mineralization which is indicated by anomalous radioactivity, uranium
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contents of the upper Cretaceous granite intrusions and radioactivity anomalous of Tertiary
sedimentary rocks deposited in terrestrial environment (Ngadenin, 2013; Clarke & Beddoe-
Stephens, 1987; JICA, 1983). The Hatapang Granite of Cretaceous age is stanniferous, and
it may be an outlying representative of the Western Belt (Clarke and Beddoe-Stephens,
1987), developed in Peninsular Thailand and the Shah Scarp region of Burma (Beckinsale,

1979; Mitchell, 1977).

31



Akita University

CHAPTER 3

METHODOLOGY

Field geological survey and laboratory analyses were conducted to obtain geological,
geochemical and mineralogical data. Fieldwork has been done to observe the granitoids
characteristics and their relation with the surrounding rocks and collecting samples while
laboratory analyses to obtain mineralogical composition, major elements, rare earth

elements, trace elements compositions, and Sr-Nd isotopic ratios.

3.1 Geological Survey (Fieldwork)

The granitoids samples were taken from outcrops. The freshest and representative
samples were used for analyses, followed by rock description and measurement of
magnetic susceptibility and gamma-ray radioactivity.

Mineralogical identification in the fieldwork was determined using loupe
magnification 10x and 20x. Gamma-ray radioactivity values were measured using a
Standard Gamma Scout Radiation Detector. The unit of measurement is set to an exposure
rate uSv/h (microsievert per hour), which is an internationally accepted unit for tissue
dosage. It is important to know whether the granitoids has magnetite-series or ilmenite-
series characters. The magnetite-series granites usually accompany sulfide deposits
containing Cu, Pb, Zn and Mo, whereas ilmenite-series granites tend to form oxide deposits

containing Sn and W (lIshihara, 1977, 1981).
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Fig. 3.1 a. hammer, b. magnetic susceptibility meter, c. gamma spectrometer, d. laser range
finder, e. Brunton compass, f., g. global positioning system (GPS), and g. loupe.

A geological compass was used for field orientation and to measure geological
structure orientation. Laser range finder was used to approximate outcrop dimensions, and a

Garmin GPS 60 Csx was used to locate the outcrops position accurately (Fig. 3.1).
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Magnetic susceptibility values of the granitoids were measured on site with a Terraplus

KT-10 Magnetic Susceptibility Meter (Fig. 3.1b).

3.2 Microscopic Observations

A Nikon Eclipse 100N POL microscope was used to observe properties of minerals
under plane polar and crossed polars and to identify mineral and its assemblages. This
study has been carried out at Akita University, Japan (Fig. 3.2).

The first step is cutting the rock samples into pieces to form rock chips at about 2 x 3
cm and grind the surface with carborundum size 100/120 mesh, 320 mesh, and 800 mesh,
respectively. Put the rock chips into an ultrasonic bath to remove dust and dirt particles for
about 15 minutes. The sample were remove from the ultrasonic bath, and grind the chip
sample with 1000 mesh of carborundum abrasives powder for more than 30 minutes and
put again into the ultrasonic cleaner. The same procedures were repeated with 2000 mesh
and 3000 mesh of carborundum abrasives powders before the chips fix on the glass slides.
Time required for grinding are 20 minutes and 10 minutes, respectively.

Prepare a preparat glass and the rock chips at 90°C for a night in a hot plate. Make a
mix solution of petropoxy 154 with a hardener with ratio 10:1, and put a small portion the
solution onto the sample surface and attach the glass preparat on the samples surface
carefully to avoid bubbles. Leave for a night. After the samples were mounted correctly and
no bubbles content, then leave it again for a night. Next step is using secondary cutter
machine to cut the samples into about 1mm in thickness. Followed using prepalap get
100pm in thickness. The samples are ready to grind with 120 mesh, 320 mesh, and 800

mesh of carborundum abrasive to get about 30 um in thickness, and continue to grind with
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1000 mesh, 2000 mesh, and 3000 mesh carborndum abrasives. Samples which are used for
SEM analysis are will be followed with a polishing with 3 microns, 1 micron, and 0.25

microns of diamond paste, respectively.

Fig. 3.2 Nikon Eclipse LV 100N POL microscope at Akita University.

3.3 X-ray Diffractometry (XRD)

X-ray diffraction (XRD) analysis was conducted to investigate the mineralogical
composition of the rock samples qualitatively. The main purpose of this study is to identify
the clay mineralogy of the weathered rocks samples. The measurement was carried out
using a Rigaku Multi Flex X-ray Diffractometer at Akita University (Fig. 3.3). Scan ranged
from 2° to 60° (20) in steps of 0.01° at 2°/min scan speed, using a monochromated Cu Ko

(A= 1.54178 A) radiation, while for clay scan range from 2° to 40° (2 0) in step of 0.02° at
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2°/min scan speed. The operating conditions were maintained at 30KV operating voltage
and 16mA current.

Clay analysis was started with a preparation of 1 gr weathered rocks sample and was
disaggregated in distilled water and about 50ml of distilled water was then added into it and
was mixed thoroughly for about 5 to 10 minutes. After 1 hour, the upper level solution (4 to
5 cm from surface) was then pipetted and put to another tube and put inside the centrifuge
machine at 2000 rpm for 10 minutes. After that step, remove the water and placed the clay

materials on the clean glass slide slowly so that the liquid covered the entire surface of the

slide and formed oriented mounts.

Fig. 3.3 Rigaku Multi Flex X-ray Diffractometer at Akita University.

Bulk, air-dried, and ethylene glycol (EG) and HCI solvated samples were X-rayed.
Quartz, plagioclase, K-feldspar, and biotite are mainly observed in the parent granites. Clay
minerals candidates such as illite, montmorillonite, kaolinite, halloysite were observed in

the altered or weathered rocks samples. The slide was dried at the room temperature.
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3.3.1 Ethylene-Glycol treatment

The sample was exposed to the vapor of the reagent ethylene glycol solvation. It was
dried at room temperature for 1 hour and then re-analyzed to determine the presence of
montmorillonite, halloysite. Montmorillonite is easily identified by comparing patterns of

air-dried and ethylene glycol-solvated preparations. The ethylene glycol-treated
preparations give a high 001 reflection at about 26:5.2O (d=16.9 A), which, in the air-dried

[0]
condition, shifts to about 26=6 (d=15 A) (Moore & Reynolds, 1989). Halloysite response
to ethylene glycol solvation involves a decrease in the intensity (peak height) of the peak at
d~7.2 A and an increase in the intensity (peak height) of the peak at ~3.58 A thus

narrowing the d=7.2 A /d=3.58 A peak height intensity ratio (Hillier & Ryan, 2002).

3.3.2 Hydrochloric acid treatment

The purpose of this treatment is to destroy the chlorite peaks and to distinguish chlorite
from kaolinite. Prepare a glass beaker in the ultrasonic bath and fill both of them with hot
water, put inside a 0.2 to 0.5 gr of the weathered sample to the test tube with 30 to 40 ml of
concentrated hydrochloric acid (2N HCI) to the test tubes for 1 hours. Remove the acid
from the glass beaker, and wash the tubes with distilled water for three times to neutralize
the acid using a centrifuge machine. A clay residue remained in the tubes were taken, and

put on the surface of preparat glass for a night in the room temperature condition.
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3.3.3 Qualitative analysis
The clay minerals were identified using the X-ray diffraction patterns (diffractogram)

by the peak’s position, intensity, and shape. Peak position is determined using Bragg’s law

which is written as nk = 2dsin 6. Most of the clay peaks are at the 20 = 40o or less. The
identification of clay minerals was accomplished by careful consideration of peak positions
and intensities. The qualitative identification procedure began by searching for a mineral
that explains the strongest peak or peaks, then confirming the choice by finding the
positions of weaker peaks for the same mineral. Once a set of peaks was confirmed as
belonging to a mineral, these peaks were eliminated from consideration. From the
remaining peaks, a mineral that will explain the strongest remaining peak or peaks was
searched and then confirmed by looking at its peaks of lesser intensity. This method was
repeated until all peaks were identified.

The determinations of clay minerals were based on the treatment results described

0
earlier. Illite profiles are unaffected by ethylene glycol solvation and heating to 550 C
(Moore & Reynolds, 1989). Chlorite has a basal series of diffraction peaks based on the
first-order reflection of d=14.2 A. Kaolinite has reflections based on d=7.1 A structure.

Most kaolinites have the 002 peak at 26=24.9°, and chlorite has its 004 reflections at

20=25.1°. Identification of chlorite is provided by peaks at 26=6.2 and 26:18.80, but these
peaks are often weak and may not be detectable if the chlorite abundance is low. The
chlorite and kaolinite can be differentiated by treated chemical treatment or heating and
then re-examined. Montmorillonite is easily identified by comparing diffraction patterns of

air-dried and ethylene glycol-solvated preparations (Moore & Reynolds, 1989).
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3.4 X-ray Fluorescence Spectroscopy (XRF)

Analysis was done by a Rigaku ZSX Primus Il XRF at Akita University. The samples
were crushed to make powder by grinding using an iron mortar and pulverized using agate
mortar. An amount of 1.5 to 2 gr of powdered samples were weighted and burn with oven
until 110°C to remove moistures of samples (H,O"), and then put the samples into a furnace
to heat until 900°C for 12 hours to remove the water molecules within the minerals (H,O").

Two silicate rock standards from the Geological Survey of Japan (GSJ) were selected
to cover the range of major element compositions of natural igneous rocks. The selected
standards were: granite (JG-1a) and rhyolite (JR-2) (GSJ, 1994).

All samples were dried with drying oven and then Loss on Ignition (LOI) was
measured with muffle furnace at Akita University. Procedure to obtain LOI is in Appendix
3.1. To calculate LOI, formula is as follows:

a = weight of crucible

b = weight of crucible + weight of sample
c = total mass after combustion

LOI = b-c/b-a*100

Glass beads preparation was prepared by a mix of the powder sample with flux A10 (1
gr) and A 20 (3gr) with a sample/flux ratio 1: 5, with adjustment of fuse-1 = 120 seconds,
Fuse-2 = 240 seconds and Fuse-3 = 240 seconds with 1200°C temperature (Fig. 3.4). The

samples were analyzed by a Rigaku ZSX Primus Il at Akita University (Fig.3.5).
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Fig. 3.5 Rigaku ZSX primus Il at Akita University.
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3.5 Induced Coupled Plasma Mass Spectrometry (ICP-MS)

To obtain trace elements and rare earth elements compositions, powdered rocks were
crushed by an iron mortar and pulverized using an agate mortar. The 0.2 g of sample
powder was mixed with lithium metaborate flux of 0.9 gr and fused in a furnace at 1000°C.
The sample melt is cooled and dissolved in 100 ml of 4% HNO3; and or 2% HCI solution.
Whole-rock contents of rare earth elements and trace elements were analyzed by ICP-MS at

ALS Chemex, North VVancouver, Canada.

3.6 Scanning Electron Microscope-Energy Dispersive Spectroscopy (SEM-EDS)
SEM-EDS analysis was conducted to determine the composition of REE-bearing
minerals using a JEOL JSM-6610 LV (Fig. 3.6a) and JEOL IT 300 LV at Akita University.
Identification of elements and their concentrations were performed using a program of
Oxford Instruments. Selected polished thin samples were carbon coated with a JEOL-560
Auto Carbon Coater (Fig. 3.6b) and then qualitative analysis was conducted for the

identification REE-bearing minerals. The condition of measurements are as follow:

Accelerating Voltage = 15 kV
Filament Load current (L.C.) =60 pA
Spot size =72

Z-axis distance = 10 mm

o > w0 N

Working distance = 10 mm with good beam stability
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Fig. 3.6 a). JEOL 560, b). a JEOL JSM-6610 Scanning Electron Microscope and c). Carbon
coater at Akita University.
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3.7. Sequential Extraction

Sequential extraction of trace metals from weathered rocks and sediments is a useful
technique for determining chemical form of minerals in weathered materials. Sequential
extraction schemes (Miller et al.,, 1986) which were applied in the analysis of
hydrothermally-altered and weathered granitic rocks in Southern Thailand (Imai et al.,
2013), are employed in this study. The reagents employed and chemical forms solubilized
with 0.5g sample weight are listed below. The procedures are shown in the Fig, 3.7.
(1) Soluble: 20-mL H,0, shaken 16h,
(2) Exchangeable (neutral salt): 20mL 0.5M Ca(NOs3),, 16h,
(3) Pb-displaceable: 20mL 0.05M Pb(NOs3),, 16h,
(4) Acid soluble: 20mL 0.44M CH3COOH, 8h,

(5) Mn Oxide-occluded: 20mL 0.01M NH,OH « HCI + 0.1M HNO3, 30min,

(6) Organically bound: 20mL 0.1M K4P,07, 24h,

(7) Amorphous Fe oxideoccluded: 20mL 0.175M (NH,4),C,04+ 0.1M H,C,0,4 (oxalate
reagent), in darkness, 4h,

(8) Crystalline Fe oxide occluded: 25-mL oxalate reagent, 85°C, under ultraviolet.

The analysis was using an Agilent Technologies 7500 Series ICP-MS of Akita University

(Fig. 3.8).
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prepared samples Shaking, ~30 rpm —

Sample Dry sample, then
0.5 g sample for shaking 24 h extraction  add another reagent
+20/25 mL
reagent

Filtered
leached sample

Dry sample + 20 mL HNO3

Fig. 3.7 Procedures of sample preparations for sequential leaching.
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Fig. 3.8 Agilent Technologies 7500 Series ICP-MS at Akita University.

3.8 Thermal lonization Mass Spectrometry (TIMS)

Sr-Nd isotopic analyses were conducted to elucidate mantle and crustal evolution
processes and crustal formation and source of the granitic rocks (De Paolo & Johnson,
1979). Separation of Sr and Nd was undertaken using the procedures described by
Yamamoto and Maruyama (1996). Measurement of Sr-Nd isotopic ratio was performed
using a Finnigan MAT261 mass spectrometer; 2’Sr/%°Sr and **3Nd/***Nd results were
normalized to #Sr/®¥Sr=0.1194 and “**Nd/***Nd=0.7219, respectively. Standard samples of
La Jolla, JR-2 and NBS-987, were used. Both separation and measurements were carried at
Akita University.

Rb, Sr, Sm, and Nd concentrations were determined by isotope dilution using ¥ Rb—

85y and **°Sm-""Nd mixed spikes. Total blanks in the whole procedure were 2.5 ng Rb,
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.88 ng Sr, 0.77 ng Sm, and 0.57 ng Nd. Five standards were analyzed for Sr and Nd

isotopic ratios, and Rb, Sr, Sm, and Nd concentrations (Yamamoto et al., 2013).

3.8.1 Sr-Nd extraction using double coloumn

An amount of 0.07 g powdered samples were prepared and put into the teflon jar and
followed with the addition of ultra pure water and acids (HF and HCIO,). Acid digestion
using high temperature and fractional evaporation on the hot plate. Separation using
column chromatography by ion exchange resin for Sr and REE extraction.

Double column methods to separate Sr and REE, follow the step as follow: 2N HCI, 30
ml to obtain Fe, Rb and Ca, next 2N HCI, 10 ml to recover Rb and Ca. REE are obtained
with 6 N HCI, 25 ml addition. Sm and Nd extraction were used small column and using
Hydroxyl Isobutyric Acid (HIBA) mixed with superQ water at 4.5 pH. Add 7 ml HIBA to
obtain Sm+Ba, 3.5 ml more to obtain Sm, and to obtain Nd, 6.5 ml HIBA was added. The

Procedure of analysis was shown in Table 3.1.

3.8.2 Sr-Nd isotopes measurements and calculation

The procedures of Sr-Rb and Sm-Nd extraction for granitoids are depicted in Table
3.1

Five standards were analyzed for Sr and Nd isotopic ratios, and Rb, Sr, Sm, and Nd
concentrations (Yamamoto et al., 2013).

The calculation of initial Sr isotope ratios are using the present-day (measured)
87Sr/*®Sr (Sr,) using the equation :

87Sr/%Sr (Sry) - ¥7Sr/*°Sr (Sr;) = *Rb/*°Sr (Sr,) (e ™) (Rasskazov et al., 2010)
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Nicolaysen (1961) used this equation for calculating Sr (i) using isochron method,
where

y=mx+Db

y = measured ®'Sr/*°Sr (Sry),

mslope = e At-1, x = *Rb/®*Sr p (calculated using the Sr,)

b= unknown Sr (Sr;)

Sr; is a powerful tool to trace the geochemical characteristics of the magma source,
since the initial Rb-Sr system of a rock unit with a similar magma source tends to have the
same Sr;. Thus even tough the different rock or mineral samples contain different Sry, the
melt where these samples came from will inherit the same Sr; isotopic ratio with the source.
The slope m requires time (t) to calculate for the Sr. This time refers to the time after they
cooling to a temperature at which they become closed system (Faure, 1986). The &’Sr/%°Sr
and **Nd/***Nd isotopic system of 9 samples were analyzed and they have a very good
result and reproducible although two samples did not yielded good results in ***Nd/***Nd.

The initial Nd isotopic ratios usually do not differ widely for whole-rock samples. This
is due to a relatively long half-life of Sm and a very limited fractionation between Sm and
Nd caused by their similar geochemical behavior.

The isotopic evolution of Nd in the Earth is described in terms of CHUR (Chondritic
Uniform Reservoir: DePaolo, 1988). This model mantle is defined to have initial

SNd/A*Nd and Sm/Nd ratios equal to those of chondrites.
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Table 3.1 Procedure of Sr-Rb and Sm-Nd extraction for granitoids of Sibolga and

Panyabungan
Step Coloumn volumes Acid
Column |
Column I (Ln Spec 2mL ca. 0.8cmx4 cm)
Preparation 25mLx2 times 6N HCL
Preconditioning 25mLx1 times 6N HCL
25mLx1 times 6N HCL
0.75 mLx2 2N HCL
Loading samples  1ml 2N HCL
iml 2N HCL
iml 2N HCL
1mIx5 2N HCL
5mLx6 2N HCL
Rb/Sr extraction ~ 5mLx3 6N HCL
REE extraction 5mLx4 6N HCL
Column 11 (Ln Spec = as Column I) set in temperature 22C
Preparation 5mLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
0.5mLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
1mLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
ImLx1 times HIBA, pH 4.5
Collecting Nd ImLx1 times HIBA, pH 4.5

The CHUR is widely used for comparison of initial isotopic compositions of studied
rocks with that of primitive mantle at the time of their generation. This is done by the “Nd
notation: “Nd = ((***Nd/*Nd]>* /[**Nd/***Nd];i-1) x 10*

Where: t= intrusion age, indexes i decipher initial isotopic ratios, Sa = Sample
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CHAPTER 4

GEOLOGY AND OCCURRENCES OF GRANITIC ROCKS IN THE STUDY AREA

Field observation on the granitic rocks was conducted at Sibolga, Panyabungan, Muara
Sipongi, and Kotanopan, in the western part of North Sumatra, Indonesia. They are located
on the west coast of the North Sumatra (Fig. 4.1). Coordinate of samples locations of the

study areas are attached in Appendix 1.

4.1 Sibolga and its surrounding areas
4.1.1 Occurrence of granitic rocks

Granitic rocks around Sibolga consist mainly of Sibolga Granitoids Complex (SGC)
of Early Permian to Triassic Age. The granitoids are exposed at abandoned quarries, along
road cuts and rivers in the Sibolga area. Exposed granitoids in the quarries are usually
weathered while those along road cuts and rivers are commonly fresh, Sibolga granitoids
are ilmenite-series, and they are generally pinkish to grayish in color and medium to
coarse-grained. The minerals presents are pinkish K-feldspar megacrysts and quartz,
plagioclase, biotite and minor hornblende. The alteration has occurred at some places at
Sibolga Julu, which are indicated by the occurrences of minor chlorite, and clay minerals
(Sibolga Julu). The study areas in Sibolga include Sarudik (SRD), Sibuluhan Sihaporas

(SS), Sibolga Julu (SJ), Adian Koting (AK), Tukka (TK) and Sihobuk (SHB (Figure 4.2).
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Fig. 4.1 Locations and geological map of Sibolga and its surrounding areas (modified after Aspden et al., 1984).
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Observation, sample collections, magnetic susceptibility and radioactivity
measurements were carried out mainly on relatively fresh or least altered rocks (Fig. 4.2).

The Sarudik (SRD) Granitoids are pink to brownish in color, coarse-grained,
consisting mainly of K-feldspar megacrysts (up to 3 cm), quartz, plagioclase, biotite,
hornblende. Basaltic dikes and mafic enclaves were observed in some outcrops.

The Sibuluhan Sihaporas (SS) Granitoids are light gray to pinkish in color, coarse-
grained, mainly composed of K-feldspar megacrysts, quartz, plagioclase, and biotite (Fig.
4.3). Similar to that of Sarudik, basaltic dikes and mafic enclaves were observed in some
of outcrops at Sibuluhan Sihaporas.

The Sibolga Julu (SBJ) granitoids are pinkish to gray in color, medium to coarse-
grained, composed of K-feldspar megacrysts (up to 2 cm), quartz, plagioclase, and biotite.

The Tukka Granitoids are gray to pinkish in color, coarse-grained, composed mainly of
K-feldspar megacrysts (up to 2 cm), quartz, plagioclase and biotite. Chlorite occurs as
secondary minerals.

The Sihobuk Granitoids are gray to pinkish in color, coarse-grained, composed mainly
of K-feldspar megacrysts (up to 1 cm), plagioclase and quartz (Fig. 4.3).

The Tarutung granitoids are pinkish in color, medium to coarse-grained, composed of
K-feldspar megacrysts (up to 2 cm), plagioclase, biotite and hornblende.

The granitoids from Adian Koting (AK) are light gray in color, coarse-grained,
consisting of megacrysts pinkish K-feldspar, plagioclase, biotite, and hornblende (Fig. 4.3).

Weathered granitoids were observed at many places at Sibuluhan Sihaporas, Sarudik
and Sibolga Julu. They mainly exhibit wholly weathered zone, orange to light brown in

color, homogeneous and original mineral are less visible (horizon B).The sub-weathered
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zone is composed of light brown colored loose weathered crust (horizon C). At some places
the horizon B and C were covered by transported materials from upper part by rainfall or

landslides (Fig. 4.4). Geochemical characeristics of the weathered will be presented in

Chapter 8.

Sample Locations Map

LEGEND:

® Sample location
\u River
\ Fault

Qh: Alluvium: coastal and fluviatil clay, silts,
sands, gravel and fan deposits

Qut: Toba tuff: Rhyodacitic ignimbrite

Tmbar: Coarse to fine sandstone,
carbonaceous shale, and coals

Mpisl: Sibolga granite complex :
granodiorites, granites and diorites

Puk: Kuantan Formation: slates, metaquartzose
arenites, quarzites and wackes

Py

180000

Fig 4.2 Sample location and geological map of Sibolga and its surrounding areas (modified

after Rock et al., 1983; Aspden et al., 1982).

4.1.2 Magnetic susceptibility

Magnetic susceptibility of the granitoids of Sibolga is low, ranging from 0.00 to 0.57

x107 in SI unit, which corresponds to ilmenite-series (Ishihara, 1977).
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(S8), e. Sihobuk (S24), f. Parombunan-Sibolga Julu (S23), g-h. Adian Koting (SB3 and
S21).
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Fig 4.4 Weathered rocks at Sibolga and the surrounding areas: a. Sibuluhan Sihaporas A
(S1), b. Sibuluhan Sihaporas B (S6), c. Sarudik (S17) and d. Sibolga Julu (S18).

These values are low compared to those of Muara Sipongi and Kotanopan granitoids
ranging from 7.38 to 10.34 x 10 in SI unit, and 7.93 to 15.78 x 10° in SI unit,
respectively, which correspond to magnetite-series. The magnetic susceptibility of fresh
granitoids from Sarudik ranges from 0.01 to 0.57 x107 in SI unit, that of Sibolga Julu
ranges from 0.01 to 0.55 x10™ in Sl unit, that of Sibuluhan Sihaporas ranges from 0.00 to
0.16 x107 S|, that of Tukka ranges from 0.00 to 0.25 x107 SI, that of Tarutung ranges from
0.02 to 0.24 x107 S, and that of Adian Koting ranges from 0.02 to 0.24 x10™ SI. Summary
of magnetic susceptibility of fresh granitoids in the study area, in general, is depicted in

Figure 4.5 and Appendix 3.

54



Akita University

4.1.3 Radioactivity

Radioactivity of granitoids from Sarudik ranges from 0.15 to 0.78 uSv/hr, that of
Sibuluhan Sihaporas and Adian Koting ranges from 0.35 to 0.61 uSv/hr, and 0.58 to 0.81
uSv/hr, respectively, while that of Tukka ranges from 0.18 to 0.55 uSv/hr, that of Tarutung
ranges from 0.62 to 0.67 uSv/hr, and that of Sibolga Julu ranges from 0.33 to 0.89 uSv/hr
(Fig. 4.6). The radioactivity of granitoids from Sibolga is higher than that of Muara Sipongi

and Kotanopan, which range from 0.12 to 0.17 and 0.1 to 0.12 uSv/hr, respectively

(Appendix 3).
® Muarasipongi ® Kotanopan mSibolga m Panyabungan
35 - I
[Imenite- | Magnetite-
30 1 series I series
£ 1
2 25 - I
3 I
2 20 I
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= I
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< I
5 A 1
I
O 4
0.5 1 25
Magnetic susceptibility x 103 (SI)

Fig. 4.5 Histogram of magnetic susceptibility of granitoids from Sibolga, Panyabungan and

Muara Sipongi. (Dashed lines indicate a border line between magnetite- and ilmenite-

series)
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Fig 4.6 Histogram of radioativity of granitoids from Sibolga and the surrounding areas.

4.2 Panyabungan and its surrounding areas

4.2.1 Occurrence of granitic rocks
Granitoids at Panyabungan areas are mainly composed of ilmenite-series in character,
and consist of K-feldspar megacrysts, quartz, biotite and muscovite. Mineral segregations
were observed, and subangular to angular enclaves were found at Tanjung Jae (Fig. 4.7). A
total of 23 samples were collected from Panyabungan areas (Fig. 4.8) (Appendix 1).
Five locations were observed; they are Hutasiantar, Parmompang, Tanjung Jae and
Tebing Tinggi and Tano Tombangan (Fig 4.9). Granitoids from Tanjung Julu and Tanjung
Jae are less weathered, gray to light brown in color, ilmenite-series, composed of K-

feldspar megacrysts (up to 8 cm), quartz, biotite and minor muscovite and iron oxides.
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Fig. 4.7 Outcrops of granitoids from Tanjung Jae contain a. K-feldspar megacrysts and

b. round shape metasedimentary enclaves.

The granitoids from Pintu Padang Julu (Fig. 4.8c-d) and Tano Tombangan (Fig. 4.8e-f)
are ilmenite-series, consisting mainly of K-feldspar, quartz, biotite. A suite of granitoids at

Tano Tombangan were mixture of ilmenite-series and magnetite-series granitoids.

Magnetite-series granitoids were indicated by the occurrences of dark green color
hornblende and biotite. Alkali feldspar syenites were collected from Tano Tombangan-Si
Tumba. They are metamorphosed and brecciated (Fig. 4.8 e-f). Large tourmaline crystals

are pegmatitic.

4.2.2 Magnetic susceptibility

Granitoids from Panyabungan are mainly ilmenite-series. Magnetic susceptibility of
granitoids from Parmompang, Tebing Tinggi, Tanjung Jae, and Pintu Padang ranges from
0.01 to 0.66 x 107 in SI unit. Granitoids from Tano Tombangan are mixture of magnetite-

series and ilmenite-series (Ishihara, 1977) (Appendix 3).
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Fig. 4.8 Outcrops of granitoids at Panyabungan and its surrounding areas: a. Parmompang,

b. Tebing Pintu Air, c-d. Pintu Padang Julu, e and f. Tano Tombangan.
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Fig. 4.9 Sample locations of Panyabungan and its surrounding areas (modified after Rock et al., 2012).
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Magnetic susceptibility of granitoids from Parmompang ranges from 0.01 to 0.32 x 102 in

SI unit, that of Tebing Tinggi ranges from 0.05 to 0.08 x 107 SI, that of Tanjung ranges

from 0.03 to 0.15 x 107 in SI unit, and that of Pintu Padang Julu ranges from 0.01 to 0.23 x

10 in SI unit. The magnetic susceptibility of ilmenite-series and magnetite-series granites

from Tano Tombangan ranges from 0.08 to 0.94 x 10 and 1.53 to 25 x 10 in SI unit,

respectively (Fig 4.10).
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Fig. 4.10 Histogram of magnetic susceptibility of granitoids from Panyabungan and its

4.2.3 Radioactivity

surrounding areas.

Radioactivity of Panyabungan Granitoids ranges from 0.18 to 0.47 uSv/hr, and

compared to that of Sibolga Granitoids which have maximum radiation at 0.89 uSv/hr,

Panyabungan Granitoids has lower radioactivity (Appendix 4). Radioactivity of granitoids

from Parmompang ranges from 0.18 to 0.28 uSv/hr, that of Tebing Tinggi is 0.34 uSv/hr,
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that of Tanjung Jae ranges from 021 to 0.37 pSv/hr, that of Pintu Padang Julu is 0.47

puSv/hr, while that of Tano Tombangan ranges from 0.21 to 0.41 uSv/hr (Fig. 4.11).
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210 1 Tebng Tinngi
:’.}- g | ® Tanjung Jae
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Radioactivity (uSv/hr)

Fig. 4.11 Histogram of radioactivity of granitoids from Panyabungan and its surrounding

areas.

4.3 Muara Sipongi and its surrounding areas

4.3.1 Occurrence of granitic rocks

The granitoids at Muara Sipongi and the surroundings areas are usually altered.
Seventeen samples were collected from Muara Sipongi (Fig. 4.12¢), Sungai Cibadak,
Hutadangka, Pekantan (Fig. 4.12a-d) and Tanjung Alai (Fig.4.12f-h) (Fig. 4.13) (Appendix
1). Ten out of seventeen granitoids samples from Muara Sipongi and Tanjung Alai were
relatively fresh, while the rest of granitoids samples collected from Pekantan and Sungai
Cibadak were altered. Granitoids from Muara Sipongi contained mafic enclaves and mafic

intrusions (Fig 4.12b).
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Fig. 4.12 Outcrops of granitoids at Muara Sipongi and its surrounding areas: a-d. Pekantan,
e. Muara Sipongi, f-h. Tanjung Alai.
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Fig. 4.13 Geological and sample locality map of Muara Sipongi and Kotanopan (modified after Rock et al., 2012).
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Granitoids at Muara Sipongi are light gray in color, coarse to medium grained, and
granodioritic to granitic in composition. Minerals present are plagioclase, K-feldspar,
quartz, biotite, and hornblende. At Pekantan (M4) location, granitoids contain a quartz vein,
present in a structure zone which is indicated by the existences of fractures and slicken

sides. A meter size block of ultramafic rocks has been found within the granitoids.

4.3.2 Magnetic susceptibility

Summary of magnetic susceptibility is attached in Appendix 3.
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Fig. 4.14 Histogram of magnetic susceptibility of granitoids in Muara Sipongi and Tanjung
Alai.

Granitoids from Muara Sipongi are magnetite-series. The magnetic susceptibility ranges
from 7.4 to 10.3 x 10 in Sl unit (Fig. 4.14). Granitoids from Tanjung Alai is magnetite-

series, and its magnetic susceptibility is 7.9 x 10 in SI unit.

64



Akita University

4.3.3 Radioactivity
Radioactivity of granitoids from Muara Sipongi ranges from 0.1 to 0.22 uSv/hr while
that of Pekantan is 0.1 pSv/hr (Fig.4.15). This radioactivity of granitoids from Muara

Sipongi is lower compared to those of Sibolga and Panyabungan (Appendix 4).
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Fig 4.15 Histogram of radioactivity of granitoids from Muara Sipongi and its surrounding

areas.

4.4 Kotanopan and its surrounding areas
4.4.1 Occurrence of granitic rocks

Outcrops of granitoids in Kotanopan are similar with those in Muara Sipongi. The
granitoids in Kotanopan are mainly altered, and only those at few outcrops were relatively
fresh (Figs. 4.13, 4.16) (Appendix 1). The granitoids outcrops are granodioritic in
compositions, mainly composed of plagioclase, quartz, K-feldspar, biotite and hornblende.
Mafic enclaves exist in some granitoids (Fig. 4.17). A total of nine samples of granitoids

were collected from Kotanopan, but only two samples are relatively fresh.
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Fig. 4.17 Outcrops of granitoids from Kotanopan showing gray color and contain mafic
enclaves.
4.4.2 Magnetic susceptibility
Magnetic susceptibility measurements were conducted on relatively fresh or least
altered granitoids (Appendix 3). The magnetic susceptibility corresponds to magnetite-

series granites, and they range from 2.3 to 13.6 x 10 in Sl unit (Fig. 4.18).
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4.4.3 Radioactivity
Radioactivity of granitoids from Kotanopan is lower contrasted to those of Muara
Sipongi, Panyabungan, and Sibolga (Appendix 4). The radioactivity ranges from 0.1 to 0.12

uSv/hr. Summary of radioactivity value depicted in Fig. 4.19.
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Fig. 4.18 Magnetic susceptibility of fresh granitoids from Kotanopan.
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Fig. 4.19 Histogram of radioactivity of Kotanopan and its surrounding areas.
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CHAPTER 5

PETROGRAPHY

Mineral assemblages of the granitoids in Sibolga, Panyabungan, Muara Sipongi and

Kotanopan were studied on the basis of petrography.

5.1 Petrography of granitoids from Sibolga

Granitoids from Sibolga are classified into quartz alkali feldspar syenite, syenogranite,
alkali feldspar granite, alkali feldspar syenite and quartz syenite on the basis of modal
abundance of quartz, alkali feldspar, and plagioclase (after Le Bas & Streckeisen, 1991;
Streickeisen, 1976). The granitoids from Sibolga contain REE-bearing minerals such as
apatite, allanite, and titanite. Summary of mineralogical composition of the samples is
shown in Table 5.1 and Figure 5.1.

Syenogranite from Sarudik (SR1) is composed mainly of K-feldspar megacrysts,
quartz, plagioclase, hornblende, biotite and cordierite (Figs. 5.1a, 5.1b). Cordierite occurs
as xenocrysts included in K-feldspar. Zircon, apatite, allanite, titanite and ilmenite are
accessory minerals. Alkali feldspar granite from Sarudik (SR2 and S25) is composed
mainly of K-feldspar megacrysts, plagioclase, quartz, biotite and minor muscovite. Titanite,
zircon, allanite, magnetite and ilmenite are accessory minerals. K-feldspar is present as
perthite, microperthite and microcline. K-feldspar, plagioclase and biotite are partly altered
to chlorite and sericite (Table 5.1, Figs. 5.1c, 5.1d). Quartz alkali feldspar syenite from
Sarudik (S14) is composed chiefly of K-feldspar megacrysts, plagioclase, quartz and

biotite. Apatite and allanite are accessory minerals (Table 5.1, Fig. 5.1e). Garnet is present
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in the quartz alkali feldspar syenite at Tarutung (S18A) (Table 5.1). K-feldspar commonly
shows microcline twinning. Quartz exhibits undulose extinction. K-feldspar, plagioclase
and biotite are partly altered to chlorite and sericite. Corundum occurs as xenocrysts and
inclusions in K-feldspar in the quartz alkali feldspar syenite at Sihobuk (S24) (Table 5.1).

Syenogranite at Sibuluhan Sihaporas (S5) is composed chiefly of K-feldspar,
plagioclase, biotite, hornblende and quartz (Table 5.1, Fig. 5.1f).

Monzogranite from Sibolga Julu is composed mainly of K-feldspar megacrysts, quartz,
plagioclase and biotite. Plagioclase is twinned and intergrown with K-feldspar which
exhibits microcline twinning. Zircon and apatite are accessory minerals (Table 5.1).

Syenogranite at Adian Koting (SB1) is composed mainly of K-feldspar megacryst,
plagioclase, biotite and hornblende. Apatite is present as an accessory mineral. K-feldspar,
plagioclase and biotite are partly altered to chlorite and sericite (Table 5.1, Fig. 5.2a).
Quartz syenites from Adian Koting (SB2 and SB3) are composed mainly of K-feldspar
megacrysts, quartz, plagioclase, hornblende, biotite and minor corundum and cordierite
(Table 5.1, Figs. 5.2b, 5.2c). Allanite, apatite, and ilmenite are present as accessory
minerals (Table 5.1, Figs. 5.2a, 5.2c). Corundum and cordierite occur as xenocrysts and
inclusions in K-feldspar (Table 5.1, Figs. 5.2d, 5.2f). Alkali feldspar syenites from Tukka
have almost the same mineral composition with quartz alkali feldspar syenite, but the
proportion between K-feldspar megacrysts and quartz is different. They are mainly
composed of K-feldspar megacrysts, quartz, plagioclase, hornblende, and biotite. Zircon

and ilmenite are accessory minerals (Table 5.1).

69



Akita University

Fig. 5.1 Photomicrographs under crossed nicols:

a. Cordierite (crd) as a xenocryst, with K-feldspar (Kfs), in syenogranite from Sarudik,

b. K feldspar (Kfs) megacrysts showing microperthite texture, in syenogranite from
Sarudik,

c. Allanite (aln) occurence with K feldspar (Kfs) and biotite (bt), in alkali feldspar granite
from Sarudik,

d. Titanite (ttn) with K-feldspar (Kfs) and quartz (qtz), in alkali feldspar granite from
Sarudik,

e. K feldspar (Kfs) megacryst with plagioclase (plg), in quartz alkali feldspar syenite from
Sarudik.

f. K feldspar (Kfs) in association with biotite (bt) and hornblende (hbl), in syenogranite
from Sibuluhan Sihaporas.
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T

Fig. 5.2 Photomicrographs under crossed nicols:

a.

b.

Megacryst of K-feldspar (Kfs) with biotite (bt) and contain apatite (apt) as
inclusions, in syenogranite from Adian Koting,

Hornblende (hbl) with biotite (bt) and quartz (qtz), in quartz syenite from Adian
Koting,

Zircon occurs as inclusion in biotite, and apatite as inclusion in quartz, in quartz
syenite from Adian Koting,

Cordierite (crd) as xenocryst with K-feldspar, in quartz syenite from Adian Koting,
Hornblende (hbl) with biotite (bt) and quartz (qtz), in quartz syenite from Adian
Koting,

Corundum (crn) as xenocryst in K-feldspar (Kfs), in quartz syenite from Adian
Koting.
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Table 5.1 Modal composition of granitoids in Sibolga and its surrounding areas

No Locality Sample Rock Name Primary mineral Secondary minerals ~ Ore Minerals ~ Total
code Kfs plg hbl bt gtz cm crd px gt mv ttn zr apt aln qzs chl ep cal ser op mt ilm

1 Sarudik SR1 syenogranite 56 14 20 2 4 * * x 2 2 = 100
2 Sarudik SR2  alkali feldspar granite 62 5 6 20 * 3 * * 3 1 * | * 100
3 Sarudik S14  alkali feldspar syenite 8l 4 9 3 * 2 1 * 100
5 Sarudik S16  syenogranite 65 10 2 2 3 * 100
6 Sarudik S25  alkali feldspar granite 58 5 9 26 * | * 2 100
7 Sibuluhan Sihaporas S1A  syenogranite 65 8 25 2 * 100
8 Sibuluhan Sihaporas S3 quartz syenite 5% 9 1 4 10 4 *| * 7 1 1 * 100
9 Sibuluhan Sihaporas S4 syenogranite 57 15 20 5 *|* 2 100
10 Sibuluhan Sihaporas S5 syenogranite 50 14 2 4 25 2 * 1 1 * = 100
11 Sibuluhan Sihaporas S6 quartz alkali feldspar syenite 71 5 5 15 2 * 2 100
12 Sibuluhan Sihaporas S7 quartz syenite 70 9 11 4 *| * 4 1 1 100
13 Tukka S8 quartz alkali feldspar syenite 62 5 15 1 *| * 5 4 100
14 Tukka S9 quartz alkali feldspar syenite 8l 6 5 1 = 100
15 Tukka S10  quartz alkali feldspar syenite 89 3 2 * 1 = 100
16 Sibolga Julu S17  quartzsyenite 66 20 5 2 4 2 1 100
17 Sibolga Jul S22 quartz alkali feldspar syenite 67 6 5 12 *|* 6 1 100
18 Sibolga Julu S23(a) syenogranite 46 20 18 2 5 1 100
19 Sibolga Julu S23(b) monzogranite 39 27 4 25 * 1 1 1 100
20 Tarutung S18A  quartz alkali feldspar syenite 80 10 5 4 1 100
21 Tarutung 18B  quartz monzonite 41 28 9 10 12 * *|* 100
22 Tarutung S19  quartzsyenite 70 8 10 5 * 4 3 100
24 Adian Koting S20  quartzsyenite 52 14 10 15 * 3 100
25 Adian Koting S21  quartzsyenite 50 15 5 9 * *| * 3 T *  * 100
26 Adian Koting SB1 syenogranite 28 5 9 21 4 32 1 100
27 Adian Koting SB2  quartzsyenite 58 8 1 15 10 2 2 = 3 * | * 100
28 Adian Koting SB3 quartzsyenite 5 6 4 11 12 1 *| * 4 2 8§ 1 * = 100
29 Sihobuk S24  quartz syenite 5 8 6 * 2 *| * 20 1 1 5 1 100

Abbreviation: Kfs: K-feldspar, plg: plagioclase, hbl: hornblende, bt: biotite, qtz: quartz, crn: corundum, crd: cordierite, px: pyroxene,gt:
granet, mv: muscovite, ttn: titanite, zr: zircon, apt: apatite, aln: allanite, qzs: secondary quartz, chl: chlorite, ep: epidote, cal: calcite, ser:
sericite,op: opaque minerals, mt: magnetite, ilm: ilmenite. (*) : accessory minerals, minor amounts (<1% vol.)
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Granitoids which are fresh or have suffered from low intensity of alteration (least
altered) are used for chemical analysis of whole-rock major elements and rare earth

elements.

5. 2 Petrography of granitoids from Panyabungan

Granitoids from Panyabungan are classified to monzodiorite, syenite, alkali feldspar
syenite, quartz syenite, quartz alkali feldspar syenite, alkali feldspar syenite, alkali feldspar
granite, and quartz alkali feldspar granite (Le Bas & Streickeisen, 1991). Summary of

petrographic result is depicted in Table 5.2.

Granitic rocks at Tanjung Jae consist of alkali feldspar syenite, quartz syenite, and
quartz alkali feldspar syenite. Alkali feldspar syenite is composed of abundant K-feldspar
megacrysts, plagioclase, quartz, + biotite, minor muscovite and + cordierite, while zircon is
an accessory mineral. Quartz alkali feldspar syenite is composed of K-feldspar megacrysts,
plagioclase, quartz and biotite with zircon and apatite as accessory minerals (Fig. 5.3).
Tano Tombangan Granitoids are mainly alkali feldspar syenite, mainly consist of abundant
of K-feldspar megacrysts, + quartz, +biotite, +muscovite, +hornblende, +tourmaline (?).
Zircon and apatite are accessory minerals. Granitic rocks at Pintu Padang Julu consist of
alkali feldspar syenite and quartz alkali feldspar syenite and alkali feldspar syenite. Quartz
alkali feldspar syenite is composed of K-feldspar, plagioclase, quartz and biotite. Zircon
and apatite are accessory minerals while alkali feldspar syenite is composed of K-feldspar,
plagioclase, biotite, +muscovite, +hornblende, and +quartz. Zircon and apatite are

accessory minerals.
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Fig 5.3 Photomicrographs of selected samples from Panyabungan and the surroundings: a.
quartz alkali feldspar syenite from Tanjung, b. alkali feldspar granite deformed from Tebing
Tinggi, c. Pintu Padang Julu, d. alkali feldspar syenite from Tanjung Jae, e-f.alkali feldspar
granite and alkali feldspar syenite from Tano Tombangan.

Abbreviation: Kfs: K-feldspar, plg: plagioclase, hbl: hornblende, bt: biotite, qtz: quartz, aeg:

aegerine, ttn: titanite, aln: allanite, tou: tourmaline, ser: sericite.
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Table 5.2 Modal composition of granitoids from Panyabungan and its surrounding areas

Locality Sample  Rock Primary Mineral Alteration Minerals Opague minerals

Code Name Kfs pg hbl bt gz crd ne mv zr mnz ap alntour gz chl ep cal ms ser op py cpy gal mt ilm

1 Parmompang-timur PYB2 Mzd 12 44 5 10 10 *| % 10 2 1 5 ol I A I

2 Tanjung PYB4D QS 53 15 10 15 * 2 2 **

3 Tanjung Jae P4 AFS 76 2 6 11 3 * * | * 2 1

4 Tanjung jae PYB5 QAFS 69 5 14 15 2 > * | 1

5 Tanjung Jae P5 AFS 52 30 5 4 2 10 2

6 Tanjung PYB4E AFS 70 3 2 5 * * 8 1

7 TebingPintu Air PYB6 AFG 49 6 20 12 8 1 1

8 Tebing Tinggi P6 AFG 67 3 20 7 2 1

9 Si Tumba, tanotumbangan P8B AFS 70 5 10 5 2 = * 1

10 Tano Tombangan P8C AFS 80 3 6 6 1 2

11 Tano Tombangan P8E AFS 63 3 18 5 8 1 = 1 1

12 Tano Tombangan PBA AFS 79 2 6 5 1 5 1

13 Tano Tombangan P9 QAFS 62 2 20 5 * 8 1 2

14 Tano Tombangan PYBO9A AFS 47 4 8 15 1 = 3 2 20 10 l*

15 Pintu padangjulu P7 QAFS 68 5 10 10 * * % 5 2 *

16 Pintupadang Julu PYB8A QAFS 67 4 12 15 * * 2

17 Pintupadang Julu PYB8B AFS 41 6 10 6 19 * 8 10 1

18 Pintupadang Julu PYB8C AFG 53 2 10 15 * * 4 1 14 1

19 Pintupadang Julu P8D AFS 65 18 6 3 5 3 * * 1 1

Abbreviation : Kf: K-feldspar, Pg: Plagioclase, Hb: Hornblende, Bi: Biotite, Qz: Quartz, Crd: Cordierite, Tour: Tourmaline, Zr: Zircon, Mnz: Monazite;
Ap: Apatite; Ms: Muscovite; Si:Secondary quartz, Chl: Chlorite, Ep: Epidote, Cal: Calcite, Mu: Secondary Muscovite; Ser: Sericte; Op: Opaque, Py:
Pyrite, Cpy: Chalcopyrite, Gal: Galena, Mt: Magnetite, ilm: ilmenite.

Rock Name: Mzd: Monzodiorite; QS: Quartz syenite; AFS: Alkali Feldspar Syenite; QAFS: Quartz Alkali Feldspar Syenite; AFG: Alkali Feldspar Granite
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Granitic rocks at Parmompang are monzodiorite composed mainly of plagioclase, K-
feldspar, quartz, biotite, and hornblende. Zircon and monazite are accessory minerals.
Tebing Granitoids are alkali feldspar granite, consisting mainly of K-feldspar, quartz, +

biotite and + cordierite. Photomicrographs of selected samples are shown in Fig. 5.3.

5.3 Petrography of granitoids from Muara Sipongi

Seventeen granitoids samples were collected from Muara Sipongi and are mostly
altered. Only four samples are relatively fresh while the remaining samples are weakly to
moderately altered. The granitoids from Muara Sipongi are classified to quartz diorite,
granodiorite, monzogranite, and quartz monzonite, those from Pekantan are granodiorites,
that from Sungai Cibadak is monzodiorite and that from Tanjung Alai is diorite. Summary

of petrography is depicted in Table 5.3 and Fig. 5.4.

5.4 Petrography of granitoids from Kotanopan

Granitoids from Kotanopan and Tolung are classified to quartz monzonite, tonalite,
monzogranite, granodiorite, and syenogranite, based on modal abundance of quartz (Q),
alkali feldspar (A) and plagioclase (P) (Streickeisen, 1976). Quartz monzonite and
granodiorite are mainly composed of plagioclase, K-feldspar, quartz, hornblende. Zircon
and apatite are accessories minerals. Tonalite is composed of plagioclase, quartz and K-
feldspar and zircon as an accessory mineral. Monzogranite consists mainly of K-feldspar,

plagioclase, quartz, biotite with zircon as an accessory mineral.
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Syenogranite from Tolung is mainly composed of K-felspar, plagioclase, quartz and
biotite. Titanite, zircon, allanite, +monazite, and +apatite are accessory minerals. Tonalite
consists of mainly plagioclase, K-feldspar, quartz and hornblende, and zircon as an
accessory mineral. Summary of mineralogical composition of the samples is depicted in

Table 5.4 and Fig. 5.5.

Fig 5.4 Photomicrograph of Muara Sipongi granitoids : a-c. quartz syenite and quartz
diorite from Muara Sipongi contain plagioclase (pg), quartz (qz), K-feldspar (Kfs), biotite
(bt), muscovite (mus), opaque (op), minor chlorite (chl) and epidote (ep) and d. granodorite

from Pekantan contains plagioclase (pg), biotite (bt), and chl (chlorite).
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Table 5.3 Modal composition of granitods from Muara Sipongi and its surrounding areas

No Locality Sample Rock Alteration
Code Name Primary Mineral mineral Opagque minerals
Kf pg hbl bt gz grt px ms zr ap chl ep ser py cp sl mr asp mt ilm
1 ™ M1 quartz diorite 5 50 25 9 4 3 4 *
2 ™M MS5  Granodiorite 12 42 8 2 28 2 5 *
3 M MS 6  Monzogranite 18 20 16 38 * ok 1 4 *
4 ™M MS8  quartz syenite 32 15 2 7 6 12 10 5 9 1 * * * *x * %
5 ™ MS 11 Quartz monzonite 45 36 18 * * *
6 ™M MS 12  monzogranite 20 27 8 9 31 5 *
7 P M4 Granodiorite 20 34 14 22 3 1 6 *
8 p M6 granodiorite 12 42 10 4 22 ** 6 4 *
9 cb MS 7  Monzodiorite 19 42 1 12 1 10 5 10 *
10 T1j MS 9 Diorite 5 59 10 5 5 8 4 * *

Abbreviation : pg: plagioclase, Kfs: K-feldspar, hbl: hornblende, bt: Biotite, gz: quartz, grt: garnet, px: pyroxene, ms: muscovite, chl: chlorite, ep:

epidote, ser: sericite, py: pyrite, cp: Chalcopyrite, sl: Sphalerite, mr: Marcasite, asp: arsenopyrite, mt: magnetite, ilm: ilmenite. Locality : M: Muara

Sipongi, P: Pekantan, Cb: Sungai Cibadak, Tj: Tanjung.
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§.»

’

: 3 2 7 4 T - T
Fig. 5.5 Granitoids from Kotanopan (KNP): a-b. tonalite from Tolung, c-d.
syenogranite from tolung, e monzogranite from Kotanopan and f. Tonalite.

Abbreviation : Kfs: K-feldspar, qz: quartz, plg: plagioclase, bt: biotite, zrn: zircon,
chl: chlorite, ttn: titanite, ep: epidote, op: opaque mineral
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Table 5.4 Modal composition of granitoids from Kotanopan and its surrounding areas

Sample  Rock

Locality code name Kf pg hbl bt gz mv ttn zr mnz ap aln tre chl ep cal mu ser cly op py cpy sf mt
1 Kotanopan KNP2 QOmz 22 40 3 14 * * 8 2 6 3 1
2 Kotanopan KNP3 Tn 4 42 25 * 3 3 6 14 3
3 Kotanopan KNP4  Mzg 38 24 9 25 * 3 5 *
4 Kotanopan KNP8 Gd 6 40 15 25 * * 3 2 6 4 *
5 Tolung KNP5 Syg 44 15 10 20 *o* * * *
6 Tolung KNP 6 Syg 55 10 3 20 * % * 0% 1 1 *
7 Tolung KNP7 Tn 5 49 1 15 * 1 3 5 10 3

Abrreviation :

Kfs: K-feldspar, Pg: plagioclase, Hb: hornblende, Bi: biotite, Qz: quartz, Mv: muscovite, Ti: titanite, Zr, zircon, Mo: monazite, Ap: apatite,Chl: Chlorite,

Ep: epidote, Cal: calcite, Mu= muscovite, Ser: sericite, Op: opaque, Py: pyrite, Cpy: chalcopyrite, Sf: sphalerite, Mg: magnetite.

Rocks name: Qmz: quartz monzonite, Tn: Tonalite, Mzg: monzogranite, Gdr: granodiorite, Syg: syenogranite
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The summary of modal abundance of quartz (Q) alkali feldspar (A) and plagioclase (P) and
feldsphatoid (F) of granitoids from Sibolga, Panyabungan, Muara Sipongi and Kotanopan
were plotted in the QAPF discrimination diagram (Le Bas & Streickeisen, 1991,

Streickeisen, 1976) (Fig. 5.6).
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Fig. 5.6 Modal abundance of quartz (Q) alkali feldspar (A) and plagioclase (P) and
feldsphatoids (F) of granitoids from Sibolga, Panyabungan, Muara Sipongi and Kotanopan
(Le Bas & Streickeisen, 1991; Streickeisen, 1976).

Granitoids from Sibolga and Panyabungan were mainly fall in the field of quartz alkali
feldspar syenite and syenogranite. Whereas granitoids from Muara Sipongi and Kotanopan
were mainly fall in the field of syenogranite, granodiorite and quartz monzodiorite,

monzodiorite and quartz diorite (Fig. 5.6).
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CHAPTER 6

WHOLE-ROCK MAJOR ELEMENTS AND RARE EARTH ELEMENTS

GEOCHEMISTRY

6.1 Sibolga

6.1.1Major elements compositions

Whole rock chemical compositions of 22 samples were analyzed (Table 6.1). The SiO;
contents widely range from 63 to 80 wt.%. Loss on ignition (LOI) of the fresh samples
ranges from 0.01 to 1.59 wt.%. Altered rock samples were not plotted in the Harker
diagrams.

The SiO, content of quartz alkali feldspar syenite, and syenogranites from Sarudik
ranges from 73 to 80 wt.%, that of alkali feldspar syenite and quartz syenite from Sibolga
Julu ranges from 65 to 76 wt.%, while that of alkali feldspar syenite and quartz alkali
feldspar syenite from Tarutung ranges from 72 to 77 wt.%. The P,Os contents of quartz
alkali feldspar syenite, and syenogranites from Sarudik ranges from 0.01 to 0.06 wt.%, that
of alkali feldspar syenite and quartz syenite from Sibolga Julu ranges from 0.01 to 0.08
wt.%, while P,Os contents of alkali feldspar syenite and quartz alkali feldspar syenite from
Tarutung range from 0.03 to 0.04 wt.% (Table 6.1).

The quartz alkali feldspar syenites from Sarudik and alkali feldspar syenites from
Sibolga Julu and Tarutung contain low P,Os compared to the rest of samples. The SiO,

contents of quartz alkali feldspar syenite, quartz syenite and syenogranite from Sibuluhan
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Sihaporas range from 71 to 77 wt.%, P,0Os contents from 0.01 to 0.07 wt.%. The SiO,
contents of quartz alkali feldspar syenite and quartz syenite of the Tukka range from 63 to
73 wt.% and P,0s contents from 0.08 to 0.23 wt.%. SiO, contents of quartz alkali feldspar
syenite from Sihobuk granitoids range from 66 to 73 wt.% and P,0s contents from 0.04 to
0.14 wt.%, while SiO, contents of syenogranite and monzogranite from Adian Koting range
from 68 to 69 wt.% and P,0Os contents from 0.12 to 0.16 wt.%. P,Os contents of quartz
alkali feldspar syenite, monzogranite, syenogranite and of the Tukka, the Sihobuk and the
Adian Koting are relatively high (Fig. 6.1 and Table 6.1).

Harker Diagrams indicate that most of the major elements (TiO,, Al,O3, FeO, MnO,
MgO, Ca0, and P,0s) decrease with increasing SiO, while K,O and Na,O, are unclear and
slightly increase, respectively (Fig. 6.1).

Plots of SiO, versus (FeOu/[FeOwtMgO]), SiO, versus (Na,O+K,0+CaO) and
Aluminium Saturation Index (ASI) versus molecular ratio Al/(Na+K) discrimination
diagrams show that most of the granitoids fall within ferroan and peraluminous-type
granites based on the classification diagram of Frost et al. (2001) (Fig. 6.2). Rb-(Y+Nb)
and Nb-Y discriminant diagrams (Pearce et al, 1984) of granitoids from Sibolga fall in the

within plate environment (Fig. 6.3).

6.1.2 Rare earth elements compositions
Whole-rock rare earth elements and trace elements contents of 25 samples were
analyzed, but only 14 samples fresh and least altered were presented (Table 6.2). Chondrite

normalized REE patterns of alkali feldspar syenite from Sibolga Julu, syenogranite from
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Sibuluhan Sihaporas, alkali feldspar syenite from Tarutung, quartz syenite from Tukka, and
quartz alkali feldspar from Sihobuk show that REE, particularly LREE are enriched (Fig.
6.4).

REE patterns normalized to chondrite show that REE of syenogranites and quartz
alkali feldspar syenites from Sarudik are similar to that of quartz syenite from Sibolga Julu,
where relatively flat patterns of both LREE and HREE and significant depletion of Eu were
observed (Fig. 6.4).

YREE contents of alkali feldspar syenites from Sibolga Julu and Tarutung, quartz
alkali feldspar syenite from Sarudik, syenogranite, quartz syenite and quartz alkali feldspar
syenite from Sibuluhan Sihaporas, and quartz syenite from Tukka are higher compared to
those of quartz syenite from Adian Koting and quartz alkali feldspar syenite from Tukka.

YLREE contents of alkali feldspar syenite and quartz syenite from Sibolga Julu range
from 241 to 914 ppm, THREE from 240 to 389 ppm, and Rb/Sr ranges from 1 to 121.
YLREE contents of quartz alkali feldspar syenite and alkali feldspar syenite from Tarutung
range from 445 to 1023 ppm, ZHREE contents from 86 to 206 ppm, and Rb/Sr ranges from
5.3105.4.

YLREE contents of quartz alkali feldspar syenite and syenogranite from Sarudik range
from 212 to 533 ppm, ZHREE contents from 109 to 309 ppm, and Rb/Sr ranges from 3.9 to
70. ZLREE contents of quartz alkali feldspar syenite, syenogranite and quartz syenite from
Sibuluhan Sihaporas range from 388 to 487 ppm, ZHREE contents range from 63 to 462
ppm, and Rb/Sr ranges from 4 to 50. ZLREE contents of quartz alkali feldspar syenite and

quartz syenite from Tukka range from 203 to 626 ppm,
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Fig. 6.1 Harker diagrams of granitoids from Sibolga and its surrounding areas.
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Fig. 6.3 Rb-(Y+Nb) and Nb-Y discriminant diagrams of granitoids from Sibolga, Panyabungan, Kotanopan and Muara Sipongi (after
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Table 6.1. Whole rock major elements contents of granitoids in Sibolga and its surrounding areas

Sample  Locality Rock name Magnetic Major elements (wt.%)
code susceptibility Radioactivity SiO, TiO, AlLO; FeO MnO MgO CaO Na,O K,O P,0s LOI Total
x10° (SI) KSv/hr

SR1  Sarudik Syenogranite 0.01 0.12 75.14 005 12,69 1.94 002 005 086 3.85 472 0.01 0.46 100.01
S14 Sarudik Alkali feldspar syenite 0.57 0.60 7346 029 1242 3.25 007 046 125 317 480 0.06 0.41 100.00
S16 Sarudik Syenogranite 0.01 0.70 79.80 0.04 1092 0.66 001 004 053 288 470 0.01 0.33 99.99
S29*  Sarudik - - - 7115 0.36 1430 3.10 002 047 055 255 567 007 141 99.65
§17  SibolgaJulu  Quartz syenite 0.01 0.89 65.25 0.24 19.06 1.88 0.01 023 136 891 124 008 154 100.01
S23 Sibolga Julu  Monzogranite 0.01 0.33 76.27 0.03 1275 1.30 002 004 055 394 450 0.01 045 100.01
S1* Sibuluhan- - 0.04 0.47 75.01 0.09 1515 0.62 000 010 000 017 501 001 375 99.93
S2* Sihaporas - 0.02 0.48 62.56 0.08 20.75 0.68 0.00 0.03 0.03 239 1097 0.02 240 99.92
S5 Sibuluhan-  Syenogranite 0.01 0.55 7724 010 1194 1.06 001 0.09 071 277 527 001 067 99.99
S5B*  Sihaporas - 0.16 0.05 79.94 0.08 1097 7.24 003 0.09 003 080 007 0.01 007 99.32
S6 Sibuluhan-  Quartz alkali feldspar syenite 0.07 0.47 7479 011 1261 2.34 0.02 007 096 328 516 001 0.39 100.00
S7 Sihaporas Quartz syenite 0.01 0.61 7668 0.06 1244 0.73 001 006 065 348 485 0.01 096 100.01
S8 Tukka Quartz alkali feldspar syenite 0.06 0.55 7250 042 1286 3.12 003 036 092 283 493 0.08 159 99.99
S9 Tukka Quartz alkali feldspar syenite 0.09 0.34 7322 034 1332 2.80 001 042 048 229 579 0.08 094 100.01
S10B  Tukka Quartz alkali feldspar syenite 0.20 0.18 6253 0.71 1643 546 0.08 151 318 274 6.51 023 001 100.00
S18B  Tarutung Quartz monzonite 0.03 0.62 76.61 015 1210 1.46 001 014 028 264 541 0.03 1.00 99.99
S19 Tarutung Quartz syenite 0.24 0.70 7180 0.18 14.04 257 004 024 054 380 59 0.04 049 99.99
S21 Adian Koting Quartz syenite 0.10 0.58 6790 0.63 1443 4.49 008 119 286 298 433 0.16 046 100.01
SB1* Adian Koting Syenogranite 0.12 0.14 69.04 048 1420 4.67 006 079 214 286 487 012 026 99.48
SB3*  Adian Koting Quartzsyenite 0.11 0.08 67.92 061 1425 500 008 116 243 279 438 016 065 99.44
S24*  Sihobuk Quartz alkali feldspar syenite 0.09 0.56 7325 021 1336 2.39 003 029 075 315 560 0.04 066 99.73
S24B*  Sihobuk Quartz syenite 0.17 0.61 65.96 053 1551 4.95 009 061 224 292 627 014 022 99.44

Explanation:

FeO = The expression of total Fe content. LOI = Lost on Ingnition
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Table 6.2 Rare earth elements concentration of granitoids in Sibolga and its surrounding areas

Sample Rare Earth Elements (REE) (ppm)

Locality code La Ce Pr Nd Sm Eu Gd Tb Dy Ho Tm Er Yb Lu 2REE LREE HREE Ce/Ce* Eu/Eu* (La/Yb)y (Gd/Yb)y
Sarudik SR-01 485 112.0 16.6 65.5 23.4 0.2 26.6 5.2 33.2 6.7 2.6 187 16.7 2.2 3781 266 112 1.0 00 2.0 1.3
Sarudik SR 02* 165.0 279.0 29.2 1010 188 08 149 22 120 22 08 62 54 0.8 594 44 1.0 0.1 21.0 2.3
Sarudik S14 131.5 257.0 28.1 97.2 18.8 0.6 15.0 2.1 12.0 2.2 1.0 7.2 6509 580.0 533 47 1.0 01 13.7 1.9
Sarudik S.16* 416 927 125 487 165 0.1 18.1 3.4 206 39 15107 9.2 1.2 2805 212 68 1.0 00 31 1.6
Sibuluhan ~ S.1*  117.5 34.7 29.9 108.5 37.3 0.5 48.1 9.6 61.2 11.4 4.9 352 31.0 41 5338 328 205 01 00 2.6 1.3
Sihaporas ~ S.2* 68.4 118.0 16.7 59.0 155 0.3 155 3.1 23.9 5.0 2.9 17.9 189 2.6 3675 278 90 08 01 2.5 0.7
Sibuluhan S5 89.3 187.5 21.6 72.7 16.9 0.2 16.3 2.7 17.8 3.6 1.7 11.8 11.6 1.6 4552 388 67 1.0 00 5.3 1.1
Sibuluhan ~ S5B* 382 67.0 11.4 40.9 12.2 0.2 11.9 2.4 16.7 3.3 1.6 10.1 10.7 1.4 2278 170 58 08 00 2.4 0.9
Sihaporas  S6 116.0 246.0 28.0 95.3 23.5 0.2 21.5 3.9 248 4.9 25 16.0 159 2.2. 600.68 509 92 1.0 00 5.0 1.1
Sibuluhan ~ S7 102.0 128.5 28.5 109.0 35.6 0.2 41.6 7.4 452 85 3.5 25.1 21.9 2.9 559.9 404 156 06 00 3.2 1.5
Sihaporas ~ S27/S1* 66.7 74.2 13.8 458 9309 7.712 6.8 14 07 43 4507 2380 211 27 06 03 10.0 1.4
Sibuluhan ~ S29*  126.0 239.0 255 81.8 13.9 09 9513 7.0 13 05 35 3105 5135 487 26 1.0 02 28.0 2.5
Tukka S8 183.0 271.0 34.0 116.0 20.7 1.4 185 2.8 164 2.9 1.1 84 69 09 6840 626 58 08 02 18.0 2.2
Tukka S9 529 96.8 10.3 350 6.9 0.7 5308 55 09 04 31 2504 2215 203 19 1.0 04 14.5 1.7
Tukka S10 494 952 112 394 7425 5307 41 08 03 23 2303 2212 205 16 1.0 12 14.5 1.9
Adian Koting S21 67.8 126.5 13.7 486 97 14 7.4 11 66 12 05 38 3605 2924 268 25 1.0 05 12.8 1.7
Adian Koting SB-01*  74.1 135.0 146 484 7.8 14 59 08 45 09 04 23 2904 2993 281 18 1.0 06 17.5 1.7
Adian Koting SB 02 * 736 1320 142 495 94 14 75 12 65 12 05 35 36 05 3045 280 24 1.0 0.5 13.9 1.7
Adian Koting SB-03* 66.0 123.0 13.8 478 8514 64 11 63 12 05 33 3506 2832 260 23 1.0 06 12.9 1.5
Sibolga Julu  S17 368.0 222.0 57.5 219.0 45.0 2.6 52.9 7.5 43.7 8.6 3.2 25.0 18.1 2.5/1075.5 914 161 04 02 13.8 2.4
Sibolga Julu  S23 44.6 1145 142 50.8 16.6 0.1 18.8 3.8 255 51 2.5 16.9 175 2.4 3330 241 92 1.1 00 1.7 0.9
Tarutung  S18B  404.0 231.0 78.1 258.0 49.6 2.2 352 47 23.9 3.9 1.4 106 84 11011121 1023 8 03 02 327 3.4
Tarutung S19 116.0 216.0 22.9 75.2 141 0.6 11.1 1.6 9.4 17 0.8 56 53 0.8 4811 445 36 1.0 01 14.9 1.7
Sihobuk S24A* 137.5 261.0 28.2 95.9 17.8 0.7 135 2.0 11.3 21 0.8 6.3 53 0.8 5832 541 42 1.0 01 17.6 2.1
Sihobuk S24B* 103.0 183.0 19.2 61.6 10523 7.8 1.0 55 1.0 05 29 3105 401.8 380 22 1.0 08 22.7 2.1

Explanation :

LREE is the summary of Light Rare Earth Elements (La to Eu). HREE is the summary of Heavy Rare Earth Elements (Gd to Lu).
S'REE Total summary of LREE. Ce/Ce*=Cey/(LayXPry)*?, EU/Eu*= Eun/(SmyxGdy)*? (Mc Donough and Sun, 1995).
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Fig. 6.4 Chondrite — normalized REE patterns of granitoids from Sibolga and its

surrounding areas (values of chondrite are from McDonough & Sun, 1995).

YHREE contents range from 37 to 147 ppm, and with a Rb/Sr ranging from 0.4 to 4.
YLREE content of quartz syenite from Adian Koting is 292 ppm, THREE contents range
from 44 to 60 ppm, and Rb/Sr is 0.7.

Quartz syenite and quartz alkali feldspar syenite from Tarutung and Tukka, quartz
syenite from Sibuluhan Sihaporas, and quartz alkali feldspar syenite from Sarudik contain
allanite and apatite, thus their chondrite normalized REE patterns show enrichment in both
of LREE and HREE, while quartz syenite from Adian Koting and quartz alkali feldspar and
alkali feldspar syenite from Tukka contain only zircon and they show relatively depleted
both in LREE and HREE compared to those of quartz syenite and alkali feldspar syenite
from Tarutung, that of quartz syenite from Sibuluhan Sihaporas, and that of quartz alkali

feldspar syenite from Sarudik.

90



Akita University

6.2 Panyabungan

6.2.1 Major elements

Major elements analysis of twelve granitoids from Panyabungan and its surrounding
areas was conducted. They include of Tanjung Hutasiantar (PYB3), Tanjung Tebing Pintu
Air (PYB 6) and Aek Nangali (PYB 10). Three samples are collected from Tanjung Jae
(PYB 4D, PYB 5, and P4), Pintu Padang Julu ((PYB 7, PYB 8C and P7) and Tano

Tombangan (P8A, P8D and P8C) (Table 6.3).

SiO, content of alkali feldspar granite from Tebing Pintu Air is 72.3 wt.%, those of
quartz syenite, alkali feldspar syenite and quartz alkali feldspar syenite from Tanjung range
from 70 to 74.7 wt.%, while SiO, contents of alkali feldspar granite and quartz alkali
feldspar syenite from Padang Julu range from 66.4 to 71.6 wt. % and those of alkali
feldspar syenites from Tano Tombangan range from 55.0 to 58.2 wt.% (Table 6.3).

The SiO, content of alkali feldspar syenite from Tano Tombangan are low compared to
that of alkali feldspar syenite from Pintu Padang Julu, Tanjung Jae and Pintu Air suggest
removal of SiO, to form K-feldspar in pegmatitic rocks (e.g. alkali feldspar syenite). Quartz
alkali feldspar syenite from Pintu Padang Julu (P7) has a relatively high radioactivity value
and high contents of TiO,, FeO, MgO, CaO, and P,0s (Table 6.3 and Fig. 6.5). They are
calcic, peraluminous and formed in volcanic arc environment.

Harker diagrams of selected fresh or least altered samples are shown in the Figure. 6.5.
TiO, Al,O3, MnO, CaO, MgO, K,0 and P,Os are negatively correlated with SiO, and

Fe,O3and Na,O are positively trends correlated with SiO, at Tano Tombangan.

91



Akita University

Table 6.3 Whole rock major elements contents of granitoids from Panyabungan and its surrounding areas

No Sample Locality Magnetic Radio- .
- - Major elements (wt.%)
Code Susceptibility — Activity
(x10°%SI)  (uSv/hr) SiO, TiO, AlLO; FeO MnO MgO CaO NaO K,0 P,0s LOI Total
1 PYB3 Tij. Hutasiantar 0.05 012 7485 0.16 1225 245 005 033 038 3.02 544 006 0.74 99.73
2 PYB6 Tginrjlfo'\?? 0.04 012 7230 022 1348 309 008 049 197 356 346 008 092 99.65
3 PYB4D 0.18 015 7474 028 1230 258 002 088 025 1.33 637 0.08 087 99.70
4  PYB5 Tanjung 0.07 007 7000 026 1431 319 002 035 135 1.84 7.73 0.08 051 9964
5 P4 0.076 1.63 7280 037 1338 283 0.02 040 103 181 661 010 0.35 9970
6 PYB7 0.01 001 7152 037 1319 401 004 071 232 1.84 531 0.12 011 9954
7 PYB8C Pi”“jj’lidang 0.07 007 7162 052 1318 406 004 097 225 1.81 463 0.15 031 9954
8 P7 0.23 1.88  66.37 084 1465 592 0.08 198 387 215 297 033 018 9934
9 P8A Tano 25 033 5504 021 2187 340 007 005 155 821 7.46 002 174 9962
10 P8D Tombangan 1.65 140 5816 011 2146 431 006 003 070 927 525 001 0.16 9952
Explanation:

FeO = Total Fe expressed as FeO. LOI = Lost on Ignition
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Fig. 6.5 Harker diagram of granitoids from Panyabungan and its surrounding areas.
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Al,O3, FeO, MnO, MgO, CaO and P,0s are negatively correlated with SiO, while SiO, and
K,O are positively correlated at Pintu Padang Julu. Al,O3, MnO, CaO, K;O and P,0s are
negatively correlated with SiO,, while SiO, and MgO are positively correlated, while relation
between SiO, and TiO,, Na,O and P,Os are unclear.

Plots of SiO, versus (FeOu/[FeOwt+MgO]) and SiO, versus (Na,O+K,0-CaO) and
Aluminium Saturation Index (ASI) versus molecular ratio (Al/[Na+K]) discrimination diagrams
show that most of the granitoids fall within ferroan and peraluminous-type granites based on the
classification diagram of Frost et al. (2001) (Fig. 6.2). Two metaluminous alkali feldspar granites
show ferroan characters. On the other hand quartz syenite from Tanjung Jae and quartz alkali
feldspar syenite from Pintu Padang Julu are peraluminous and magnesian characters. Rb-(Y+Nb)
and Nb-Y discriminant diagrams (Pearce et al, 1984) of granitoids from Panyabungan fall in the

volcanic arc environment (Fig. 6.3)

6.2.2 Rare earth elements

The rare earth elements compositions of eight whole-rock samples out of sixteen including
the granitoids from Tanjung Jae PYB 4D, PYB 5 and PYB 6, that from Pintu Padang Julu P7,
PYB 7, PYB8C, and that Tano Tombangan P8A, P8D were selected. LREE in granitoids from
Pintu Padang Julu are more enriched than the granitoids from Tano Tombangan and Tanjung Jae
(Table 6.4, Fig. 6.6).

>REE contents of quartz syenite, quartz alkali feldspar syenite, and alkali feldspar granite
from Tanjung jae range from 85 to 356 ppm, those of quartz alkali feldspar granite and alkali
feldspar granite range from 200 to 535 ppm while those of alkali feldspar syenite from Tano

Tombangan range from 31 to 81 ppm.
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Table 6.4 Rare earth elements concentration of granitoids from Panyabungan and its surrounding areas

Sample Locality Rock  Mag. Rad.
code Name  Susc. Rare earth elements (REE)
La Ce Pr Nd  Sm Eu Gd Tb Dy Ho Tm Er Yb Lu >REE
1 PYBO04D Tanjung Quartz 0.18 0.15 135 294 383 17 466 149 494 0.71 397 081 029 207 209 033 85.09
syenite
2 PYB-05 Tanjung Jae  Quartz 0.07 0.07 85.2 1675 1885 649 876 219 439 047 2 031 01 077 069 0.07 356.2
alkali
feldspar
syenite
3 PYB-06 Tanjung Alkali 004 012 457 854 9.72 33 6.72 083 509 073 462 082 038 238 234 038 19811
Tebing Pintu  feldspar
Air granite
4 PYB-07 Pintu Padang 0.01 0.097 1325 247 272 921 1395 281 82 102 523 091 023 236 156 0.21 535.28
Julu
5 P7/PYB9 Pintu Padang  Quartz 023 188 428 853 977 368 728 197 55 075 413 073 03 206 1.87 0.26 199.52
Julu alkali
feldspar
syenite
6 PYB-08C Pintu Padang  Alkali 0.07 0.07 1045 195 226 775 1085 341 65 07 294 052 013 114 0.76 0.13 426.68
Julu feldspar
granite
7 P8A/PYB Tano Alkali 25 0.33 211 357 354 116 18 057 161 027 16 03 015 115 1.03 0.12 80.59
9 Tombangan  feldspar
syenite
8 P8D/PYB Tano Alkali 165 14 66 132 145 49 104 066 0.92 013 0.79 013 006 052 048 0.09 30.97
9 Tombangan  feldspar
syenite
Explanation :
> REE Total summary of REE

Mag. Susc. = magnetic susceptibility (x 10 SI), Rad.=Radioactivity (uSv/hr)
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Chondrite-normalized REE patterns of granitoids from Panyabungan are different among the
various samples. They showed various patterns, but in general, all patterns show LREE
enrichment and depletion of HREE, those of Tano Tombangan show relatively similar pattern
but they have different Eu behavior that are probably resulted by different degree of fractionation
of feldspar. The chondrite normalized REE patterns from Tanjung Jae were very different with
those two areas. The REE patterns show three different patterns. The first pattern is similar to
that of Pintu Padang Julu, the second is enriched in LREE and depleted in HREE, and the third is
relatively flat. These various patterns indicate that quartz syenite, quartz alkali feldspar syenite,
and alkali feldspar granite at Panyabungan were derived from different sources, therefore they

have different and various degree of feldspar fractionation.
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¢ Pintu Padang Julu
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Fig. 6.6 Chondrite normalized diagram of granitoids from Panyabungan and its surrounding

areas (values of chondrite are from McDonough & Sun, 1995).
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6.3 Muara Sipongi

6.3.1 Major elements

Major elements compositions of eight granitoids samples were analyzed including six
samples from Muara Sipongi (MS2-MS6, MS11-MS12), one sample collected from Sungai
Cubadak (MS7) and Tanjung Alai (MS10) (Table 6.5). Four out of eight samples are fresh and
least altered samples (MS6, MS 10, MS11 and MS 12). While rest of the samples were altered,
and will not be discussed. SiO, contents of granitoids from Muara Sipongi range from 61.5 to
67.6 wt.%. That of granitoids from Tanjung Alai is 64.8 wt%. P,Os contents of granitoids from
Muara Sipongi range from 0.09 to 0.14 wt.%, while that of granitoids from Tanjung Alai is 0.11
wt.%. P,Os contents are positively correlated with XREE. The characters of P,Os and REE in
granitoids from Muara Sipongi are different with those from Panyabungan and Sibolga, in which
P,Os is negatively correlated with XREE

TiO,, Al,O3, FeO, MnO, MgO, Na,O and P,0s are negatively correlated with SiO, while
CaO and K0 are positively correlated with SiO,. These plots showing parallel patterns to each
other suggest they have a genetic relationship (Fig. 6.7).

Plots of SiO; versus (FeO/[FeOi+MgO]) (Fig. 6.2), and SiO, versus (Na,0+K,0-CaO)
and Aluminium Saturation Index (ASI) versus molecular ratio (Al/[Na+K]) discrimination
diagrams show that most of the granitoids fall within magnesian, calcic-alkali and metaluminous
affinity based on the classification diagram of Frost et al. (2001) (Fig. 6.2). Rb-(Y+Nb) and Nb-
Y discriminant diagrams (Pearce et al, 1984) of granitoids from Muara Sipongi fall in the

volcanic arc environment (Fig. 6.3)
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Table 6.5 Summary of whole rock major elements, magnetic susceptibilty and radioactivity of granitoids from Muara Sipongi and its

surrounding areas

No. Sample Locality Rock Mag. Rad. Major elements (wt.%)
code name Susc SiO, TiO, ALO; FeO MnO MgO CaO Na,O K,O P,0Os5 LOI Total
1 MS2 Muarasipongi 50.10 054 1530 7.46 0.12 3.17 13.18 240 134 0.12 542 99.16
2 MS3 Muarasipongi  Granodiorite 1531 012 56.75 079 16.61 7.96 0.16 3.73 7.33 298 139 0.20 121 99.11
3 MS5 Muarasipongi  Monzogranite 1517 018 5643 078 16.39 8.64 0.15 3.90 7.55 290 130 0.20 0.78 99.02
4 MS6 Muarasipongi  Monzodiorite 10.34 016 63.89 050 1512 575 0.11 2.31 4.77 325 206 012 149 99.37
MS7 Sungai quartz syenite 960 014 67.01 045 1459 453 0.08 1.84 3.72 3.00 321 0.09 096 99.48
5 Cibadak
6 MS10 Tanjung Alai  Quartz 793 019 6480 052 1450 5.79 0.09 2.23 4.40 325 246 011 120 99.35
monzonite
7 MS11 Muarasipongi monzogranite 9.36 0.12 6153 0.58 1596 6.77 0.11 3.08 2.73 350 249 014 235 99.24
8 MS12 Muarasipongi  Quartz 738 017 67.61 046 1398 534 0.09 1.86 3.76 291 323 0.09 0.67 100.00
monzonite
Explanation:

FeO = The expression of total Fe content.

LOI = Lost on Ingnition; Mag. Susc. = magnetic susceptibility (x 10 SI), Rad.=Radioactivity (uSv/hr)
MS= Muara Sipongi; SC= Sungai Cibadak; TA: Tanjung Alai
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6.3.2 Rare earth elements

A total of ten samples were analyzed, but only three fresh and least altered samples were
presented, because of (Table 6.6). These are monzogranite, and quartz monzonite from Muara
Sipongi (MS6, MS 11, and MS 12). XREE of monzogranite ranges from 66 to 75 ppm while that
of quartz monzonite is 71 ppm. Chondrite-normalized REE patterns show relatively similar
patterns (Fig. 6.8).

Table 6.6 Rare earth elements concentration of granitoids from Muara Sipongi and its

surrounding areas

Z
o

Sample
code La Ce Pr Nd Sm Eu Gd Th Dy Ho Tm Er Yb Lu XREE

© 00 N O Ol b WDN PP

[EY
o

MS-02 7.5 15 212 96 254 082 288 042 274 063 032 169 182 03 48.4
MS-03 108 226 319 128 348 106 34 046 341 076 032 232 221 0.38 67.2
MS-05 91 203 273 122 355 088 386 064 399 08 035 26 247 032 63.8
MS-06 10.7 229 311 114 275 072 37 053 366 073 036 226 243 0.34 65.6
MS-07 111 243 3.26 13 334 073 357 067 375 085 041 274 267 045 70.8
MS08 9 159 206 85 215 09 246 038 242 049 023 155 156 0.24 47.8
MS09 141 273 342 138 326 075 343 059 364 073 034 206 244 041 76.3
MS-10 104 231 283 123 308 066 328 053 36 07 03 235 229 0.37 65.8
MS-11 109 245 3.06 133 347 064 373 056 392 092 037 256 281 0.38 71.1
MS-12 119 264 346 135 376 063 385 058 359 08 044 28 29 043 75.0

Explanation : Y REE Total summary of REE.
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Fig. 6.8 Chondrite-normalized diagram of granitoids from Muara Sipongi and its surronding

areas (values of chondrite are from McDonough & Sun, 1995).
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6.4 Kotanopan

6.4.1 Major elements

A total of eight samples were collected from Kotanopan (KNP2 — KNP4 and KNP 8) and
Tolung (KNP 5- KNP 7 and KNP 9). Four out of eight samples relatively fresh (KNP2, KNP3,
KNP 4 and KNP 9). The major elements, trace elements, and rare earth elements contents of
them are analyzed (Table 6.7).

SiO, contents of quartz monzonite, tonalite, and monzogranite from Kotanopan range from
62.4 to 71.0 wt. %. The SiO, content of monzodiorite is 66.5% wt.%. TiO,, Al,O3, FeO, Na,O,
MnO, K,0 and P,0s are negatively correlated with SiO, while CaO and Na,O are positively
correlated with SiO; (Fig. 6.9).

Plots of SiO, versus (FeOu/[FeOiwtMgO]), and SiO, versus (Na,O+K,0-CaO) (Fig.) and
Aluminium Saturation Index (ASI) versus molecular ratio (Al/[Na+K]) (Fig.) discrimination
diagrams show that most of the granitoids fall within magnesian and metaluminous based on the
classification diagram of Frost et al. (2001) (Fig. 6.1). Rb-(Y+Nb) and Nb-Y discriminant
diagrams (Pearce et al, 1984) of granitoids from Kotanopan fall in the volcanic arc environment

(Fig. 6.3)

6.4.2 Rare Earth Elements
Eight representative samples were selected, but only three samples were used for the
geochemical analyses, because of these selected samples are fresh or least altered. KNP2 and

KNP 9 from Kotanopan, KNP 4 from Tolung.
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Table 6.7 Summary of whole rock major elements contents, magnetic susceptibility, and radioacivity of granitoids from Kotanopan

and its surrounding areas

Mag.
Sample Locality  Susc. Rad. Rock Major Elements (Wt %)
code name Si0, TiO, AlLO; FeO MnO MgO CaO Na,O K,O P,Os LOI Total
Quartz
KNP2 Kotanopan 7.93 0.12  monzonite 6355 056 14.93 6.10 0.08 249 496 328 207 0.12 119 99.32
KNP9 Kotanopan 15.78 0.10 monzodiorite 66.50 0.54 14.76 3.68 0.05 215 586 4.35 0.98 0.11 0.59 99.59
KNP4 Tolung 11.91 0.12 monzogranite 70.97 0.46 1331 442 009 059 178 301 475 0.11 0.01 99.50

Explanation : Mag. Susc.= Magnetic susceptibility (x 107 Sl unit); Rad. = Radioactivity (usV/hr). FeO = Total Fe expressed as FeO LOI = Lost on Ingnition

Table 6.8 Summary of rare earth elements concentration (unit in ppm), magnetic susceptibility, and radioactivity of granitoids from

Kotanopan and its surrounding areas

Sample Rock Mag. Rad.

code Locality name Susc La Ce Prm Nd Sm Eu Gd Tbh Dy Ho Tm Er Yb Lu >REE
Quartz

KNP-02  Kotanopan  monzonite 793 012 88 214 30 120 29 08 37 06 40 08 04 27 25 04 638

KNP-04  Tolung monzogranite 11.91 0.12 89.1 1620 170 558 90 16 79 12 64 13 05 36 32 05 3589

KNP-09  Kotanopan  monzodiorite 1578 010 80 202 30 134 31 07 38 06 37 09 04 26 28 04 636

Explanation :

> REE Total summary of REE.

Mag. Susc. = magnetic susceptibility, Rad.=Radioactivity
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YREE contents of quartz monzonite and monzodiorite from Kotanopan range from 62 to 63 ppm,
while that of monzogranite from Tolung is 359 ppm (Table 6.8).

Chondrite-normalized REE patterns of Kotanopan show relatively flat and overlapped each
other, and showing a variation of Eu anomaly (Fig. 6.10), which suggests removal of feldspars.
Granitoids from Tolung show enriched in LREE but depleted in HREE. Quartz monzonite and
monzodiorite in Kotanopan and monzogranite from Tolung granitoids are possibly derived from

different sources.
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Fig. 6.10 Chondrite- normalized REE diagram of granitoids from Kotanopan and Tolung (values
of chondrite are from McDonough & Sun, 1995).

6.5 Type of granitoids

Plots of dicrimination diagram of granitoids from Sibolga were mainly fall in the peraluminous
and ferroan (Frost et al., 2001) and they were formed within plate environment (Pearce et al.,
1984). According to discrimination diagram of molar Al,O3/(Na,0+K,0+Ca0)>1.1, relatively

high CaO content, which is typically 3.2 wt%, and low K,O content (White and Chappell, 1983),
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granitoids from Sibolga are I-type in characters. Plots of SiO, versus (FeO/[FeOiwrtMgO]),
SiO; versus (Na,O+K,0+CaO) (Fig. 6.11) and Aluminium Saturation Index (ASI) versus
molecular ratio Al/(Na+K) discrimination diagrams (Fig. 6.12) (Frost et al., 2001) show that
most of the granitoids from Sibolga are ferroan and peraluminous-granites. However based on
other geochemical characteristics which is proposed by Loiselle and Wones (1979), granitoids
from Sibolga also have A-type granites characters (Fig. 6.13). The granitoids were characterized
by high SiO; and (Na,O+K,0) contents, Zr, Nb, and Ta contents, and REE contents except Eu,
Ga/Al and (FeOy/[FeOw+MgO]) ratios, and low Sr, Ba, Eu, CaO and Al,O3 contents (Loiselle

& Wones, 1979; Collins et al., 1982; White & Chappell, 1983).
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Fig. 6.11 Plots of SiO, versus (FeO/[FeOr+MgO]) of granitoids from Sibolga,

Panyabungan, Muara Sipongi and Kotanopan.

Spider diagram of Zr, Ta, Rb, Th, Ba, Sr, Nb, Ta and HREE contents (Fig. 6.11 and Table

6.7), and based on other geochemical characteristics as mentioned above, the granitoids from

105



Akita University

Sibolga can be classified as I-/A-type granitoids. The granitoids from Sarudik (SR 1 and S16),
Sibuluhan Sihaporas (S5, S6, and S7), Sibolga Julu (S23) and Tarutung (S18 and S19) are
classified into A-type granitoids, while the granitoids from Sarudik (S14), Tukka (S8, S9, and

S10), Sibolga Julu (S17) and Adian Koting (S21) are classified into I-type.
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Fig. 6.12 Plots of Aluminium Saturation Index (ASI) versus SiO, (wt%) of granitoids from

Sibolga, Panyabungan, Muara Sipongi and Kotanopan.

Compared to the A-type granitoids in Besar Island, Malaysia, the A-type granitoids of
Sibolga are highly differentiated and their XREE contents are higher.

There are three possibilities for the source of A-type granitoids: 1) partial melting of the
residue that remained after the production of an I-type granite, 2) partial melting of upper crustal
igneous source of tonalitic to granodioritic composition (Creaser et al.,, 1991), and 3)

fractionational crystallization of alkaline magma that forms alkaline igneous complexes (Salvi &
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William-Jones, 2005). The granitoids from Sibolga are most probably resulted from partial

melting of igneous source of tonalitic to granodioritic composition.
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Fig. 6.13 Trace element-normalized patterns show distinct patterns of A- and I-type granitoids.

A-type granite from Besar Island area from Ghani et al. (2014).

The granitoids from Muara Sipongi and Kotanopan, are metaluminous, thus I-type, and
magnetite-series. Their incompatible elements and high field strength elements (HFSE) contents

are high (Table 6.9).
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Table 6.9 Summary of trace and major elements compositions of granitoids in Sibolga and its surrounding areas

No Code Locality Rb Ba Sr Zr Yb  Si0, CaO ALO; FeO/ Na,0 ZIREE LREE HREY Granite Rock Name
(unit in ppm) (umit in wt %)  MgO +K,0 (umnit in ppm) Type
1 SRl SED 7520 169 130 1450 167 751 09 127 3%6 86 378.1 2662 3094 A Syenogranite
2 514 SED 2890 1935 750 3780 65 735 13 124 78 80 580.0 5331 1092 I Alkali feldspar syenite
3 5l SRD 6160 266 g8 1180 92 728 035 109 167 76 2805 2121 18335 A Svenogranite
4 85 55 3870 365 1.0 2020 116 772 07 11% 128 8.0 455.2 3881 1344 A Syenogranite
5 56 S8 699.0 293 11.0 1740 159 748 10 126 359 84 600.6 5090 2551 A Quartz alkali feldspar syenite
6 87 58 7230 172 140 1490 219 767 07 124 135 83 3599 4038 4621 A Quartz syenite
7 5§ TK 2570 3530 8B40 3380 69 725 09 129 97 18 6840  626.1 1471 I Quartz alkali feldspar syenite
8 59 TK 276.0 3650 680 2410 235 732 05 133 74 8.1 2215 2026 437 I Quartz alkali feldspar syenite
9 Sl0B TK 2180 23200 5910 4850 23 625 32 164 40 93 2212 2051 3638 I Quartz alkali feldspar syenite
10 517 sJ 1845 816 1420 2830 181 653 14 191 93 10.2 10755 9141 3894 I Quartz syenite
11 823 sJ 966.0 106 g0 850 175 763 06 128 338 84 3330 2407 2404 A Monzogranite
12 518B TR 3420 2160 o640 2720 B4 766 03 121 112 8.1 11121 10229 206.2 A Quartz monzonite
13 519 R 417.0 2120 770 2440 513 718 035 140 119 938 481.1 4448 862 A Quartz syenite
14 521 AK 2000 4960 2740 3290 36 6759 29 144 42 13 2024 2676 599 I Quartz syenite

Muara Sipongi

15 MS6 MS 46 8 4040 3660 2. 1060 639 48 151 25 53 65.6 298 358 I Monzogranite

16 MS 11 MS 721 3480 1970 28 1020 615 27 160 22 6.0 71.1 332 38.0 I Quartz monzonite
17 MS 12 MS 108.0 6120 2800 2 1600 676 38 140 26 6.1 750 353 398 I monzogranite
Kotanopan

18 KNP2 KNP 581 4780 3810 253 1480 636 50 149 25 53 63.8 489 40.0 I Quartz monzonite
19 KNP4 KNP 193.0 15000 3370 32 2870 710 18 133 75 8 3589 3344 635 I monzogranite
Besar Islanda, Malaysia (Ghani et al., 2014)

20 BH? Huung 2120 5850 340 1710 116 757 05 121 277 84 6153 5146 1318 A Syenogranite

21 BT10 Tengah 1%6.0 5340 270 1860 57 779 02 12 204 85 2683 2303 4838 A Syenogranite

22 BES6 Besar 2250 5480 266 1810 93 773 04 121 426 40 3547 2988 708 A Syenogranite

Explanation :

LREE = Summary of Light Rare Earth Elements (La to Eu). HREE is the summary of Heavy Rare Earth Elements (Gd to Lu).
> REE Total summary of LREE and HREE. HREY=HREE + Y;

SRD-= Sarudik, SS= Sibuluhan Sihaporas, TK=Tukka, SJ=Sibolga Julu, TR= Tarutung, AK= Adian Koting
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6.6 Origin of granitoids

Syenogranite from Sarudik (SR1) exhibits negative Ba and Sr anomalies and is enriched in
Rb, Th, and REE (Fig. 6.14). These features are comparable to those of typical crustal melts, e.g.
granitoids of the Lachlan Fold Belt (Chappell & White, 1992). The Ba and LREE contents of
quartz alkali feldspar syenite from Tukka, quartz syenite from Adian Koting and quartz syenite
from Sihobuk are higher, but HREE contents are lower compared to the syenogranite from
Sarudik. These patterns are the characteristics of I-type granites. On the other hand, quartz
syenite and alkali feldspar syenite from Tanjung Jae and quartz alkali feldspar syenite from Pintu
Padang Julu show quite similar patterns with the I-type granitoids but Th, Nb, LREE and HREE

contents are lower (Fig. 6.14).
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Fig. 6.14. Chondrite normalized trace element patterns show A-, S- and I-type characters of
granitoids from Sibolga Panyabungan, and Main Range of Malay Peninsula (Ng et al., 2015)
(values of chondrite are from McDonough & Sun, 1995).
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HREE contents of A-type granites from Main Range of Malay Peninsula are lower, and Ba,

Th, and Eu contents are higher (Ng et al., 2015) than those of A-type syenogranite from Sarudik

(Fig.

contents of quartz alkali feldspar syenites and quartz syenites from Tukka, Sihobuk, Adian

6.13). Rb contents with respect to Y+Nb contents and Nb contents with respect to Y

Koting were plotted in the field of within plate setting (WPG) (Fig. 9.11).

Syenogranite from Sarudik, quartz syenite, and alkali feldspar syenite from Tanjung, and

quart

envir

Rb (ppm)

z alkali feldspar syenite from Pintu Padang Julu, were plotted in the field of volcanic arc

onment (VAG) (Pearce et al., 1984) (Fig. 6.15).
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Fig. 6.15. Y/Nb and (Y+Nb)/Rb discrimination diagram of granitoids from Sibolga and
Panyabungan.
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CHAPTER 7

MINERAL CHEMISTRY AND Sr-Nd ISOTOPES OF GRANITOIDS OF THE STUDY
AREAS

7.1 Mineral chemistry of granitoids from Sibolga, Panyabungan and Kotanopan

Titanite, zircon, apatite, and allanite in three fresh granitoids from Sibolga were identified.
The mode of occurrences of zircon, apatite and allanite are almost similar in all the observed
samples, while titanite was found only in the syenogranite and alkali feldspar granite from
Sarudik. Allanite and titanite found in syenogranite and alkali feldspar granite from Sarudik are
primary in origin and exhibit euhedral shape (Fig 7.1). Size of allanite ranges from 0.1 to 1.4 mm
across. Zoning and metamict textures indicate the presence of radioactive elements. Titanite
exhibits euhedral shape, from 100 to 300 um in size, and contains La, Ce, and Nd. Large
prismatic allanite crystals associated with quartz, K-feldspar and biotite showing zoning in the
syenogranite from Sarudik indicate different REE proportions (Fig. 5.8). Whereas whole-rock
P,Os content of quartz alkali feldspar syenite from Sibuluhan Sihaporas and quartz monzonite
from Tarutung tends to be low ranging from 0.01 to 0.03 wt.%, the whole-rock REE contents
are high ranging from 601 to 1112 ppm, presumably due to the occurrences of allanite. Apatite is
not abundant in the quartz alkali feldspar syenite from Tukka and Tarutung, syenogranite and
alkali feldspar granite from Sarudik and quartz syenite from Sibuluhan Sihaporas.

Compositions of the REE-bearing mineral of quartz syenite from Adian Koting and that of
syenogranite (SR1), alkali feldspar granite (SR2) and quartz alkali feldspar syenite from Adian
Koting were analyzed. REE-bearing minerals are titanite, zircon, apatite, and allanite, and the

results are summarized in Chapter 5, Table 5.1, Figure 7.1.
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¢ (SR2)

Fig. 7.1 Photomicrographs (a and b) which were taken under an optic microscope under crossed
nicols and elemental composition mapping by a sanning electron microscope (¢ and d) of coarse-
grained allanite (aln) crystal in alkali feldspar granite from Sarudik (SR2) are euhedral shape,
prismatic and zoning, indicate different proportion of REE contents. The allanite (aln) is
associated with K-feldspar, quartz, and biotite. Backscaterred electron by a sanning electron
microscopes of REE-bearing minerals of quartz alkali feldspar syenite from Sihobuk consisting
of fluorapatite (fl.apt) (e), quartz alkali feldspar syenite and syenogranite from Sarudik (f-g),

consisting of allanite (aln) and titanite (ttn).
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REE-bearing apatite was identified at Adian Koting (SB2). The apatite contains cerium (Ce),
neodymium (Nd), and ytterbium (Yb) (Fig 7.2). Zircon, apatite, and allanite occurred in all
samples with exceptions of titanite, which were only found in the syenogranite and alkali
feldspar granite from Sarudik area (Fig 7.1). Large prismatic crystals of allanite associated with
quartz, K-feldspar and biotite, showing zoning texture in the syenogranite from Sarudik area

indicate different REE proportions.
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Fig 7.2 Composition mapping of apatite from quartz syenite (SB2) at Tarutung near to Sibolga
contains Ce, Nd and Yb. a). Crystal of apatite contains F, P, Ca, Ce, Yb, and Nd, b). A map
summary spectrum of apatite shows major composition and contain Ce, Yb, and Nd, c) Ce

distribution in the apatite. d). Nd distribution in the apatite. e). Yb distribution in the apatite

In Panyabungan, quartz syenite from Tanjung (PYB 4D) and monzodiorite from

Parmompang (PYB 2) were selected for SEM-EDS analysis. The result shows that quartz syenite
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contains zircon and apatite, and titanite. Titanite contains Ce, Nd, and Yb (Fig. 7.3).

Monzodiorite contains zircon. SEM-EDS photomicrograph is shown in Figure 7.4.
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Fig.7.3 Mineral mapping of titanite and apatite in quartz syenite from Tanjung (PYB 4D). a)
Titanite crystal showing its major composition, b) A map summary spectrum of titanite, c) A

backscattered image of apatite, and d) spectrum of major composition of apatite.

There are no samples selected from Muara Sipongi for SEM-EDS because occurrences of
REE-bearing minerals were scarce. Granitoids from Kotanopan and Muara Sipongi contain less
REE-bearing minerals compared to that of granitoids from Sibolga. Only zircon was observed in

granitoids from Kotanopan (KNP 7) (Fig. 7.5).
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Fig. 7.4 Zircon in association with U and Th, monzodiorite from Parmompang (PYB 2). a) A

backscattered image of zircon, and b). Spectrum of zircon that containing Th and U.

Fig 7.5 Backscatttered electron images of a). Zircon (zr) and b). zircon contain apatite (apt), c-
d. apatite and ilmenite (ilm) occurences as inclusion within biotite in granitoids from Kotanopan,

and d). apatite and ilmenite as the mineral inclusions in feldspar .
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7.2 Sr-Nd isotopic signatures of granitoids in the western part of Sibolga and Panyabungan

Granitic rocks in Sumatra island are divided into two provinces, namely the Western and
Main Range granites (Cobbing, 2005). The granitic rocks of the Western Belt consist of I-type
granitoids and are confined to Barisan Mountains in Sumatra. The Main Range granitic rocks are
mainly S-type with subordinate I-type and characterized by tin mineralization (Hutchison &
Taylor, 1978; Cobbing, 2005).

A study of Sr-Nd isotopic characters of granitods was focused on granitoids from Sibolga
and Panyabungan which have high £REE contents compared to those of Muara Sipongi and
Kotanopan (Chapter 6).

Granitoids at Sibolga were identified as I-, and A-type ilmenite-series, and those at
Panyabungan as S-type ilmenite-series (Chapter 6) (Loiselle & Wones, 1989; Chappell & White,
1992; Frost et al., 2001). Granitoids from Sibolga are quartz syenite, quartz alkali feldspar
syenite and syenogranite, while Panyabungan granitoids consist of alkali feldspar syenite, quartz
alkali feldspar syenites and quartz syenite. The granitoids at Sibolga are composed of biotite —
hornblende granite and granodiorite with pink K-feldspar megacrysts, mafic enclaves, and dikes.
These characteristics are typical of the Eastern Granite Province of Peninsular Malaysia and the
Tin Islands of Indonesia (Cobbing, 2005). However, granitic rocks of the Main Range and
Western Granite Provinces exist in Sumatra island (Figure 7.6).

The Panyabungan Granitoids are mainly coarse-grained, light gray color, consist of K-
feldspar megacrysts, muscovite, contain metasedimentary rocks enclaves and are slightly
deformed. The photographs of outcrops show in the Figure 7.6. The summary of locality,
tectonic environments and geochemical characteristcs of the granitoids from Sibolga and

Panyabungan is depicted in Table 7.1.
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Figure 7.6 Photographs of outcrops used for isotope study at Sibolga and Panyabungan and their surrounding areas: a. PYB 4D
(Tanjung), b. P4 (Tanjung Jae), P7 (Pintu Padang Julu), d. P8 (Tano Tombangan), e. SB3 (Adian Koting), f. S21 (Adian Koting), g. S8
(Tukka), h. SR1 (Sarudik), and i. S24 (Sihobuk).
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A total of nine samples from different locations including from Sibolga (Sarudik, Sihobuk,
Tukka, Adian Koting) and Panyabungan (Tanjung and Pintu Padang Julu) were studied to reveal
their Sr and Nd isotopic compositions. The granitoids from the former represent the Sibolga

Granite Complex and those from the latter are Panyabungan Batholith.

Table 7.1 Summary of Rb, Sr, Sm and Nd contents of selected granitoids from Sibolga and

Panyabungan.
No. Location Sample SiO, Rb Sr Rb/Sr Sm Nd Sm/Nd
code (Wt%) | (ppm) | (ppm) (ppm) | (ppm)

1. Tanjung Jae PYB4D 74.74 92.6 457 0.20 4.66 17.0 0.27
2. Tanjung Jae P4 7280 | 226 283 0.80 10.15 65.2 0.16
3. Pintu Padang Julu | P7 66.37 173 668 0.26 7.28 36.8 0.20
4, Tano Tombangan | P8C PEG 54.97 117 262 0.45 10.35 53.6 0.19
5. Sarudik SR1 75.14 | 752 13.1 57.4 2340 | 655 0.36
6. Adian Koting SB3 67.92 | 204 264 0.77 8.47 478 0.18
7. Tukka S8 72.50 257 83.5 3.08 20.70 116.0 0.18
8. Adian Koting S21 2 67.90 200 274 0.73 9.72 48.6 0.20
9. Sihobuk S24B 65.96 208 427 0.49 10.45 61.6 0.17

To examine analytical precision and reproducibility for the isotopic measurement of Sr and
Nd, we repeatedly analyzed standard solutions of ARMS and NBS 987 for Sr, and those La Jolla,
and DEWA standard solution for Nd. The mean values for ARMS is 0.710191+0.00001 (2o,
n=20), those for NBS 987 is 0.710230+0.000005(2c, n=20), those for La Jolla
0.511839+0.000008, and those for DEWA were 0.512131+0.000004. These values are consistent
with published data. Comparing the results the mean values for the standard solutions show good
agreement for the isotope measurement.

Three silicate rock standards from te Geological Survey of Japan (GSJ) were selected to

cover the range of major elements compositions of natural igneous rocks. The selected standards
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are JR2, JB-2, JA1l. The measured of Sr isotope ratios are 0.705423+0.000003, 0.513119+
0.705482+11, and 0.513059 + 0.000014, respectively (Table 7.3).

Sr isotopic ratios (*'Sr/*°Sr) were calculated from 20 to 23 measurement blocks for
granitoids from Panyabungan and 14 to 40 blocks for granitoids from Sibolga. Final decision
values were decided after offline and standard corrections. The 8’Sr/*°Sr (p) of granitoids from
Tanjung Jae ranges from 0.720814 to 0.718746, those from Pintu Padang Julu ranges from
0.711523 to 0.711536, and that from Tano Tombangan ranges from 0.715757. The ¥’Sr/*®Sr (p)
of granitoids from Sarudik, 1.223221 to 1.222425, are the highest among all the samples even
with those from Panyabungan. Those from Adian Koting ranges from0.717345 to 0.717691, and
those from Sibolga Julu ranges from 0.744167 to 0.720253. The 'Sr/**Sr (p) of granitoids from

Sarudik is the highest, calculated value average is 1.222823 (Table 7.3).

The calculation of initial Sr isotope ratios are using the present-day (measured) ’Sr/%°Sr
(Srp) using the equation :

87Sr/®Sr (Sr,) - ¥Sr/®Sr (Sri) = ¥Rb/*°Sr (Sr,) (e ™) (Rasskazov et al., 2010)
Nicolaysen (1961) used this equation for calculating Sr (i) using isochron method,
where

y=mx +b

y = measured ®'Sr/*°Sr (Sry),

m slope = e At-1, x = *’Rb/*®Sr p (calculated using the Sry)

b= unknown Sr (Sr;)

For slope measurement, the age (t) is referring to the age obtained by the previous study (Table
7.2). The assumed age of the granitoids were taken from at the closest of the collected granitoids
sample.
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The *Nd/***Nd isotopic ratios of 9 samples were analyzed and they have a very good result
and reproducible. Two samples did not yield good results in ***Nd/***Nd because the recovered
Nd is very low. Hence there are relatively large analytical uncertainties. In addition, we could not
obtain Nd isotope analysis of Tano Tombangan (Panyabungan) and Sarudik (Sibolga) granitoids.
The initial Nd isotopic ratios usually do not differ widely for whole-rock samples. This is due to
a relatively long half-life of Sm and a very limited fractionation between Sm and Nd caused by
their similar geochemical behavior.

The *Nd/™* Nd isotopic ratios were calculated from 10 to 28 measurement blocks for
granitoids from Panyabungan and 11 to 20 blocks for granitoids from Sibolga. Final decision
values were decided after offline and standard corrections. The **Nd/*** Nd (p) of granitoids
from Tanjung Jae ranges from 0.512214 to 0.512220, those from Pintu Padang Julu ranges from
0.512251 to 0.512274. The average of ***Nd/** Nd (p) of granitoids from Adian Koting ranges
from 0.512205 to 0.512217 and those from Tukka and Sihobuk at Sibolga ranges from 0.512014
t0 0.512018, and 0.512007 to 0.512025. The summary of Sm/Nd depicted in Table 7.4.

The £**Nd value is estimated approximately -8.2 and -7.5 assuming an age of 202 Ma for
granitoids from Tanjung Jae and Pintu Padang Julu, respectively. The ¢***Nd value is estimated
approximately -8.7 and -8.2 assuming an age of 219 Ma for the granitoids from Adian Koting,
that of -12.1 and -12.3 assuming an age of 264 Ma for granitoids from Tukka and Sihobuk
(Sibolga), respectively.

The isotopic evolution of Nd in the Earth is described in terms of CHUR (Chondritic
Uniform Reservoir: DePaolo, 1988). This model mantle is defined to have initial ***Nd/***Nd and

Sm/Nd ratios equal to those of chondrites.
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Table 7.2 Summary of age dating result of Sibolga and Panyabungan area

Location Inferred Isotopic method Age (Ma) References
location mineral
Sibolga granite Unspecified area K/Ar on biotite 206.1+2.5 Hehuwat, 1975
complex
Sibolga Unspecified area K-Ar, biotit 211+3 Hehuwat, 1976
Sibolga Unspecified area K-Ar, hornblenda 21944 Hehuwat, 1976
Sibolga Unspecified area Sr-Rb 257+24  Hehuwat, 1977
Sibolga (near city) Sarudik (?) 264 Aspden et al., 1982
Unspecified area K-Ar on biotite 211+5 Beckinsale (in Aspden 1982)

Sibolga Unspecified area Rb-Sr, biotit 211,5+2,6 Wikarno dkk. (1988)
Sibolga Unspecified area Rb-Sr, biotit 217,4+4,4 Wikarno dkk. (1988)
Padang Sidempuan Panyabungan (?) K-Ar, biotite 20212 Wikarno dkk. (1993)
Sibolga granite  Unspecified area  Rb/Sr whole rock 264+6 Wikarno dkk. (1993)
complex (Mpisl)
Tarutung Adian Koting (?) Rb-Sr, hornblenda 206,1+2,5 Wikarno dkk. (1988)
Tarutung Tarutung Rb-Sr, biotit 218,8+3,9 Wikarno dkk. (1988)
Sibolga Unspecified area K-Ar, biotit 206+2 Fontaine & Gafoer (1989)
Satelit Sibolga Unspecified area K-Ar, biotit 21243 Fontaine & Gafoer (1989)
Sibolga Unspecified area K-Ar, biotit 216+3 Fontaine & Gafoer (1989)
Satelit Sibolga Unspecified area K-Ar, biotit 21744 Fontaine & Gafoer (1989)
Sibolga Unspecified area K/Ar on Hbd 144+2.4  Fontaine & Gafoer (1989)
Sibolga Unspecified area K/Ar on biotite 147+2.4  Fontaine & Gafoer (1989)
Sibolga Unspecified area K/Ar on biotite 211+2.6  Fontaine & Gafoer (1989)
Sibolga Unspecified area K/Ar on biotite 217.4+4  Fontaine & Gafoer (1989)
Sibolga Unspecified area K/Ar on Hbd 218.8+3.9 Fontaine & Gafoer (1989)
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Table 7.3 Result of measurement of Rb/Sr and Sm/Nd of granitoids from Sibolga

Offline correction

. corrected result
Standard reference : ARMS, NBS 987, and JR-2

Final Decision

122

final result

Sample Offline C-obs- D-offline corr-ARMS
No Location code Obs Block correction ARMS corr corr Final Decision
1 ARMS 5 0.710154 + 0.000004 0.710155 + 0.000003
2 ARMS 6 0.710146 + 0.000004 0.710149 + 0.000004
3 ARMS 7 0.710151 + 0.000004 0.710148 + 0.000003
4 ARMS 8 0.710160 + 0.000004 0.710158 + 0.000003
5 ARMS 2 0.710140 + 0.000004 0.71014 + 00.000005
average+std dev 0.710150 + 0.000004 0.710150 + 0.000004
true isotopic ratio 0.710191 + 0.00001 0.710191 + 0.00001
1 Tanjung Jae PYB4D 0.720777 +0.000005 20 0.720772 + 0.000004 0.720819 + 0.000005 0.720814 + 0.000004 0.720814 + 0.000004
2 Tanjung Jae P4 0.718704 + 0.000004 20 0.718704 + 0.000004 0.718746 + 0.000004 0.718746 + 0.000004 0.718746 +0.000004
3 Pintu Padan Julu pP7 0.721368 + 0.001473 20 0.711482 + 0.000004 0.721410 + 0.001473 0.711523 + 0.000004 0.711523 + 0.000004
0.711494 + 0.000003 20 0.711495 + 0.000003 0.711535 + 0.000003 0.711536 + 0.000003 0.711536 + 0.000003
4 Tano Tombangan P8C PEG 0.715715 + 0.000004 23 0.715716 + 0.000004 0.715757 + 0.000004 0.715758 + 0.000004 0.715757 + 0.000004
5 Sibolga SR1 1.215637 + 0.056081 19 1.22315 + 0.000009 1.215708 + 0.056081 1.223221 + 0.000009 1.223221 + 0.000009
1.223094 + 0.000696 40 1.222354 + 0.000008 1.223165 + 0.000696 1.222425 + 0.000008 1.222425 + 0.000008
6 Adian Koting S21 2 0.717401 + 0.000083 14 0.717303 + 0.000005 0.717443 + 0.000083 0.717345 + 0.000005 0.717345 + 0.000005
7 Adian Koting SB3 0.717648 + 0.000005 20 0.717649 + 0.000004 0.717690 + 0.000005 0.717691 + 0.000004 0.717691 + 0.000004
1 ARMS 6 0.710146 + 0.000004 0.710149 + 0.000004
2 ARMS 7 0.710151 + 0.000004 0.710148 + 0.000003
3 ARMS 8 0.710160 + 0.710158 + 0.000003
4 ARMS2 0.710140 + 0.000004 0.710140 + 0.000005
5 ARMS 3 0.710169 + 0.000006 0.710168 + 0.000006
6 ARMS 4 0.710165 + 0.000008 0.71017 + 0.000004
4.260931 + 0.000030 4.260933 + 0.000025
average+std dev 0.71015517 + 0.000011 0.710156 + 0.000012
true isotopic ratio 0.710191 + 0.000010 0.710191 + 0.000010
average+std dev NBS _987 0.710227 + 0.000007 20 0.710230 + 0.000005 0.710263 + 0.000007 0.710266 + 0.000005 0.71026622 + 0.000005
true isotopic ratio  JR-2 0.705383 + 0.000006 20 0.705387 + 0.000003 0.705419 + 0.000006 0.705423+ 0.000003 0.70542297 + 0.000003
8 Sibolga S8 0.774123 + 0.000005 20 0.744129 + 0.000004 0.774162 + 0.000005 0.744167+ 0.000004 0.744167 + 0.000004
9 Sibolga S24B 0.720215 + 0.000005 20 0.720216 + 0.000005 0.720252 + 0.000005 0.720253+0.000005 0.720253 + 0.000005
Explanation
factor 1,000058
Obs original measurement result C-obs-ARMS corr observation result x factor
Block number of measured data D-offline corr-ARMS corr offline correction x factor
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Table 7.4 Result of measurement of Sm/Nd of granitoids from Sibolga and Panyabungan

Offline correction
Standard reference : La Jolla, JB-2, JA-1 and DEWA

corrected result

Final Decision

123

final result

No | Sample Location Obs 2 sigma | Block offline 2 sigma C-obs- 2 sigma | D-offline | 2 sigma Final Decision “Nd
code correction ARMS corr-
Corr ARMS
corr
La Jolla 0.511712 | 0.000009 | 13 0.511758 | 0.000008 | 0.511833 | 0.000009 | 0.511839 | 0.000008 | 0.511839 | 0.000008
JB-2 0.513018 | 0.000026 | 24 | 0.5113038 | 0.000014 | 0.513140 | 0.000026 | 0.513119 | 0.000014 | 0.513119 | 0.00014
JA-1 0.513060 | 0.000093 | 12 0.512979 | 0.000014 | 0.513182 | 0.000093 | 0.513059 | 0.000014 | 0.513059 | 0.000014
DEWA 0.512011 | 0.000005 | 20 0.512053 | 0.000004 | 0.512131 | 0.000005 | 0.512131 | 0.000004 | 0.512131 | 0.000004
1| PYB4D Tanjung Jae - - - - - - - - - - -
2 | P4 Tanjung Jae | 0.511847 | 0.000833 | 28 0.512133 | 0.000017 | 0.511968 | 0.000833 | 0.512214 | 0.000017 | 0.512217 | 0.000017 | -8.2
0.423314 | 0.081645 | 19 0.512139 | 0.000016 | 0.423414 | 0.081645 | 0.512220 | 0.000016 -8.2
Pintu Padan
3| P7 Julu 0.512133 | 0.000016 | 10 0.512170 | 0.000013 | 0.512255 | 0.000016 | 0.512251 | 0.000013 | 0.512251 | 0.000013 | -7.5
0.512130 | 0.00004 1 0.512193 | 0.000030 | 0.512252 | 0.00004 | 0.512274 | 0.000030 -7.5
Tano
P8C PEG | Tombangan - - - - - - - - - - -
SR1 Sibolga - - - - - - - - - - -
S21 2 Adian Koting | 0.512048 | 0.000014 | 20 0.512102 | 0.000011 | 0.51217 | 0.000014 | 0.512182 | 0.000011 | 0.512194 | 0.000011 | -8.7
0.512067 | 0.000015 | 20 0.512125 | 0.00001 | 0.512189 | 0.000015 | 0.512205 | 0.00001
7 | SB3 Adian Koting | 0.512097 | 0.000006 | 20 0.512137 | 0.00005 | 0.512219 | 0.000006 | 0.512217 | 0.000005 | 0.512216 | 0.000007 | -8.2
0.512092 | 0.00001 20 0.512134 | 0.000008 | 0.512214 | 0.00001 | 0.512214 | 0.000008
8 | S8 Sibolga 0.511897 | 0.000008 | 20 0.511938 | 0.000007 | 0.512019 | 0.000008 | 0.512018 | 0.000007 | 0.512018 | 0.000007 | -12.1
0.511897 | 0.000009 | 20 0.511934 | 0.000008 | 0.512019 | 0.000009 | 0.512014 | 0.000008
9 | S24B Sibolga 0.511889 | 0.000004 | 20 0.511929 | 0.000003 | 0.512009 | 0.000004 | 0.512007 | 0.000003 | 0.512007 | 0.000003 | -12.3
0.511960 | 0.000087 | 11 0.511947 | 0.000007 | 0.512080 | 0.000087 | 0.512025 | 0.000007
Explanation
factor 1,000058
Obs original measurement result C-obs-ARMS corr observation result x factor
Block number of measured data D-offline corr-ARMS corr offline correction x factor
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The CHUR is widely used for comparison of initial isotopic compositions of studied rocks
with that of the primitive mantle at the time of their generation. This is done by the “Nd notation:
aiNd - ([143Nd/144Nd]tsa /[143Nd/144Nd]i'1) X 104

Where: t= intrusion age, indexes i decipher initial isotopic ratios, Sa = Sample

124



Akita University

CHAPTER 8

REE GEOCHEMISTRY OF WEATHERED CRUSTS OF GRANITOIDS AT

SIBOLGA AND ITS SURROUNDING AREAS

Weathered crusts of granitoids typically consist of different layers which differ in
physical and geochemical characteristics (Wu et al., 1990; Sanematsu et al., 2013;
Sanematsu & Watanabe, 2016). Four weathered profiles of four different locations at
Sibolga were studied, two representative outcrops from Sibuluhan Sihaporas (SS), one
representative outcrop from Sarudik (SRD) and one representative outcrop from Sibolga
Julu (SJ). The weathering profiles were divided into four different layers, i.e. horizon A, B,
C and D, based on the classification by Wu et al. (1990). Horizon A is top most surface
layer, dark brown in color, contains plant roots and organic substances. Horizon B is
wholly weathered zone, very loose, and porous in structure, yellow, gray and pink in color,
clay is developed along fissures of parent rocks in network of the upper zone, quartz,
feldspar and mica were present in the lower zone. Horizon C is sub-weathered zone, this
layer is gradually transformed from the above zone without distinct boundary. Clay is
further less abundant, while mica, feldspar, mica and quartz increase. Horizon D is slightly
weathered zone, very less content of clay, and the rocks keep to some extent their original
forms except that some feldspar begin to be weather and mica is hydrated partially.

Description of the weathered profile of Sibuluhan Sihaporas, Sarudik and Sibolga Julu
are outlined below. The mode of occurrence of (REE + Y) is elucidated using the

sequential extraction experiment.
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8.1 REE geochemistry of weathered crusts of granitoids at Sibuluhan Sihaporas A

At Sibuluhan Sihaporas, located at the east of Sibolga, quartz syenite and quartz alkali
feldspar syenite of ilmenite-series, peraluminous and calk-alkaline affinity are exposed.
Two (2) locations were selected for observation and samples collections. Both of the two
areas are easy to access, and they are abandoned quarry site. The first location at the
Sibuluhan Sihaporas is a reddish color weathered rock profile with 23 meters height by
laser distance meter (Appendix 2). The slope is approximately 45°, but 10 meters below the
top surface, the slope changes very gentle. Some parts of the lower surface were covered by

transported materials from the upper surface (Fig 8.1).

Fig. 8.1 Profile of weathered crust of granitoids of Sibuluhan Sihaporas A.

The profile consists of horizon A with 0.5 to 1 meter in thickness located on the top
surface, it has brown in color, containing black to brown roots and organic matters. Horizon
B is 3 to 8 meters thick and rich in clay minerals with sometimes associated with carbonic
materials. Quartz and a little feldspar are present in brownish to reddish and partly white to

yellowish and soft-weathered crust. The horizon C is 2 to 3 meters in thickness, pinkish to
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grayish and partly white in color, including clay minerals. Quartz and feldspar are present
in red-brown, yellow-brown and inherently-brittle weathered crust. This horizon still
maintains the original texture of granite. The horizon D is the freshest and least weathered
rock, where quartz, feldspars, and biotite are present. Eleven samples were collected from
B and C horizon of 5 meters profile for each 50 cm interval. A sample of horizon D was
obtained from the lowermost part of the profile.

A total of 4 weathered rock were selected from total of 11 samples from Sibuluhan
Sihaporas A (S1) for the sequential extraction. The analyzed samples were taken from level
of 50 cm (S1), 240 cm (S2), and 310 cm (S3) of the horizon B, and that taken from 500 cm
(S4) of the horizon C. Horizon D was taken from the lower part of profile.

The sequential extraction result shows that Total REE (XREE) from Sibuluhan
Sihaporas A range from 196 to 263 ppm, with an average of 204 ppm. while Y contents
range from 55 to 113 ppm, respectively (Table 8.1, Fig. 8.15).

REE are mainly extracted from step 2 and step 8. These suggest that significant
fraction of the REE occurs as ion exchangeable (step 2), and crystalline Fe-oxide occluded
forms (step 8) (Fig. 8.16). XREE obtained from step 2 ranges from 32 to 154 ppm, while
that of step 8 ranges from 27 to 87 ppm (Fig. 8.2). Extracted Yttrium (Y) contents range
from 20 to 60 ppm.

The behavior of REE leaching of those four samples from Sibuluhan Sihaporas A are
slightly similar except for Ce. Negative Ce- and Eu anomalies in the leachate are the

common characteristics, except for the leachate of S2 and S4 which have positive Ce-
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anomaly and suggest an accumulation of Ce in the oxidation zone. The leachate from S2

and S4 showing more HREE enrichment than S1 and S3 (Fig. 8.2).
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—— S1 (whole rock)

= ===REE extracted S1
—fi— S2 (Whole rock)
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Fig. 8.2 Chondrite normalized REE patterns of the weathered crust of granitoids at
Sibuluhan Sihaporas A (SSA) (values of chondrite are from McDonough & Sun, 1995).

Clay speciation were conducted by orientation, ethylene glicolated and HCI treatment
methods. The result of XRD is depicted in Figure 8.3. Halloysite group and gibbsite were
identified in the horizon B. Total REE (XREE) extracted using step 2 is the highest
suggesting that REE are dominantly present as ion exchangeable form and are most

possibly adsorbed on to surface of halloysite and gibbsite in the horizon B.
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Fig. 8.3 XRD of clay speciations from the weathered crust of granitoids at Sibuluhan
Sihaporas A, from level of 310 cm (S3) and level 500 cm (S4).
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8.2 REE geochemistry of weathered crusts of granitoids at Sibuluhan Sihaporas B
Sibuluhan Sihaporas B is located approximately 4 km to the north of the Sibuluhan
Sihaporas A. A gentle slope of 6 to 6.5 meters weathered granites profile was observed, and 12
samples were collected for every 50 cm interval (Appendix 2). The profile consist of A horizon
with 20 to 30 cm from the top surface, dark brown in color, containing organic matters such as
roots. B horizon is 5.5 meters in thickness and rich in brown to yellowish clay minerals (Fig.
8.4). The C horizon was not clearly identified because the surface was covered by transported
materials from the upper horizon, while the D horizon was observed at the bottom of the profile.
This horizon still maintains the original texture of granite. Quartz, feldspar, and oxidized biotite

weathered crust were identified.

|

Fig. 8.4 Profile of weathered crusts of granitoids at Sibuluhan Sihaporas B.

A total of 4 representative samples were selected from the total of 12 samples from

Sibuluhan Sihaporas B. They were taken from level of 50 cm from the top (S5), 200 cm (S6),
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350 cm (S7) and 450 cm (S8). XREE from Sibuluhan Sihaporas B range from 82 to 198 ppm,
with an average of 152 ppm (Table 8.1). The REE is mainly extracted by step 2, 6, and 8,
suggesting that significant fraction of REE was in the ion exchangeable, organically bounded,
and crystalline Fe-oxide occluded forms (Fig. 8.5). ZREE extracted from step 2 ranges from 32
to 52 ppm, that of step 6 ranges from 7 to 52 ppm, and that of step 8 ranges from 40 to 91 ppm
(Fig. 8.15). Y is contained mainly as ion exchangeable, crystalline Fe-oxide occluded, and
bounded in organic materials forms, which range from 31 to 60 ppm, 6.7 to 40 ppm, and 0.8 to

3.40 ppm, respectively (Figs. 8.15, 8.16).

1000
SIBULUHAN

SIHAPORAS B
100 ~
—4&— S5 (Whole rock)
----REE extracted S5
——S6 (whole-rock)
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—a— S8 (Whole-rock)
----REE Extracted S8
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Samples/Chondrite

| T
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Fig 8.5 Chondrite normalized REE patterns of weathered cruts of granitoids at Sibuluhan
Sihaporas B (SSB) (values of chondrite are from McDonough & Sun, 1995).

The behavior of REE during leaching is slightly similar with those four samples from

Sibuluhan Sihaporas B. Positive Ce anomaly and Eu negative anomaly in the leachate are the
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common characteristics. In the weathered crust of granitoids of S5 the behavior of leaching is
different wherein HREE are more depleted compared with those fom the lower horizon.

Allanite and xenotime occur in the C horizon and were associated with biotite. Xenotime
ranges from 2 to 20 um in size, irregular to angular in shape. Large xenotime crystal showing
metamict texture associated with U and Th, euhedral in shape, range from 40 to 80 um in size

(Fig. 8.6). Halloysite and gibbsite were identified from the horizon C (Fig. 8.7).

Fig 8.6 Backscaterred electron images of allanite (Aln) and xenotime (Xtm) that occur with
biotite (Bt) in the weathered crust of granitoids at Sibuluhan Sihaporas B.

Clay speciation were conducted by orientation, glicolated and HCI treatment methods. The
result of XRD is depicted in Figure 8.7. Halloysite group mineral and gibbsite were identified.
The ZREE extracted using step 8 is the highest suggesting that REE are dominantly present as
crystalline Fe-oxide occluded form, while the remaining REE are mainly present as ion
exchangeable and bound in organic materials. The REE of ion exchangeable form are the most

possibly adsorbed on to surface of halloysite and gibbsite.
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Fig. 8.7 XRD of clay speciations from the weathered crust of granitoids at Sibuluhan Sihaporas
B, from the level of 50 cm (S5) and level 450 cm and (S8).
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8.3 REE geochemistry of weathered crusts of granitoids at Sarudik

A twelve (12) meters profile of weathered granites was observed, and 24 samples were
collected for every 50 cm interval. The profile consists of horizon A, B, C, and D. The horizon A
is 15 to 20 cm in thickness from top of the surface (Appendix 2), horizon B is 3.5 meters in
thickness and rich in brown and gray clay minerals, horizon C is 8 meters thickness, pinkish to
grayish and partly white in color, including clay minerals. Quartz, feldspars, and biotite are
present in yellowish to brownish and inherently-brittle weathered crust of horizon C. The horizon

D is least weathered horizon of granite, consists mainly of quartz and feldspars (Fig. 8.8).

Fig. 8.8 Profile of weathered crusts of granitoids at Sarudik.

A total of 4 out of 12 samples were selected from the weathered profile of Sarudik. They
were collected from level is 50 cm (S9), 200 cm (S10), 500 cm (S11) and 950 cm (S12). Total of
REE (ZREE) from Sarudik ranges from 21 to 82 ppm, with an average 52 ppm, respectively
(Table 8.1). ZREE are extracted mainly from step 8, 2, 7 and 6, suggesting that significant
fraction of the REE occur as crystalline Fe-oxide occluded, ion exchangeable, amorphous Fe
oxide occluded, and bounded in organic forms (Fig. 8.9). The behavior of REE during leaching

is similar with those four samples from Sarudik. Positive Ce anomaly and Eu negative anomaly
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in the leachate are the common characteristics. The leachates were mostly enriched in HREE
(Fig. 8.9). ZREE extracted from step 8 ranges from 6 to 41 ppm, that of step 2 range from 10 to
13 ppm, that of step 7 range from 1 to 19 ppm while that of step 6 range from 3 to 9 ppm,
respectively (Fig. 8.15). Y contents were extracted mainly in the step 8, ranging from 0.4 to 1.3

ppm (Fig. 8.16).
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Fig. 8.9 Chondrite normalized REE patterms of weathered crust of granitoids at Sarudik (values

of chondrite are from McDonough & Sun, 1995).

Kaolinite and gibbsite were identified from the horizon A and B (Fig. 8.11). Clay
speciation were conducted by orientation, ethylene glicolated and HCI treatment methods. The
result of XRD is depicted in Figure 8.7. Kaolinite and gibbsite were identified in the transition
from horizon A to B, and horizon B, respectively. The ZREE extracted using step 8 is the highest
suggesting that REE are dominantly present as crystalline Fe-oxide occluded form in the lower

part of horizon A and upper part of horizon B,
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Fig 8.10 Backscattered electron images of monazite (Mnz) occurs with biotite, and zircon (Zr) in

the weathered crust of granitoids from horizon C at Sarudik (SRD).
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Fig. 8.11 XRD of clay speciations from the weathered crust of granitoids at horizon A, level of
50 cm (S9) and horizon B, level of 200cm (S10) from Sarudik.
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while the remaining are also present as ion exchangeable, amorphous Fe oxide occluded, and
bounded in organic forms. Crystalline Fe-oxide minerals are ilmenite, hematite and goethite,
which can take a role in containing REE in the weathering samples (Braun et al., 1990). The
REE of ion exchangeable form are the most possibly adsorbed on to surface of kaolinite group

mineral and gibbsite in the lower part of horizon A and upper part of horizon B.

8.4 REE geochemistry of weathered crusts of granitoids at Sibolga Julu

Fiveteen (15) samples were collected from six meters weathered crust of granitoids at each
50 cm interval (Appendix 2). The profile consists of horizon A, B, C, and D. The horizon A is 40
cm in thickness from the top surface and it has brown in color, containing black to brown roots
and organic matters. Horizon B is 3 meters in thickness, brown to yellow clay minerals. Horizon
C is 3 meters in thickness, brown to yellow and gray to white in color at some parts. Gray and
white are the color of clay mineral as identified as a kaolinite-rich layer with 90 cm in thickness
within horizon C. Quartz, and feldspars are present in the brown to yellow and inherently-brittle
weathered crust. Horizon D is the freshest and least weathered horizon which contain quartz and
feldspars.

A total of 3 out of 12 samples from Sibolga Julu were selected. They were taken from level
of 40 cm (S13), 200 cm (S14), and 360 cm (S15). Total REE contents (XREE) from Sibolga Julu
range from 114 to 138 ppm respectively, with an average 121 ppm. REE are mainly extracted
from step 2, 8, 7 and 6, suggesting that significant fraction of the REE occurs as ion
exchangeable (step 2), crystalline Fe-oxide occluded (step 8), and organically bounded forms.

>REE extracted from step 2, 8, 7, and 6 ranges from 21 to 102 ppm, 3 to 75 ppm, 0.5 to 17 ppm,
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and 0.8 to 17 ppm, respectively. Y is present as crystalline Fe-oxide occluded which ranges from
0.3to 1.7 ppm.

YREE content of bulk weathered granitoids crust ranges from 135 to 636 ppm while the
result of the sequential extraction correspond a range from 22 to 534 ppm. ZREE concentrated
within kaolin-dominant horizons of the weathered crust ranges from 1,229 to 1,586 ppm while
YREE in the bedrock ranges from 281 to 1,076 ppm (Table 7.1). Chondrite normalized REE
patterns of the parent granites show enrichment of both LREE and HREE.

The REE behavior of leaching is slightly similar among those three samples from Sibolga
Julu. Negative Ce and Eu anomalies in the leachate are the common characteristics, and Dy-

negative anomaly was present (Fig. 8.2).
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Fig. 8.12 Chondrite-normalized REE patterns of weathered crusts of granitoids from Sibolga Julu

(SJ) (values of chondrite are from McDonough & Sun, 1995).
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Fig. 8.13 XRD of clay speciations from the weathered crust of granitoids at Sibolga Julu at horizon A, level of 40 cm (S13), and
horizon B, from level 200 cm (S14) to 360 cm (S15).

139



Akita University

Halloysite and gibbsite were identified from the horizon B (Fig. 8.11). Clay speciation were
conducted by orientation, ethylene glicolated and HCI treatment methods. The result of XRD is
depicted in Figure 8.7. The XREE extracted using step 2 is the highest suggesting that REE are
dominantly present as ion exchangeable form in the horizon B, while the remaining REE are
also present as crystalline Fe-oxide occluded, and organically bound forms in the the horizon A
and upper part of horizon B. The ion exchangeable are the most possibly adsorbed on to surface
of halloysite and gibbsite (Fig. 8.13).

The enrichment of REE in the granitoids from Sibolga was caused by crystallization of
allanite and titanite, which contain Ce, La, Pr, Nd, Yb, Gd, and Y. The proportion of REE
extracted by sequential extraction of the weathered crust from Sibuluhan Sihaporas ranges from
55% to 74% while that from Sarudik and Sibolga Julu ranges from 11% to 58%. XREE contents
in the weathered crust are lower than that of the parent granitoids. Low content of ZREE contents
in the weathered crust suggests that part of REEs was leached out during weathering (Fig. 8.14).
Summary of LREE and HREE (REE) extracted in each step of sequential extraction depicted in
Figures 7.14 and 7.15.

The ZREE extracted from the weathered crusts of granitoids from Sibuluhan Sihaporas A
and Sibuluhan Sihaporas B are higher than those from Sarudik and Sibolga Julu. REE extracted
from Sibuluhan Sihaporas A and Sibolga Julu are dominantly present as ion exchangeable (step
2), crystalline Fe-oxide occluded (step 8), organically bound (step 6), and Fe-oxide occluded
forms (step 7). While those at Sibuluhan Sihaporas B and Sarudik are dominantly present as
crystalline Fe-oxide occluded (step 8), ion exchangeable (step 2), organically bound (step 6), and

Fe-oxide occluded forms (step 7) (Fig. 8.15, Table 8.1).
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Xtm: Y, Gd, Dy, Yb

BEC 13kV

Fig. 8.14 Backscattered electron images of xenotime (Xtm) occurs in the weathered crust of

granitoids from horizon B at Sibolga Julu.
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Fig. 8.15 Histogram of sequential extraction results showing distribution of XREE contents

extracted in each step.
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Table 8.1 ZREE extracted from the sequential extraction of the weathered crust of granitoids at Sibolga and its surrounding areas

Locality Sibuluhan Sihaporas Sibuluhan Sihaporas B Sarudik Sibolga Julu

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12  S13 S14 S15
Reagant (REE)
water 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.02 002 001 0.01 o0.07 0.01 0.01

exchangeable salts  154.05 32.36 99.82 5436 3284 5198 31.04 3362 11.08 10.38 957 1291 21.38 36.00 102.19
Pb displaceable 6.50 2.74 3.68 2.95 4.86 2.65 0.77 1.27 212 086 046 076 225 2.73 3.05
acid soluble 0.28 1.38 0.84 1.50 4.72 1.21 0.22 0.43 162 050 0.08 038 1.59 0.46 0.18
Mn-oxide occluded 1.54 9.44 13.00 6.97 15.07 5.48 0.89 4.55 440 210 037 198 512 2.33 0.61

organically bound  3.06 25,53 28.49 49.78 40.07 2699 6.73 5152 911 495 291 745 1713 1259 081
amorphous Fe-

oxide occluded 3.37 1557 3020 1740 433 19.27 3.02 1870 1892 7.70 149 6.88 1373 16.98 0.53
crystalline Fe-

oxide occluded 27.13 6419 87.02 7200 4413 9055 39.61 7241 3487 4056 571 858 7645 4244 331
>Total REE 195.93 151.22 263.06 204.95 146.03 198.14 82.29 18253 82.14 67.05 20.61 3895 137.71 11353 110.69
(Y) S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12  S13 S14 S15
water 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00

exchangeable salts  49.00 18.93 6240 28.99 231 4.18 3.91 5.12 029 047 057 094 041 151 3.83
Pb displaceable 0.72 0.50 0.83 0.63 0.25 0.07 0.06 0.07 0.05 003 0.04 004 0.04 0.07 0.11
acid soluble 0.08 0.41 0.39 0.42 0.10 0.04 0.04 0.03 0.02 001 002 0.02 0.03 0.01 0.01
Mn-oxide occluded 0.32 1.84 3.90 0.34 0.13 0.10 0.09 0.11 0.06 002 0.05 004 0.05 0.02 0.03

organically bound  0.60 1.87 7.57 0.89 0.01 0.17 0.17 0.17 0.06 004 0.05 0.01 o0.07 0.00 0.03
amorphous Fe-

oxide occluded 0.34 16.18 6.94 0.47 0.01 0.06 0.06 0.06 0.04 003 005 003 0.05 0.03 0.01
crystalline Fe-

oxide occluded 6.64 1894 3053 2365 0.78 2.37 3.40 1.55 127 139 038 031 1.70 0.04 0.25
Y 5771 5867 11257 5538 3.59 7.00 7.72 7.12 179 199 117 138 2.36 1.68 4.27
SREE+Y 253.64 209.88 375.63 260.33 149.62 205.14 90.01 189.65 83.94 69.04 21.77 40.33 140.08 115.22 114.96
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Fig. 8.16 Summary of average LREE, HREE, and Y extracted of Sibuluhan Sihaporas A,

Sibuluhan Sihaporas B, Sarudik and Sibolga Julu.
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(REE + Y) are mainly present as ion exchangeable in Sibuluhan Sihaporas A and Sibolga
Julu, which range from 51 to 203 and 22 to 106 ppm, respectively. The remaining REE are
presesent as crystalline Fe-oxide occluded, organically bound, amorphous Fe-oxide occluded,
Mn-oxide occluded, Pb-displaceable, and acid soluble forms. Those from Sibuluhan
Sihaporas B and Sarudik are dominantly present as crystalline Fe-oxide, from which range
from 43 to 93 and 6 to 42 ppm, respectively (Table 8.1).

The ZLREE extracted from the weathered crust of granitoids from Sibuluhan Sihaporas A,
sibuluhan Sihaporas B, Sarudik and Sibolga Julu are significantly higher than XHREE as

shown in Figure 8.16.

8.5 Mass Balance

Material balance is that assuming immobile element such as Ti, Al, Zr, Yb, Nb is no
quantitative change and is constant even after alteration, mobile element indicating
quantitatively the extent of increase and decrease when fresh rock altered. The value of the
mass balance is not only the amount of of mass movement. Volume of rock itself is changed

and density of rock is also changed by changing volume of rock (Humpris et al., 1978).

Mass balance was calculated with respect to REE in the parent granitoids from bedrock
from Sibuluhan Sihaporas A (S1), Sibuluhan Sihaporas B (S6), Sarudik (S16), and Sibolga
Julu (S17) and their weathered crusts from Sibuluhan Sihaporas A (S1-S4), Sibuluhan
Sihaporas B (S5-S8), Sarudik (S9-S12) and Sibolga Julu (S13-S15). Nb, Zr and Yb were used

as inert components to establish the volumetric change, i, given below
giw= (PwCiw/ppCi,p)-1 (Brimhall & Dietrich, 1987)

where pp and pw (g/cm?®) refer to the densities of the parent granitoids and their weathered

crusts, respectively, while C;,, and C;, (mol/l) are concentrations of a species in the parent

144



Akita University

granitoids and their weathered crust, respectively. If & value= 0 the weathering process that
took place was isovolumetric or volume conservative. If ¢ value is higher than 0, the
weathering induced expansion (Velde & Meunier, 2008) or dilution (White et al., 2002) while
lower than O value denotes collapse (Velde & Meunier, 2008) or compaction (White et al.,

2002).

Using Zr, and Nb as stable components the induced expansion due to weathering process
(Velde & Meunier, 2008) occurred at Sibuluhan Sihaporas A based on positive trend of
volume change (gj), but trends towards decreasing values suggest increasing trend of
expansion (Table 8.2 and Fig. 8.17). On the other hand, the weathering process occured at
Sibuluhan Sihaporas B resulted mainly is negative values of volume change. It suggest that
the weathering processes is mainly of collapse (Velde & Meunier, 2008) or compaction
(White et al., 2002). The values show increasing values from surface to the lower horizon,
indicate increasing trend of collapse (Velde & Meunier, 2008) or compaction (White et al.,
2002). The weathered crusts of Sarudik show positive trend which denotes expansion or
dilution, but trends towards decreasing values suggest decreasing trend of expansion (Table
8.2). On the other hand, the weathering process occured at Sibolga Julu resulted is negative
values of volume change. It suggest that the weathering processes is mainly of collapse
(Velde & Meunier, 2008) or compaction (White et al., 2002). The values show increasing
values from surface to the lower horizon, indicate decreasing trend of collapse (Velde &

Meunier, 2008) or compaction (White et al., 2002).
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Table 8.2 Volumetric change of major elements of weathered crusts of granitoids in Sibolga and its surrounding areas

Volumetric change (&)

Sample Locality Depth  Horizon Density - -
Si Ti Al Fe Mn Mg Ca Na

S1 = ﬁ 50 A 181 051 2331 032 1472 2250 14.10 2.59 -0.91 -0.79 4181
S2 5 g 240 B 151 -041 -016 -0.03 3.70 110 -0.59 0.05 0.45  -0.05 6.01
S3 3 ;% 310 B 176 031 -012 025 -041 047 -0.25 1.28 1.71 0.38 5.89
S4 25 500 B 185 -0.28 -0.44 0.14 3.68 047 -0.50 7.99 9.55 0.21 4.26
S5 < ta 50 A 1.68 -0.40 0.76 036 -0.04 -0.68 0.26 -0.99 -0.96  -0.43 0.19
S6 S g 200 B 18 -0.40 0.70 0.56 057 -0.40 0.58 -1.00 -0.96  -0.15 0.13
S7 3 5__% 350 B 159 -046 -0.37 034 -070 -0.70 -0.30 -0.99 -0.93 0.28 -0.26
S8 DB 450 B 1.7 -045 0.52 0.43 0.12 2.29 0.09 -0.99 -0.92 0.17 0.48
S9 o 50 A 168 -0.51 9.00 0.91 424 052 1.19 -0.99 -0.99 -0.94 2.24
S10 S 200 B 1.73  -0.40 291 0.38 2.03 -0.67 0.27 -0.99 -0.99 -0.94 0.43
S11 § 500 B 158 -0.50 2.15 0.51 193 -0.40 0.78 -1.00 -0.99 -0.74 0.57
S12 950 C 182 -0.59 3.78 1.90 247  -0.31 1.50 -1.00 -0.99 -0.68 2.32
S13 -y 40 A 173 -0.26 0.35 -0.06 0.99 092 -0.32 -1.00 -0.99 0.16 -0.74
S14 83 200 B 187 -0.14 054 -0.02 083 -021 -042 -0.99 -0.99 -0.10 -0.83
S15 2 360 B 192 -0.33 0.07  -0.05 6.23 2266 -0.10 -1.01 -0.99 -0.37  -0.53
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Table 8.3 Elemental changes of major elements of weathered crusts of granitoids in Sibolga and its surrounding areas

Elemental change (j )

Sample Locality Depth  Horizon Density S - Al o . Mg ca Na K 5

S1 = f,E, 50 A 181 -0.76 590.09 0.75 246.18 551.15 227.06 11.87 -0.99 -0.96 1831.74
S2 S S 240 B 151 -065 -0.30 -0.07 2111 343 -0.83 0.11 1.11 -0.10 48.19
S3 3 § 310 B 176 052 -023 057 -065 -0.72 -0.43 4.18 6.34 0.92 46.44
S4 M7 500 B 185 -048 -069 030 2092 115 -0.75 79.76  110.24 0.47 26.64
S5 < 0 50 A 168 -0.64 211 085 -0.09 -0.90 0.59 -1.00 -1.00 -0.68 0.43
S6 = g 200 B 18 -064 190 143 147  -0.64 1.49 -1.00 -1.00 -0.28 0.27
S7 3 g__ocs‘ 350 B 19 -071 -061 079 -091 -091 -051 -1.00 -1.00 0.65 -0.46
S8 P o 450 B 17  -0.69 131 1.06 0.24 9.85 0.20 -1.00 -0.99 0.37 1.20
S9 o S0 A 168 -076 9894 265 2644 -0.77 3.78 -1.00 -1.00 -1.00 9.53
S10 S 200 B 173 -064 1428 0091 821 -0.89 0.60 -1.00 -1.00 -1.00 1.05
S11 g 500 B 158 -0.75 892 128 761  -0.64 2.18 -1.00 -1.00 -0.93 1.48
S12 950 C 182 -083 2189 741 11.06 -0.52 5.25 -1.00 -1.00 -0.90 10.03
S13 S . 40 A 173  -0.45 081 -0.12 2.97 2.67 -0.54 -1.00 -1.00 0.35 -0.93
S14 83 200 B 187 -0.27 137 -0.03 236 -0.37 -0.66 -1.00 -1.00 -0.19 -0.97
S15 @ 360 B 192 056 015 -0.10 5124 55895 -0.19 -1.00 -1.00 -0.60 -0.78
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Table 8.4 Elemental change, tj of REE+Y of weathered crusts of granitoids in Sibolga and its surrounding areas

Elemental change (Tj,w)

Sample Locality Depth Horizon Density La Ce Pr NG sm Eu Gd Tb Dy Ho Tm Er b LU Y
S1 = f,i) 50 A 1,81 -092 250 -090 -0.88 -094 3425 -096 -097 -097 -096 -096 -096 -095 -094 -0.99
S2 S g 240 B 1,51 -096 4.63 -097 -097 -098 -094 -098 -099 -098 -097 -096 -097 -095 -094 -0.99
S3 3 §- 310 B 1,76 -0.73 6.26 -0.67 -0.64 -069 -043 -080 -0.83 -083 -0.76 -069 -0.78 -0.67 -0.57 -0.94
S4 D5 500 B 1,85 -096 10.17 -095 -0.95 -096 -096 -097 -0.96 -094 -091 -087 -0.90 -084 -0.81 -0.98
S5 = a 50 A 1,68 -097 -035 -09 -0.96 -097 -084 -097 -095 -093 -089 -082 -087 -080 -0.75 -0.98
S6 S g 200 B 1,8 -096 -0.19 -095 -0.95 -096 -081 -097 -096 -095 -091 -08 -0.89 -083 -0.81 -0.98
S7 3 Scé 350 B 1,59 -097 -083 -096 -0.9 -096 -083 -096 -094 -092 -089 -087 -089 -085 -0.8 -0.99
S8 D5 450 B 1,7 -0.71 416 -064 -065 -073 -052 -083 -080 -08L -0.77 -070 -0.75 -066 -0.64 -0.93
S9 o 50 A 1,68 -097 -020 -098 -0.99 -099 -074 -098 -095 -089 -0.74 -012 -046 0.28 071  -0.92
S10 S 200 B 1,73 -099 -056 -1.00 -1.00 -100 -097 -100 -0.99 -098 -096 -08 -092 -0.77 -0.68 -0.99
S11 % 500 B 1,58 -099 -046 -099 -1.00 -100 -098 -099 -098 -095 -0.85 -0.44 -0.68 -0.18 0.00 -0.96
S12 950 C 1,82 -100 0.06 -100 -1.00 -100 -08 -099 -098 -096 -089 -064 -0.78 -043 -0.21 -0.96
S13 S 40 A 1,73 -1.00 -0.67 -1.00 -1.00 -100 -100 -100 -1.00 -100 -1.00 -099 -0.99 -098 -0.97 -1.00
S14 83 200 B 1,87 -099 -062 -099 -099 -099 -099 -099 -0.99 -098 -0.98 -094 -097 -091 -0.89 -1.00
S15 D 360 B 1,92 -1.00 -085 -1.00 -1.00 -100 -1.00 -100 -0.99 -099 -0.99 -098 -0.99 -097 -0.97 -1.00
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The volume change trend of the weathered granitoids at those study areas show varieties,
increase trend of collapse in the weathering process from surface (horizon A) to the bottom of
horizon B and C.

Mobility of elemental during the weathering is characterized by the mass transfer
coefficient, tj (White et al., 2002) calculated using:

Tjw = (PwCijw)! ppCjp)(eiwt1)-1 (Brimhall & Dietrich, 1987)

Positive values denote mass addition while negative values denote mass losses (Anderson &
Anderson, 2010). Following White et al. (2002), the calculation assume that element j is
conservative, thus when 1= -1, element j is completely removed during weathering while
77=0, means that the element is immobile during weathering with respect to the volume of the
parent granitoids.

Elemental change, tj, was calculated for the the parent granitoids from Sibuluhan
Sihaporas A (S1), Sibuluhan Sihaporas B( S2), Sarudik (S6) and Sibolga Julu (S17), and their
weathered crusts of granitoids from Sibuluhan Sihaporas A (S1-S4), Sibuluhan Sihaporas B
(S5-S8), Sarudik (S9-S12) and Sibolga Julu (S13-S15). The t; values for those four different
granitoids are various from the upper to the lower part of profile for each location. The
volume of the weathered granitoids at Sibuluhan Sihaporas A was decreased by the

weathering process, while that at Sibuluhan Sihaporas B increased.

The values of elemental change (1j) (si, ca, na k) Of weathered crusts of Sibuluhan
Sihaporas B, Sarudik and Sibolga Julu are -1 suggest losses or removal of these elements. On
the other hand, (tj) (al, Fe, Mn, ca, Na, k, py 1N the Sibuluhan Sihaporas A are +1 suggest addition of
these elements. The tjreg) for all weathered crusts of granitoids are -1 suggest losses or
removal of these elements. These signatures might be related differential fractionation degree

of the REE-bearing minerals (e.g. allanite and titanite) during weathering.
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CHAPTER 9

DISCUSSION

9.1 Petrochemistry of granitoids in Sibolga and its surrounding areas, North Sumatra,

Indonesia

The SiO; contents of syenogranites (75 to 80 wt.%) and alkali feldspar syenite (73 wt.%)
from Sarudik range narrowly among the granitic rocks from the Sibolga area (75 wt.%), Those
granitoids at Sarudik with high SiO, and low P,Os contents with high Rb/Sr ratios are highly
differentiated. Negative correlations between Al,03, CaO, P,0s, MgO, FeOyt, MnO, TiO, and
Si0O;, contents suggest that the granitic magmas likely underwent fractional crystallization during
magmatic differentiation. The decrease in P,Os, MgO and FeOy indicates removal of apatite and
mafic minerals (such as biotite and hornblende) during differentiation. The fractional
crystallization is also suggested by the Eu negative anomalies which indicate fractionation of

feldspars during differentiation (Fig. 9.1).

Quartz alkali feldspar syenite, quartz syenite, and alkali feldspar granite were found at
Tanjung Jae - Panyabungan. SiO, and REE content of quartz alkali feldspar syenite are 70 wt%
and 365 ppm, respectively, those of alkali feldspar granite are 72.3 wt.% and 223 ppm while
those of quartz syenite are 74.7 wt% and 107 ppm. P,Os contents of three granitoids are 0.08
wt.%. SiO, and XREE contents are negatively correlated. Quartz alkali feldspar syenite and
alkali feldspar granite were found at Pintu Padang Julu. SiO, and ZREE contents of quartz alkali

feldspar syenite at Pintu Padang Julu are 66.8 wt.% and 219 ppm, while those of alkali feldspar
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granite are 71.6% and 439 ppm. P,Os contents of alkali feldspar granite from Pintu Padang Julu
are 0.33 wt. % and 0.15 wt.%. SiO, and XREE are positively correlated while P,Os and SiO, are
negatively correlated. The SiO, content of alkali feldspar syenite from Tano Tombangan range

from 55 to 58 wt.%, P,Os contents range from 0.01 to 0.02 wt.% and ZREE range from 35 to 90

ppm.
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Fig. 9.1 Chondrite normalized REE patterns (normalizing values of chondrite are from

McDonough & Sun, 1995).

Si0O, content of monzogranites and quartz monzonite at Muara Sipongi ranges from 63.9 to
67.6 wt.%, and 61.5 wt.%, respectively. P,Os contents ranges from 0.09 to 0.12 wt% and is 2.35

wt % respectively, while XREE content ranges from 66 to 75 ppm and is 71 ppm, respectively.
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SiO; contents are negatively correlated with XREE contents. Zircon and apatite are accessories

minerals.

SiO; content of monzogranite from Tolung is 71 wt%, P,Os is 0.11 wt.%, and ZREE content
is 359 ppm, while that of quartz monzonite is 63.6 wt. % and that of monzodiorite is 66.5 wt.%,
those of P,Os of granitoids contents are 0.11 and 0.12 wt.%, respectively and those of REE
contents of granitoids are 63.6 to 63.8 ppm, respectively. SiO,, P,Os, and ZREE contents suggest
that magma source of Kotanopan granitoids are different than that of Tolung. REE content is
positively correlated with SiO,. Zircon occurs as an accessory mineral of monzogranite, zircon
and apatite were occurred in quartz monzonite.

The alkali feldspar syenite, quartz syenite, syenite and syenogranites from Sibolga and the
surrounding areas are composed mainly of K-feldspar, quartz, plagioclase, biotite and
hornblende. Common accessory minerals are zircon, allanite, apatite, and titanite.

Quartz monzonite from Tarutung, quartz alkali feldspar syenites from Tukka and Sibuluhan
Sihaporas, and alkali feldspar syenite from Sarudik contain allanite and apatite, thus their
chondrite normalized REE patterns show enrichment in both of LREE and HREE, while quartz
syenite from Adian Koting and quartz alkali feldspar syenite from Tukka contain only zircon and
they are relatively depleted both in LREE and HREE.

REE were enriched in the quartz monzonite from Tarutung and quartz alkali feldspar syenite
from Sibuluhan Sihaporas, and alkali feldspar syenite from Sarudik presumably due to the
accumulation of allanite and titanite, correlated to the low P,0s content. The P,Os content
decrease as SiO; and REE contents increase (Fig. 9.2). Average LREE content of the quartz

syenite and monzogranite from Sibolga Julu is 704 ppm, average ~REE content of quartz syenite
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and quartz monzonite from Tarutung is 797 ppm, average XREE content of quartz alkali feldspar
syenite, quartz alkali feldspar syenite and syenogranite from Sibuluhan Sihaporas is 539 ppm,

and average ZREE content of alkali feldspar syenite and syenogranites from Sarudik is 413 ppm.
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Fig.9.2 Plots of a. SiO, versus ZREE b. SiO, versus P,Os and c. SiO; versus Rb/Sr.

On the other hand, REE are not enriched in the granitoids which formed in volcanic arc
setting. XREE contents of quartz alkali feldspar syenite from Tukka range from 203 to 205 ppm.
Cordierite and corundum coexist with biotite, hornblende, zircon and apatite in the quartz syenite
at Adian Koting (S21, SB2, and SB3). In the syenogranite from Sarudik, corundum is associated

with zircon, apatite, titanite. XREE of granitoids that contain corundum and cordierite are
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relatively low due to removal of apatite which is consistent with a decrease of P,Os during
magmatic differentiation. Low P,0s contents prohibit saturation of REE phosphate. The allanite
and titanite are the main host of REE. Apatite, monazite and xenotime are rarely present in the
granitoids in Sibolga.

SiO, and XREE of granitoids from Panyabungan in general are positively correlated, but in
each group of the sample, they do not show clear patterns, XREE contents are different at the
same SiO; content in granitoids at Padang Julu. ¥REE content and SiO; in the granitoids from
Tano Tombangan and Tanjung are negatively correlated (Fig. 9.3). Relation between SiO, and
Rb/Sr of granitoids from Tano Tombangan are unclear. At the same SiO, contents, two of three
samples from Tano Tombangan have different Rb/Sr ratios. SiO, and Rb/Sr of granitoids from
Tanjung are negatively correlated (Fig.9.3). P,Os and XREE, in general are negatively
correlated. P,Os contents are low when XREE are high. P,Os and ZREE are positively correlated
in the granitoids at Tanjung Jae, while negatively correlated in granitoids at Pintu Padang Julu.
These unclear patterns of Harker diagram and wide variation of SiO, and XREE, P,0s contents
and Rb/Sr ratio suggest heterogeneous magma sources (Fig.9.3). REE contents of quartz
syenite, alkali feldspar granite and quartz alkali feldspar syenite range from 85 to 356 ppm, P,0s
contents are 0.08 wt.%.

SiO, contents of quartz syenite and alkali feldspar granite from Tanjung are 74.7 wt% and
72.3wt.%, respectively. Both have P,Os 0.08 wt%, ZREE from 85 and 198 ppm, respectively.
Allanite and apatite occur as the accessory mineral in quartz alkali feldspar syenite suggesting

that REE are accomodated in allanite and apatite. The SiO, contents are negatively correlated
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with REE content. SiO, contents of alkali feldspar granite and quartz alkali feldspar syenite from

Pintu Padang Julu are 66.4 and 72 wt.%.
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Fig. 9.3 SiO; and XREE, SiO; and Rb/Sr, and P,Os and ZREE of granitoids from

Panyabungan.

P,Os contents are 0.33 and 0.15 wt%, respectively, and ZREE are 200 and 427 ppm. In general,
they are ferroan, peraluminous characteristic and formed in the volcanic arc setting. Apatite and
allanite are accessory minerals. SiO, contents of alkali feldspar syenite from Tano Tombangan
range from 55 to 58 wt.%, P,Os contents range from 0.01 to 0.02 wt.%, and REE contents range
from 31 to 81 ppm. They have ferroan, metaluminous and formed in volcanic arc environment.
>REE contents of granitoids from Muara Sipongi are low contrasting to that of Sibolga,

Panyabungan and Kotanopan. REE was not enriched in granitoids at Muara Sipongi. SiO,
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contents of monzogranite range from 64 to 68 wt%, P,Os 0.09 to 012 wt.% and £REE 66 to 75

ppm. While SiO; content of quartz monzonite is 62 wt.%, P,0s is 0.14 wt.% and XREE is 71

ppm. They have magnesian, calcic and mostly metaluminous affinity.
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Fig. 9.4 SiO, and ZREE, SiO; and Rb/Sr, and P,Os and ZREE of granitoids at Muara Sipongi.

YREE and Rb/Sr are positively correlated with SiO,, while P,Os and REE are negatively

correlated in monzogranite and quartz monzonite (MS 6 and MS 12) from Muara Sipongi (Fig.

9.4). SiO, and XREE are positively correlated while SiO, and Rb/Sr, P,Os and LREE are

negatively correlated in monzogranite and quartz monzonite from Kotanopan (Fig. 9.5).
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The negative correlation of P,Os and XREE of granitoids from Muara Sipongi and Kotanopan
suggests low ZREE due to a removal of REE phosphate-bearing minerals. XREE content of
granitoids which were formed in volcanic arc setting and that have I-type character is very low

compared to those granitoids that were formed within plate setting and that have ferroan magma

affinity.

Granitoids from Sibolga which are A-type, ilmenite-series and those from Panyabungan
which are S-type ilmenite-series have significantly higher XREE than those from Muara Sipongi

and Kotanopan. SiO, content of monzogranite from Tolung is 71 wt%, P,Os 0.11 wt.%, and
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YREE is 359 ppm. The monzogranite was formed in volcanic arc environment, with ferroan and
peraluminous characters. SiO, contents of quartz monzonite and monzodiorite are 64 and 67
wt.%, P,Os contents are 0.11 and 0.12 wt.%, and XREE range from 63.6 to 63.8 ppm. Chondrite
normalized REE patterns of monzonite and monzodiorite show cogenetic relationship,
magnesian, and metaluminous character. Based on Rb-(Y+Nb) and Nb-Y discriminant diagrams
(Pearce et al, 1984), granitoids from Muara Sipongi and Kotanopan were formed in the volcanic
arc environment (Chapter 6).

The relation of SiO, and P,0s with ZREE contents of monzogranite and quartz monzonite at
Kotanopan and Tolung are not clear, however, SiO, and Rb/Sr of both granitoids are positively
correlated (Fig. 9.5). In the case of granitoids at Kotanopan, the ZREE contents are higher than
those of Muara Sipongi. The high REE content occurs in the peraluminous granitoids formed in

the volcanic arc environment.

9.2 Geochemistry and Sr-Nd isotopic signatures of granitoids in the western part of North

Sumatra, Indonesia

Summary of SiO,, Rb/Sr, Sr, Rb, Sm, Nd concentration and Y REE content is depicted in
Table 9.1. Table of age reference show in Table 9.2

The studied granitoids of Sibolga do not have age data. The ages were obtained from the
previous study in the Sibolga and Panyabungan and their surroundings. The ages are from
Hehuwat (1975, 1976, 1977), Aspden et al. (1982), Beckinsale (in Aspden 1982), Wikarno et al.

(1988, 1993), and Fontaine & Gafoer (1989).
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Table 9.1 Summary of initial ratio of SiO, contens, Rb/Sr ratio, Rb, Sr, Sm, and Nd contents,

87Sr/% Sr ratios based on calculation

. Sample SiO; Rb Sr Sm Nd
No Location nams Wt%)  (ppm)  (ppm) Rb/Sr (opm)  (ppm) >REE
1  Tanjung Jae PYB4D 74.74 92.6 457 0.2 4.66 17 106.49
2 Tanjung Jae P4 72.8 226 283 0.8 10.15 65.2 382.75
3 Pintu Padang Julu P7 66.37 173 668 0.26 7.28 36.8 219.32
4  Tano Tombangan P8C 54.97 117 262 0.45 10.35 53.6 306.17
5  Adian Koting S21_2 67.9 200 274 0.73 9.72 48.6 327.48
6  Adian Koting SB3 67.92 204 264 0.77 8.47 47.8 317.53
7  Sibolga (Sarudik) SR1 75.14 752 13.1 o57.4 23.4 65.5 575.58
8 Sibolga (Tukka) S8 725 257 83.5 3.08 20.7 116 773.22
9  Sibolga (Sihobuk) S24B 65.96 208 427 0.49 1045 61.6 428.85

Correlation diagram of Rb/Sr ratios with the present 8’Sr/%Sr of granitoids from each sample

from Panyabungan and those from Sibolga do not have a linear correlation suggesting that they

do not have a genetic relationship among each other.

The calculation of initial Sr isotope ratios (Sr;) are using the present-day (measured) &’Sr/2°Sr

(Srp) and the age obtained from the references (Table 9.2). The equation is as follow:

87Sr/®Sr (Sr,) - ¥Sr/%Sr (Sr;) = ¥Rb/®°Sr (Sry) (e ™) (Rasskazov et al., 2010)

Nicolaysen (1961) used this equation for calculating Sr (i) using isochrones method,

Where:
y=mx +b

y = measured ®'Sr/*°Sr (Sry),

m slope = e At-1, x = %’Rb/®Sr, (calculated using the Sry,)

b= unknown Sr (Sr;)
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For slope measurement, the age (t) is referring to the age obtained by the previous study (Table

9.2). Ages of collected granitoids are referring to the nearest and most similar characteristics of

granitoids.
Table 9.2 Summary of age dating result of Sibolga and Panyabungan area
Location Inferred Isotopic method Age (Ma) References
location mineral

Sibolga granite Unspecified area K/Ar on biotite 206.1+2.5 1
complex
Sibolga Unspecified area K-Ar on biotite 21143 2
Sibolga Unspecified area K-Ar on hornblende 219+4 2
Sibolga Unspecified area Sr-Rb 257+24 3
Sibolga (near city) Sarudik (?) 264 4

Unspecified area K-Ar on biotite 21145 5
Sibolga Unspecified area Rb-Sr on biotite 211,5+2,6 6
Sibolga Unspecified area Rb-Sr on biotite 217,444 6
Padang Sidempuan Panyabungan (?) K-Ar, on biotite 202+2 7
Sibolga granite Unspecified area Rb/Sr whole rock 264+6 7
complex (Mpisl)
Tarutung Adian Koting (?) Rb-Sr on hornblende  206,1+2,5 6
Tarutung Tarutung Rb-Sr on biotite 218,8+3,9 6
Sibolga Unspecified area K-Ar on biotite 206+2 8
Satelit Sibolga Unspecified area K-Ar on biotite 21243 8
Sibolga Unspecified area K-Ar on biotite 216+3 8
Satelit Sibolga Unspecified area K-Ar on biotite 2174 8
Sibolga Unspecified area K/Ar on hornblende 144+2.4 8
Sibolga Unspecified area K/Ar on biotite 147+2.4 8
Sibolga Unspecified area K/Ar on biotite 211+2.6 8
Sibolga Unspecified area K/Ar on biotite 217.4+4 8
Sibolga Unspecified area K/Ar on hornblende 218.8+3.9 8
Reference :

1) Hehuwat, 1975; 2) Hehuwat 1976; 3) Hehuwat, 1977; 4) Aspden et al., 1982; 5) Beckinsale (in Aspden
1982); 6) Wikarno dkk. (1988); 7 Wikarno dkk. (1993); 8) Fontaine & Gafoer (1989).

The result shows that initial 3’Sr/*Sr (Sr;) isotopic value of granitoids from Panyabungan
and Sibolga ranges widely (Table 9.3). The initial isotopic value (Sr;) of Tanjung — Panyabungan

ranges from 0.719129 to 0.712104 at 202 Ma, that of Pintu Padang Julu ranges from 0.709382 to
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0.713683 at 202 Ma, while that of granitoids from Tano Tombangan is 0.711030 at 257 Ma. Sr;
of granitoids from Sibolga ranges from 0.724526 to 0.723730 (Sarudik) at 211 Ma, that of
granitoids from Adian Koting ranges from 0.710729 to 0.710769 at 219 Ma, that of granitoid
from Tukka is 0.710700 at 264 Ma, and that of granitoid from Sihobuk is 0.714956 at what 264
Ma (Table 9.3).

The average Sr; of syenogranite from Sarudik is high (0.724128), which suggests that the
syenogranite magma was resulted from partial melting of granitic crusts and was probably
contaminated with metasedimentary rocks in the upper crust. Thus, the Sr; of syenogranite from
Sarudik is similar with the Sr; of granitoids from Belinyu, and Penangas of the Klabat Suite,
Bangka region ranging from 0.7270 to 07163 (Cobbing, 1992; Aspden et al., 1982), suggesting a
genetic relationship between the granitic rocks from Sarudik and Klabat Suite of Bangka region.
Sr;i of quartz syenites from Adian Koting (SB3 and SB21) (0.710729 and 0.710769) are similar
with those of granitoids from Langkawi, West Malaysia (0.7107) (Kwan et al., 1992) and
Malacca of Peninsular Malaysia (0.711) (Hutchison, 1977), suggesting that they have similar
source and formed by partial melting of upper crust. Sr; of the granitoids from Tanjung Jae
ranging from 0.712104 to 0.719129 and average of the granitoids from Pintu Padang Julu
(Panyabungan) 0.710812 suggest that they were likely resulted from partial melting of a various
of sources crustal materials rocks. Sr; of quartz alkali feldspar syenite from Sihobuk is high
(0.714956). Quartz alkali feldspar syenites from Tukka and Sihobuk, and quartz syenites from
Adian Koting are probably contaminated with the alumina-rich rocks. Sr; of quartz alkali
feldspar syenite from Sihobuk is relatively close to that of Hatapang granite at the northeast of

Sibolga (Sri= 0.7151) (Clarke & Beddoe-Stephens, 1987). These suggest a genetic relationship
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between quartz syenite from Tanjung Jae and Hatapang granites, which were derived from upper

crusts.

The Sibolga granitoids were most probably formed by partial melting of granodioritic crust
and was contaminated by metasedimentary rocks, while the Panyabungan magmas were

generated from a partial melting of metasedimentary rock sources.

The initial isotopic values (Sr;) of granitoids from Panyabungan and Sibolga are lower than
that of granitoids from Bebulu and Klabat suite from Bangka Island. The average Sr; of quartz
alkali feldspar syenite from Pintu Padang Julu (P7) (0.710812), and Tukka (S8) (0.710700) are
most probably belong to the Main Range Belt based on assumed initial ratio for the Main Range
Belt 0.711 to 0.710 (Hutchison, 1978). Age of emplacement was referred to 202 Ma (Wikarno,
1993) for Pintu Padang Julu-Panyabungan and 264 Ma for granitoids from Tukka-Sibolga
(Aspden et al., 1982). Hutchison (1994) suggested the age of the Main Range by Rb/Sr range

from Late Late Triassic to Carbonaceous.

Plots of %'Sr/®® Sr (p) and Rb/Sr concentration on isochron diagram show random
distribution, especially plots of Panyabungan (Fig. 9.6). These suggest that magma sources are
multiple and not cogenetic.

SiO, vs #’Sr/% Sr of granitoids from Sibolga and Panyabungan show unclear correlation.
¥5r/%® Sr vs P,0s of granitoids from Sibolga and Panyabungan show slightly negative
correlation. ¥Sr/*® Sr vs SREE of granitoids from Sibolga show slightly positive correlation,
while those from Panyabungan is negatively correlated. These suggest that most of the granitoids
from Sibolga and Panyabungan do not have genetic relationship among each other. They most

probably derived from different sources.
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Table 9.3 Summary of Rb/Sr and Sm/Nd measurement (TIMS) result of granitoids from Sibolga

No Location Sample °'Rb/**Sr  ®'Sr/*Sr  Mean Sr Age %Sr/®Sr  ™Nd/  Correction
code (p) ) atomic  (reference) (initial) ***Nd (p)
1 Tanjung Jae PYB4D 0587 0.720814 87.560426  202'Y  0.719129 - -
2 Tanjung Jae P4 2312  0.718746 87.576753 202V 0.712104 0.512217  0.000017
3 Pintu Padang P7 0.750  0.711523 87.719627 202"  0.709369 - -
Julu
P8 0.750  0.711536 87.719627  202CY  0.709382 0512251 0.000013
P9 0.750  0.711530 87.719627 202V  0.713683 - -
4 Tano P8C 1.293  0.715757 87.574875  257"%  0.711030 - -
Tombangan
5 Adian Koting S21 2 2113 0.717345 87.574875 219" 0710769 0.512193 0.000011
6 Adian Koting SB3 2.237 0717691 87.589328 219U  0.710729 0.512215  0.000007
7 Sibolga SR1  166.193 1.223221 83.443984  211"®  0.724526 - -
Sibolga 166.193 1.222425 83.443984 2117  0.723730 - -
Sibolga 166.193 1.222823 83.443984  2117®  0.724128 - -
8 Sibolga S8 8.911  0.744167 87.358640 264"  0.710700 0.512018 0.000007
(Tukka)
9 Sibolga S24B 1.410  0.720253 87.560426 264"  0.714956 0.511929  0.000003
(Sihobuk)

Age reference:

*1: K-Ar, Wikarno et al. (1993)

*2 - Sr-Rb, Hehuwat (1977)

*3 - Sr-Rb on biotite, Wikarno et al. (1998)

**- K-Ar on hornblende, Wikarno et al. (1988)
*°: Sr-Rb on whole rock, Aspden et al. (1982)
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YREE content of granitoids from Sibolga (SR1, S8, S21, and S24B) are higher that that from
Panyabungan (PYB 4D, P4, and P7) (Fig. 9.7, Table 9.4).

The result of the initial *** Nd/*** Nd isotopic values have a wide range (Table 9.3). The
initial isotopic value of Tanjung Jae (P4) is 0.512217 at 202 Ma, that of Pintu Padang Julu (P4)
0.512251 at 202 Ma. *** Nd/*** Nd of Adian Koting range from 0.512215 to 0.512193 at 219 Ma,
that of from Tukka is 0.512018 at 264 Ma, and that of Sihobuk 0.511929 at 264 Ma. Initial
strontium for S-type granite (initial 3’Sr/%°Sr) is >0.708 because their source rocks had been
through an earlier sedimentary cycle while that of I-type have initial 3’Sr/%Sr ratios in the range

from 0.704 to 0.706 (Huthison, 1978; Chappel & White, 1974).

Table 9.4 Summary of SREE and 'Sr/%Sr and P,Os contents of granitoids from Sibolga and

Panyabungan

Sample Locality Rock name SiO, P.Os SREE  °'SI/®Sr

code (initial)
SR1 Sarudik Syenogranite 75.14 0.01 378 0.724128
S8 Tukka Qtz.alk.fel.sye 72.5 0.08 684 0.710700
s21 Adian Koting e 67.9 0.16 292 0710769
SB3 Adian Koting Quartz syenite 67.92 0.16 292 0.710729
S24B Sihobuk Qtz.alk.fel.sye 65.96 0.14 283 0.714956
PYB4D Tanjung Jae quartz syenite 74.74 0.08 85 0.719129
P4 Tanjung Jae Alk fel.sye 72.80 0.10 368 0.710736
P7 Pintu Padang Julu  Qtz.alk.fel.sye 66.37 0.33 200 0.711533
P8C Tano Tombangan Alk.fel.sye 54.97 0.01 275 0.711030

Isochrons of I-types granitoids from Sibolga show a regular straight set of points whereas
those of S-types granitoids from Panyabungan are scattered, reflecting variations in the initial

87Sr/%°sr within a single pluton as a consequence of more heterogeneous source materials.

165



Akita University

0.726
0.724 - .
0.722 -
0.72 -
0.718 -
0.716 -
0.714 -
0.712 A, .

0.71 . . .
45 55 65 75

SiO, (Wt.%)

B7S1/86Sr

0.35
0.30 A
0.25 A

\°

2015 | ™ o
&0.10 -
% 0.05 |

0.00 : : L2

800
700 1 g #SR1  mS8 AS21

®S24B  @PYB4D P4
600 1 AP7

500 A
%400 . .
5300 1A °
100 - °

O T T T
0.7100 0.7150 0.7200 0.7250 0.7300

87Sr/86Sr
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9.3 Tectonic Evolution and Petrogenetic Model
9.3.1 Tectonic evolution

Granitoids from Sibolga were classified as ilmenite-series based on magnetic susceptibility
(e.g. Ishihara, 1977). Based on SiO; versus FeOyo/(FeOiotMgO), SiO, versus Na,O+K,0-CaO
and alumina saturation index (ASI) versus molar Al,O3/ (Na,O +K,0) the granitoids are mainly
of alkali to alkali-calcic, and peraluminous (Frost et al., 2001) (Chapter 6). However based on
the occurrence of hornblende in the syenogranite and quartz alkali feldspar syenite from Sarudik,
quartz syenite from Tarutung, quartz syenite from Adian Koting, these granitoids exhibit I-type
ilmenite-series in character (Gill, 2010; Chappel & White, 1974, 2001). The occurrence of
ilmenite-series I-type granitoids in the Sibolga area may be explained by an interaction of
originally I-type granitic magma with sedimentary basement rocks as a reducing agent, which
eventually reduced the magma (Ishihara, 1998). Cordierite as xenocrysts and corundum as
inclusions in K-feldspar coexist with biotite, hornblende, zircon and apatite in the quartz syenite
at Adian Koting, while corundum coexists with zircon, apatite, titanite in the syenogranite from
Sarudik. These evidence suggest assimilation of metasedimentary or pelitic basement rocks
beneath Sibolga. The formation of the syenogranite and quartz alkali feldspar syenite from
Sarudik, quartz syenite from Tarutung, quartz syenite from Adian Koting of I-type granitoids is
possibly related with the subduction which have initiated during the Late Permian at the west

coast of Sumatra (Aspden, 1982).
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Nb-Y and Rb-(Y+Nb) discrimination diagrams (Pearce et al., 1984) suggest that the quartz
alkali feldspar syenite, and syenogranites from Sarudik, quartz alkali feldspar syenite, and
monzogranite from Sibolga Julu, quartz alkali feldspar syenite, quartz syenite and syenogranite
from Sibuluhan Sihaporas, quartz alkali feldspar syenite from Tukka, quartz alkali feldspar
syenite, and quartz syenite from Tarutung, and quartz syenite from Adian Koting were formed
within plate setting, while the quartz alkali feldspar syenite and alkali feldspar syenite from
Tukka were formed in volcanic arc setting (Pearce et al., 1984) (Figs. 9.15). This coexistence of
two differences tectonic environments suggests a change in tectonic setting in Sibolga during
Permian to Late Triassic. The change was presumably from subduction related granitoids with
characters of metaluminous, I-type and magnetite-series granitoids to peraluminous, A-type and
ilmenite-series granitoids (Hutchison, 1994, 2014; Searle, 2012; Metcalfe, 2000; Subandrio,

2012).

Gravitational collapse during Late Paleozoic to Triassic of the inactive slab resulted in the
production of large amounts of granitoids and basaltic dyke swarm (Kadir et al., 1997; Subandrio
et al.,, 1997; Subandrio, 2012). The formation of A-type granitoids at Sibolga and its
surroundings within plate setting was a consequence of the regional extensional stress during that
time. Sibolga and its surrounding areas were part of West Sumatra Block (WSB) (Hutchison,
1994, 2014; Searle et al., 2012; Metcalfe, 2000; Subandrio, 2012) which were moved to recent
positions at the west of Sibumasu by tectonic translation of strike-slip mechanism (Metcalfe,
2000) along the Medial Sumatra Tectonic Zone (MSTZ) from Early Permian to Early Triassic. A
dip slip component resulted by the movement associated with the translation mechanism caused
a block stretching (Mc Caffrey, 2009) and possibly created spaces occupied by the granitoids

(Gill, 2010). Subandrio (2012) proposed a change of tectonic setting from subduction during
168



Akita University

Permian to continental rifting in Triassic. The formation of I-type granitoids in volcanic arc
setting is supposed to have been followed by A-type granitoids formed within plate setting.
However, two metaluminous alkali feldspar granites show ferroan characters, on the other side
quartz syenite from Tanjung Jae and quartz alkali feldspar syenite from Pintu Padang Julu are
peraluminous and magnesian characters. Those granitoids were formed in volcanic arc

environment (Chapter 6).

Plots of SiO; versus (FeOu/[FeOwtMgQO]) and SiO, versus (Na,0O+K,0-CaO) and
Aluminium Saturation Index (ASI) versus molecular ratio (Al/[Na+K]) discrimination diagrams
show that most of the granitoids from Muara Sipongi and Kotanopan were fall in within
magnesian, calcic-alkali and metaluminous affinity based on the classification diagram of Frost

et al. (2001) (Fig. 9.14), which were formed in volcanic arc environment (Chapter 6).

Plots of SiO; versus (FeOi/[FEO+MgO]), and SiO, versus (Na,O+K,0-CaO) and
Aluminium Saturation Index (ASI) versus molecular ratio (Al/[Na+K]) discrimination diagrams
show that most of the granitoids from Panyabungan fall within ferroan and peraluminous-type
granites based on the classification diagram of Frost et al. (2001) (Chapter 6). According to
Kanao et al. (1971), Hehuwat & Sopaheluwakan (1978) and Aspden et al. (1984), Muara Sipongi
and Kotanopan granitoids were probably formed during the Late Triassic to Early Jurassic,
ranging from 197 to 186 Ma and from 182 to 142 Ma. During that time, Meso-Tethys oceanic
floor was subducted beneath amalgamated West Sumatra Block and Sibumasu continent (Barber
et al., 2005). Igneous activities involved the intrusions of granitoids in Muara Sipongi, and

Kotanopan lasted from Jurassic through Cretaceous to Neogene.
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9.3.2 Petrogenetic models

The SiO, contents of Sibolga granites are high ranging from 66 to 75 wt%, indicating that
these parental magmas experienced extensive magmatic differentiation (Whalen et al., 1987).
The SiO; contents of granitic rocks at Panyabungan range from 66 to 75 wt%, and they have
lower Na,O+K,0 contents and FeO total/MgO ratios. TiO,, Al,0O3, FeO total, MnO, CaO and
P,Os contents decrease as SiO; contents increase.

The magmas of syenogranites at Sarudik, and quartz-alkali feldspar syenites at Tukka and
Sihobuk were probably derived from different sources. Magmas of quartz syenite and alkali
feldspar syenite magma at Tanjung Jae and quartz alkali feldspar syenite at Pintu Padang Julu
magma were also probably derived from different sources.

Syenogranite from Sarudik has strong negative Ba, Sr, HREE and Eu anomalies, which
suggests fractionation of K-feldspar and plagioclase either in magma chambers or during magma
ascent (Wilson, 1989). These evidences also support negative correlations between CaO, Al,O3,
and SiO,. Decreases of TiO, and P,Os with increasing SiO, content would be attributed to
fractionation of titanite and apatite, respectively. The fractionation of accessory phases such as
zircon, allanite, and titanite can account for depletion in zirconium and yttrium (SR1) (e.g.
Romick et al., 1992; Hoskin et al., 2000).

The present ®Sr/*®Sr (1.222823) of syenogranite at Sarudik is very high and distinctly
different with other granitoids from Sibolga and Panyabungan. These suggest that magma source
might be modified with crustal materials. Petrography suggests the contamination of primary
magma with metasedimentary rocks.

Relationships among 8’Sr/%°sr and P,Os with SREE contents for granitoids from Sibolga

and that from Panyabungan suggest magma source from lower crust contain more REE
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compared to upper crust. Modification with surrounding upper crust material such as
metasedimentary rocks possibly reduces the REE content.

Initial Sr isotopic ratio of Sibolga granitoids ranges from 0.710700 to 0.724100, those from
Panyabungan ranges from 0.709382 to 0.712104, those initial isotopic ratios are lower than those
granitoids from Klabat Suites and Bebulu from Bangka Island have range from 0.7163 to 0.7270
and 0.7123 to 0.7171, respectively. The %'Sr/*Sr of quartz alkali feldspar syenite from Pintu
Padang Julu (P7) (0.710812), and Tukka (S8) (0.710700) suggest that those granitoids from the
two areas most probably belong to the Main Range, assumed by initial ratio of the Main Range,
which ranges from 0.711 to 0.710 (Hutchison, 1978). Age of emplacement was referred to 202
Ma (Wikarno, 1993) for Pintu Padang Julu-Panyabungan and 264 for granitoids from Tukka-
Sibolga (Aspden et al., 1982). Hutchison (1994) suggested the age of the Main Range by Rb/Sr
range from Late Late Triassic to Carbonaceous

Whole-rock Nd initial isotopic value (¥Nd) of Sibolga and Panyabungan granitoids are
negative, and initial Sr (Sr;) are high.

The Sr; of syenogranite from Sarudik is high (0.724128), which suggests that the
syenogranite magma has resulted from partial melting of granitic crusts and was probably
contaminated with metasedimentary rocks in the upper crust. Thus, the Sr; of syenogranite from
Sarudik is similar with the Sr; of granitoids from Belinyu, and Penangas of the Klabat Suite,
Bangka region ranging from 0.7270 to 07163 (Cobbing, 1992; Aspden et al., 1982), suggesting a
genetic relationship between the granitic rocks from Sarudik and Klabat Suite of Bangka region.
Sr;i of quartz syenites from Adian Koting (SB3 and SB21) (0.710769 and 0.710729) are similar
with those of granitoids from Langkawi, West Malaysia (0.7107) (Kwan et al., 1992) and

Malacca of Peninsular Malaysia (0.711) (Hutchison, 1977), suggesting that they have similar

171



Akita University

source and formed by partial melting of upper crust. Sr; of the granitoids from Tanjung Jae and
Pintu Padang Julu (Panyabungan) ranging from 0.710736 to 0.719129 suggest that they have
likely resulted from partial melting of a various of sources crustal materials rocks. Sr; of quartz

alkali feldspar syenite from Sihobuk is high (0.714956) (Fig. 9.8).
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Fig. 9.8 ©Nd initial values vs Sr; isotopic ratios of granitoids from Sibolga and Panyabungan
(modified after DePaolo & Wasserburg, 1979).

Quartz alkali feldspar syenites from Tukka and Sihobuk, and quartz syenites from Adian
Koting are probably contaminated with the alumina-rich rocks. Sr; of quartz alkali feldspar
syenite from Sihobuk is relatively close to that of Hatapang granite at the northeast of Sibolga
(0.7151) (Clarke & Beddoe-Stephens, 1987). These suggest a genetic relationship between

quartz syenite from Tanjung Jae and Hatapang granites, which were derived from the upper crust

(Fig. 9.16).
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9.4 REE geochemistry of weathered crusts of granitoids at Sibolga and its surrounding

areas

Fifteen samples of weathered granitoids and four samples of parent granitoids were collected
from four weathered profiles of 5 to 12 m height at Sibuluhan Sihaporas A and Sibuluhan
Sihaporas B, Sarudik and Sibolga Julu. The weathered profiles consist of horizon A, horizon B,
horizon C and bedrocks. Parent rocks of the granitic rocks around Sibolga are differentiated
ilmenite-series and I-/A-type granite which are composed mainly of K-feldspar, quartz,
plagioclase, and biotite. Zircon, allanite, apatite, titanite, monazite and xenotime are accessory
minerals. The total REE (XREE) content of the weathered crust of granitoids from Sibuluhan
Sihaporas A ranges from 265 to 479 ppm, XREE extracted by sequential extraction ranges from
151 to 263 ppm, and percentage of extracted REE ranges from 55 to 74%, while those of
Sibuluhan Sihaporas B range from 302 to 634 ppm, 82 to 198 ppm, and 28 to 44% respectively.
>REE content of weathered granitoids crusts from Sarudik ranges from 135 to 219 ppm, XREE
extracted by sequential extraction ranges from 21 to 82 ppm, and percentage of extracted REE
ranges from 11 to 50 %, while those of Sibolga Julu range from 191 to 304 ppm, 111 to 138
ppm, and 27 to 44%, respectively.

The ZREE content of weathered crusts of granitoids from Sibuluhan Sihaporas B is higher
than that of weathered crusts of granitoids from Sibuluhan Sihaporas A, but the REE extracted
from weathered crusts of granitoids from Sibuluhan Sihaporas B is lower than that of weathered
crusts of granitoids from Sibuluhan Sihaporas A. Halloysite and gibbsite are present in the
horizon B of both the weathered crusts, and they contain monazite, allanite, and apatite. Titanite

and allanite occur in the weathered crusts of granitoids from Sibuluhan Sihaporas A. Chondrite-
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normalized REE patterns of bedrock and extracted fraction of weathered crusts of granitoids
from Sibuluhan Sihaporas A show negative Ce anomaly. XREE content of weathered rocks and
extracted fraction from Sarudik is the lowest.

The degree of chemical weathering of granitic rocks is represented by the Chemical Index of
Alteration (CIA) proposed by Nesbitt & Young (1982). The CIA values are mostly over 90% in
the upper part of the profile at Sibuluhan Sihaporas A, Sarudik and Sibolga Julu, and less than
90% in the lower part except for Sibuluhan Sihapoas A and Sibuluhan Sihaporas B. The
weathered sample from Sibuluhan Sihaporas B has low CIA at both upper part and lower part
(Fig. 9.9). CIA of weathered crusts of granitoids from Sibuluhan Sihaporas A, Sibuluhan
Sihaporas B, Sarudik, and Sibolga Julu range from 72 to 95%, 70 to 74%, 93 to 99%, and 92 to
96%, respectively, suggesting the occurrence of clay minerals. The weathered granitoids from
Sibolga Julu with whitish in color show the highest CIA among the various sample from
Sibuluhan Sihaporas A, Sibuluhan Sihaporas B, and Sarudik suggest the occurrence clay
minerals.

Ce was predominantly accumulated in the upper part of profile due to oxidation of Ce** to
Ce*, while most of the REE®*" moved to the lower part by acidic soil water and they were
adsorbed onto clay minerals. Therefore, most of the REE was present as ion exchangeable state.
In the Sibuluhan Sihaporas A, allanite was decomposed while in the Sibuluhan Sihaporas B
monazite was refractory to retain REE.

The P,0s5 contents of the weathered crust of granitoids from Sibuluhan Sihaporas A and
Sibuluhan Sihaporas B tend to be higher than the parent rocks, suggesting the occurrence of
secondary phospate in the weathered crusts. XREE content in the weathered crusts in Sibolga are

lower than those of their parent rocks suggesting that REEs were leached out during weathering.
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Fig. 9.9 Chemical index of alteration(CIA) of weathered granitoids from Sibuluhan

Sihaporas A, Sibuluhan Sihaporas B, Sarudik and Sibolga Julu.
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CHAPTER 10

CONCLUSIONS

Granitoids in Sibolga, Panyabungan, Muara Sipongi and Kotanopan are I-/A-types, S-type,
and I-types granitoids, respectively. The Sibolga Granitoids are calk-alkaline, ilmenite-series,
and mainly peraluminous. Cordierite and corundum occur as xenocrysts and inclusions in K-
feldspar in syenogranite from Sarudik at Sibolga. Ganitoids in Panyabungan is calk-alkaline to
alkali calcic, ilmenite- and magnetite-series, metaluminous to peraluminous. Coexistence of
metaluminous, I-type and magnetite-series quartz alkali feldspar syenites and peraluminous, S-
type and ilmenite-series granites at Tano Tombangan suggests that those granitoids were derived
from different sources. LREE are enriched in alkali feldspar syenite from Pintu Padang Julu and
quartz alkali feldspar syenite from Tanjung Jae. XREE contents are high in the S-type and
ilmenite-series granitoids than the magnetite-series granitoids, which contain allanite and apatite.
Granitoids in Kotanopan are calk-alkaline, magnetite- and ilmenite-series, slightly peraluminous

to peraluminous, and I-type.

The present Sr isotopic ratios, 8’Sr/%®Sr (p), of granitoids from Tanjung Jae ranges from
0.720814 to 0.718746, those from Pintu Padang Julu ranges from 0.711523 to 0.711536, and that
from Tano Tombangan ranges from 0.715757. The &'Sr/%Sr (p) of granitoids from Sarudik,
1.223221 to 1.222425, are the highest among all the samples even with those from Panyabungan.
Those from Adian Koting ranges from0.717345 to 0.717691, and those from Sibolga Julu ranges
from 0.744167 to 0.720253. The ®'Sr/%Sr (p) of granitoids from Sarudik is the highest,

calculated value average is 1.222823.
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The £"**Nd value is estimated approximately -8.2 and -7.5 assuming an age of 202 Ma for
granitoids from Tanjung Jae and Pintu Padang Julu, respectively. The ¢***Nd value is estimated
approximately -8.7 and -8.2 assuming an age of 219 Ma for the granitoids from Adian Koting,
that of -12.1 and -12.3 assuming an age of 264 Ma for granitoids from Tukka and Sihobuk

(Sibolga), respectively.

10.1 Petrochemistry of granitoids in Sibolga and its surrounding areas, North Sumatra,

Indonesia

SiO,, Th, Nb, Ta, HREE, and Na,O+ K,O contents of the syenogranites, A-type granite at
Sarudik are high, while Eu, CaO, Ba and Sr contents of the syenogranites at Sarudik are low
compared to those of quartz alkali feldspar syenites from Tukka and Sihobuk. Quartz syenites
from Adian Koting are I-type and were formed within plate setting (WPG). Quartz alkali
feldspar syenite from Pintu Padang Julu, and quartz syenite and alkali feldspar syenite from
Tanjung Jae are S-type and were formed in the volcanic arc setting (VAG). Sibolga granitoids

are highly fractionated I-type and A-type granitoids.

The A-type granitoids of Sibolga are highly differentiated and their XREE contents are high,
while that of granitoids from Muara Sipongi and Kotanopan, are metaluminous, I-type, and
magnetite-series, and they have low XREE content.

Negative correlations between Al,03;, CaO, P,0s, MgO, FeOy;, MnO, TiO, and SiO,
contents suggest that the granitic magmas likely underwent fractional crystallization during

magmatic differentiation. The decrease in P,Os, MgO and FeOy indicates removal of apatite and

mafic minerals (such as biotite and hornblende) during differentiation.

SiO; and REE contents at Sibolga and Panyabungan are positively correlated while P,Os and

REE are negatively correlated. Allanite and titanite are possibly the sources of REE of granitoids
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from Sibolga and Panyabungan, and there is no significant XREE concentration in the granitoids

at Muara Sipongi and Kotanopan where titanite and allanite were absent.

Cordierite and corundum occur as xenocrysts and inclusions in K-feldspar which coexist
with biotite and hornblende in the quartz syenite at Adian Koting. Corundum is associated with
zircon, apatite, titanite in the syenogranite from Sarudik. The coexistence of these minerals
suggests assimilation by aluminous rock, i.e. metasedimentary or pelitic basement rocks beneath
Sibolga. The ZREE contents of granitoids associated with corundum and cordierite are low due
to removal of apatite during magmatic differentiation suggested by a decrease of P,Os.

>REE contents of granitoids from four out of six locations in Sibolga and its surrounding
areas are high. A-type ilmenite-series, peraluminous granitoids at Sibolga were formed in within
plate setting, S- and I-type, ilmenite- and magnetite-series, peraluminous to metaluminous
granitoids at Panyabungan were formed in volcanic arc setting, while I-type, magnetite-series
and metaluminous granitoids at Muara Sipongi and Kotanopan were formed in a volcanic arc
setting. REE enrichment occurred in A-type and or S-type granitoids which have ilmenite-series
and peraluminous characters. The granitoids contaminated with metasedimentary rocks and
formed in volcanic arc setting have low XREE content. The alkali feldspar syenite and quartz
alkali feldspar syenite at Tukka were formed in volcanic arc setting, while the rest of the
granitoids at Sarudik, Sibuluhan Sihaporas and Adian Koting were formed within plate setting.
The former formed metaluminous, I-type granitoids and the latter produced peraluminous, A-
type and ilmenite-series granitoids. The XREE contents of the granitoids that formed in the

volcanic arc setting are low.

The Sr; of syenogranite from Sarudik is high (0.724128), which suggests that the

syenogranite magma was resulted from partial melting of granitic crusts and was probably
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contaminated with metasedimentary rocks in the upper crust. Sr; of granitoids from Panyabungan
and Sibolga are lower than that of granitoids from Bebulu and Klabat suite from Bangka Island.
However ®Sr/*®Sr of quartz alkali feldspar syenite from Pintu Padang Julu (P7) (0.710812), and
Tukka (S8) (0.710700) suggest that those granitoids most probably belong to the Main Range
Belt. Age of emplacement was referred to 202 Ma for granitoids from Pintu Padang Julu-
Panyabungan and 264 Ma for granitoids from Tukka-Sibolga. Hutchison (1994) suggested that

the age of granitoids from the Main Range by Rb/Sr range from Late Triassic to Late Cretaceous.

10.2 Tectonic evolution and petrogenetic model

The evidence of coexistence magnetite-series with ilmenite-series and overlapping tectonic
environment between volcanic arc and within plate settings indicate a change in tectonic setting
occurred in the study area. The change was presumably related to the Early Permian subduction
of Paleo-Tethys beneath amalgamated Western Sumatra Block, East Malaya and Indochina
which formed metaluminous, I-type and magnetite-series granitoids and translation tectonics
which resulted in an extensional condition and produced peraluminous, A-type and ilmenite-
series granitoids in Sibuluhan Sihaporas, Sibolga Julu, Sarudik and Tarutung. At Panyabungan,
the granitoids were associated with deformation which recorded as foliation, and brecciation. At
the Muara Sipongi and Kotanopan, the granitoids are apparently formed due to subduction,
which were possibly related with the Early Triassic to Early Jurrasic subduction of Meso- Tethys

beneath the Southeastern margin of amalgamated Western Sumatra Block with Sibumasu.
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10.3 REE geochemistry of weathered crusts of granitoids at Sibolga and its surrounding
areas

Highly differentiated ilmenite-series I-/A-type granitoids are the parent rock of the
weathered crusts in Sibolga. Titanite and allanite occur in syenogranite at Sibuluhan Sihaporas
A. Chondrite-normalized REE patterns of bedrock and weathered granitoids from Sibuluhan
Sihaporas A show negative Ce anomaly. ~REE content of leachate from Sarudik is the lowest.
Chemical Index of Alteration (CIA) of weathered crusts of granitoids from Sibuluhan Sihaporas
A, Sibuluhan Sihaporas B, Sarudik, and Sibolga Julu range from 72 to 95%, 70 to 74%, 93 to
99%, and 92 to 96%, respectively, suggesting the occurrence of halloysite group minerals and
gibbsite.

Ce was predominantly accumulated in the upper part of profile due to oxidation of Ce** to
Ce*, while most of the REE** moved to the lower part by acidic soil water and they were
adsorbed mainly onto halloysite group minerals and gibbsite. Most of the REE was present as ion
exchangeable form. At Sibuluhan Sihaporas A, allanite was decomposed while at Sibuluhan
Sihaporas B monazite was refractory to retain REE. The P,Os contents of the weathered crust of
granitoids from Sibuluhan Sihaporas A and Sibuluhan Sihaporas B tend to be higher than the
parent rocks, suggesting the occurrence of secondary phospate in the weathered crusts. XREE

contents in the weathered crusts in Sibolga are lower than those of their parent rocks suggesting

that REEs were leached out during weathering.

The values of elemental change (1;) (si, ca, Na k) OF Weathered crusts of Sibuluhan Sihaporas
B, Sarudik and Sibolga Julu are -1 suggest losses or removal of these elements. On the other
hand, (tj) (al, Fe, Mn, ca, Na, k, Py N the Sibuluhan Sihaporas A are +1 suggest addition of these
elements. The tjreg) for all weathered crusts of granitoids are -1 suggest losses or removal of

these elements.
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Appendix 1.

List of sample from Sibolga and its surrounding areas

) Coordinates
No | Sample Code Location
N S Rock Name

1 | SR-01 Sarudik 479178 | 191326 | Biotite granite

2 | SR-02 Sarudik 479147 | 191470 | Biotite granite

3 | SB-01 Adian Koting 487686 | 203691 | Biotite granite

4 | SB-02 Adian Koting 488184 | 205017 | Biotite granite

5 | SB-03 Tarutung 491653 | 207528 | Biotite granite

6 | S.1 bedrock Sarudik 480693 | 190117 | Biotite granite

7 | S.1A Sibuluhan sihaporas | 480693 | 190117 | Basaltic/diabasic

8 |S.2 Sibuluhan sihaporas | 480757 | 190480 | Biotite granite

9 | S2A Sibuluhan sihaporas | 480757 | 190480 | Altered basaltic rock
10 | S3 Sibuluhan sihaporas | 481657 | 190974 | Altered biotite granite
11 | $4 Sibuluhan sihaporas | 482103 | 191528 | Biotite granite

12 | S5 Sibuluhan sihaporas | 483677 | 189669 | Biotite granite

13 | S5A Sibuluhan sihaporas | 483808 | 189649 | Kaolinit

14 | S5B Sibuluhan sihaporas | 483808 | 189649 | Biotite granite

15 | S6 Bedrock Sibuluhan sihaporas | 481549 | 191179 | Biotite granite

16 | S7 Sipan sibuluhan 481549 | 191179 | Biotite granite

17 | S8 Tukka 485643 | 186068 | Biotite granite

18 | S9 Tukka 487978 | 186318 | Biotite granite

19 | S10A Tukka 488223 | 185767 | Biotite granite

20 | S10B Tukka 488223 | 185767 | Biotite granite

21 | s11 Tukka 483560 | 179094 | Andesite lava

22 | S12 Tukka 482104 | 181957 | Tuffaceous sandstone
23 | S13 Tukka 480450 | 183784 | Tuffaceous sandstone
24 | S14 Sarudik 479214 | 191837 | Biotite granite

25 | S15 Sarudik 479097 | 191228 | Biotite granite

26 | S17 Sibolga Julu 477791 | 192185 | Biotite granite

27 | S17 Bedrok Sibolga Julu 477791 | 192185 | Biotite granite

28 | S18A Tarutung-Sibolga 477069 | 193717 | Biotite granite

29 | S18B Tarutung-Sibolga 477069 | 193717 | Biotite granite

30 | S19 Tarutung-Sibolga 477570 | 194170 | Biotite granite

31 | S20 Tarutung-Sibolga 491801 | 207307 | Biotite granite

32 | s21 Tarutung-Sibolga 491689 | 207743 | Biotite granite

33 | S22 Parambunan 477465 | 192743 | Biotite granite

34 | S23 Parambunan 477947 | 191418 | Biotite granite

35 | S24A Sihobuk 480634 | 191166 | Biotite granite

36 | S24B Sihobuk 480634 | 191166 | Biotite granite

37 | S25 Sarudik 478660 | 190442 | Biotite granite
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38 | S26 ﬁl\?eurluhan Coastal 479222 | 186912 Biotite granite

39 | MS-02 Muarasipongi 602260 66732 | Altered granodiorite
40 | MS-03 Muarasipongi 601348 67370 | Granite-pegmatite

41 | MS-04 Muarasipongi 597827 67718 | Granodiorite

42 | MS-05 Muarasipongi 597571 66946 | Granite-granodiorite
43 | MS-06 Muarasipongi 594922 68476 | Altered granodiorite
44 | MS-07 Muarasipongi 595799 67603 | Biotite granite

45 | MS-08 Muarasipongi 591471 71474 | Altered mikrodiorite
46 | MS-09 Tanjung Alai 591471 71474 | Biotite granite

47 | MS-10 Tanjung Alai 596501 67634 | Biotite granodiorite
48 | MS-11 Muarasipongi 594528 68865 | Altered granodiorite
49 | MS-12 Muarasipongi 591969 70720 | Biotite granite

50 | MS-13 Muarasipongi 588264 71763 | Biotite granite

51 | M1 muarasipongi 589755 71523 | Granite Biotite

52 | M.1A muarasipongi 589755 71523 | Altered aplite granite
53 | M1 muarasipongi 589755 71523 | Weathered rock

54 | M.2 muarasipongi 601565 67262 | sSilisified andesite-basaltic lava
55 | M.3 pekantan 596354 65972 | Hornblende-muscovite granodiorite
56 | M4 muarasipongi 581802 71916 | Granite Biotite

57 | MA4A muarasipongi 581802 71916 | Altered basaltic andesite/diabasic
58 | M.4B muarasipongi 581802 71916 | Basaltic/diabasic

99 | M5 kotanopan 581802 71916 | Aplit granite (M1A)
60 | M6 kotanopan 592793 | 70644 | Biotite- hornblende granodiorite
61 | M7 Hutadangka, Ms 583775 71717 | Granodiorite

62 | M7A hutadangka 583775 71717 | Magnetite sand

63 | KNP-01 Kotanopan 583684 71652 | Granit

64 | KNP-02 Kotanopan 581794 71907 | Biotite granite

65 | KNP-03 Kotanopan 589755 71523 | Altered granidiorite
66 | KNP-04 Kotanopan 588259 71760 | Altered biotite granite
67 | KNP-05 Tolung 583280 66768 | Altered granite

68 | KNP-06 Tolung 582756 65502 | Altered biotite granite
69 | KNP-07 Tolung 581543 71181 | Altered biotite granite
70 | KNP-08 Kotanopan 581192 70870 | Altered biotite granite
71 | KNP-09 Kotanopan 581299 70989 | Altered biotite granite
72 | PYB-01 Muarasoma 545854 74319 | Altered granit

73 | PYB-02 Muarasoma 547803 74020 | Altered biotite granit
74 | PYB-03 Tebing Tinggi 568497 90841 | Biotite granite

75 | PYB-04A Tanjung 571474 88408 | Granit - pegmatite

76 | PYB-04B Tanjung 571474 88408 | Granit - pegmatite

77 | PYB-04C Tanjung 571420 88387 | Granit - pegmatite

78 | PYB-04D Tanjung 571420 88387 | Granit - pegmatite
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79 | PYB-04E Tanjung 571420 88387 | Granit - pegmatite

80 | PYB-05 Tanjung 573043 87251 | Granit - pegmatite

81 | PYB-06 Tebing Tinggi 568721 90780 | Biotite granite

82 | PYB-07 Pintupadang Julu 559619 | 109515 | Biotite granite

83 | PYB-08A Pintupadang Julu 560742 | 109662 | Biotite granite

84 | PYB-08B Pintupadang Julu 560742 | 109662 | Biotite granite

85 | PYB-08C Pintupadang Julu 560742 | 109662 | Biotite granite

86 | PYB-08D Pintupadang Julu 560742 | 109662 | Biotite granite

87 | PYB-08E Pintupadang Julu 560742 | 109662 | Biotite granite

88 | PYB-09A Tano Tombangan 545703 | 120004 | Biotite granite

89 | PYB-09B Tano Tombangan 545703 | 120004 | Biotite granite

90 | PYB-10 Aek Nangali 545703 | 120004 | Granodiotite

91 | P1 Hutasiantar 545703 | 120004 | Conglomeratic breccia

92 | P2 Parmompang-timur | 458203 | 4466142 | Biotite granite

93 | P3 Parmompang-timur | 459839 | 4465193 | Biotite granite

94 | P3A Parmompang-timur | 459839 | 4465193 | Biotite granite

95 | P3B Parmompang-timur | 459839 | 4465193 | Biotite granite

96 | P3C Parmompang-timur | 459839 | 4465193 | Biotite granite

97 | P3D Parmompang-timur | 459839 | 4465193 | Biotite granite

98 | P3E Parmompang-timur | 459839 | 4465193 | Biotite granite

99 | P3F Parmompang-timur | 459839 | 4465193 | Sand

100 | P4 Tanjung Jae 459839 | 4465193 | Biotite granite

101 | P4A Tanjung Jae 459839 | 4465193 | Biotite granite

102 | P5 Tanjung Jae 573041 | 573041 | Biotite granite

103 | P6 Tebing Tinggi 568595 | 908080 | Biotite granite

104 | P7/PYB 9 Pintu padang Julu 559767 | 109709 | Altered basaltic-andesite and granite
105 | P8/PYB 9 Tano Tombangan 545684 | 120040 | Biotite- hornblende granite
106 | PBA/PYB 9 Tano Tombangan 545684 | 120040 | Biotite- hornblende granite
107 | P8B/PYB 9 Tano Tombangan 545684 | 120040 | Biotite- hornblende granite
108 | P8C/PYB 9 Tano Tombangan 545684 | 120040 | Biotite- hornblende granite
109 | PS8D/PYB 9 Tano Tombangan 545684 | 120040 | Granite and basalt

110 | PSE/PYB 9 Tano Tombangan 545684 | 120040 | Basalt

111 | P9 Tano Tombangan 545609 | 120417 | Biotite- hornblende granite
112 | P5 Tanjung Jae 545609 | 120417 | Biotite granite

113 | P8A ?LTmlé?fgaJ " 545600 | 120417 | BlOUte granite

114 | P8B ?orTnli)r:r?garT i 545600 | 120417 | BlOtte granite

115 pac ?orTnli)r:r?garT i 545600 | 120417 | Bl granite

116 | P8D ?orTnli)r:r?garT i 545600 | 120417 | Bl granite
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Appendix 2

List of weathered rock samples and horizons at Sibolga and its surrounding areas

Coordinates

No Sample Parent rock Location Horizon N S
Sibuluhan Sihaporas A

1|5s10 Weathered rock | —ieuluhan Ahorizon | 480693 | 190117
sihaporas

2 | S1.50 Weathered rock | —ieuluhan B horizon | 480693 | 190117
sihaporas

3 | $1.100 Weathered rock | Sieuluhan B horizon | 480693 | 190117
sihaporas

4| $1.160 Weathered rock | >ieuluhan B horizon | 480693 | 190117
sihaporas

5| S1.240 Weathered rock S_lbuluhan B horizon 480693 190117
sihaporas

6 | S1.310 Weathered rock S_lbuluhan B horizon 480693 190117
sihaporas

7| s1.370 Weathered rock | >iouluhan B horizon | 480693 | 190117
sihaporas
Sibuluhan .

8 | S1.450 Weathered rock sihaporas B horizon 480693 190117
9 | s1.500 Weathered rock | Stodluhan Bhorizon | 480693 | 190117
sihaporas
10 | s1 Biotite granite | Sioulunan Bedrock 480693 | 190117
sihaporas

Sibuluhan Sihaporas B

1| s6top Weathered rock | Sieulunan Ahorizon | 481549 | 191179
sihaporas

2 1S6.0 Weathered rock S_lbuluhan A horizon 481549 191179
sihaporas

3 | S6.50 Weathered rock S_lbuluhan A horizon 481549 191179
sihaporas

4 | $6.100 Weathered rock | >ieuluhan Bhorizon | 481549 | 191179
sihaporas

5 | $6.150 Weathered rock | Stedluhan Bhorizon | 481549 | 191179
sihaporas

6 | $6.200 Weathered rock | Stedluhan Bhorizon | 481549 | 191179
sihaporas s

7 | $6.250 Weathered rock | Steuluhan Bhorizon | 481549 | 191179
sihaporas

8 | $6.300 Weathered rock | Steuluhan Bhorizon | 481549 | 191179
sihaporas

9 | $6.350 Weathered rock | Steuluhan Bhorizon | 481549 | 191179
sihaporas

10 | S6.400 Weathered rock S_lbuluhan B horizon 481549 191179
sihaporas

11 | $6.450 Weathered rock | —ieuluhan Bhorizon | 481549 | 191179
sihaporas

12 | S6.500 Weathered rock S_lbuluhan B horizon 481549 191179
sihaporas

13 | S6 Bedrock Weathered rock S_lbuluhan B horizon 481549 191179
sihaporas
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Sarudik
1| S16.0 Biotite granite Sarudik A horizon 479108 191133
2 | S16.50 Biotite granite Sarudik A horizon 479108 191133
3 | S$16.100 Biotite granite Sarudik B horizon 479108 191133
4 | S16.150 Biotite granite Sarudik B horizon 479108 191133
5 | S$16.200 Biotite granite Sarudik B horizon 479108 191133
6 | S16.250 Biotite granite Sarudik B horizon 479108 191133
7 | S16.300 Biotite granite Sarudik B horizon 479108 191133
8 | $16.350 Biotite granite Sarudik B horizon 479108 | 191133
9 | S16.400 Biotite granite Sarudik B horizon 479108 191133
10 | S16.450 Biotite granite Sarudik B horizon 479108 191133
11 | S16.500 Biotite granite Sarudik B horizon 479108 191133
12 | S16.550 Biotite granite Sarudik B horizon 479108 191133
13 | S16.600 Biotite granite Sarudik B horizon 479108 191133
14 | S16.650 Biotite granite Sarudik B horizon 479108 191133
15 | S16.700 Biotite granite Sarudik B horizon 479108 191133
16 | S.16.900 Biotite granite Sarudik B horizon 479108 191133
17 | S.16.950 Biotite granite Sarudik B horizon 479108 191133
18 | S.16.1000 Biotite granite Sarudik B horizon 479108 191133
19 | S.16.1050 Biotite granite Sarudik B horizon 479108 191133
20 | S.16.1100 Biotite granite Sarudik B horizon 479108 191133
21 | S.16.1150 Biotite granite Sarudik B horizon 479108 191133
22 5516' Bedrock Biotite granite Sarudik C horizon 479121 191195
23 SbleﬁBedka Biotite granite Sarudik C horizon 479121 191195
Parombunan-Sibolga Julu
2 | S17 Top surface | Biotite granite Sibolga Julu A horizon 477791 192185
3 | S17.40 Biotite granite Sibolga Julu B horizon 477791 | 192185
4 | S17.90 Biotite granite Sibolga Julu B horizon 477791 192185
5| S17.150 Biotite granite Sibolga Julu B horizon 477791 | 192185
6 | S17.200 Biotite granite Sibolga Julu B horizon 477791 | 192185
7| S17.250 Biotite granite Sibolga Julu B horizon 477791 192185
8 | S17.310 Biotite granite Sibolga Julu B horizon 477791 | 192185
9 | S17.360 Biotite granite Sibolga Julu B horizon 477791 192185
10 | S17.420 Biotite granite Sibolga Julu B horizon 477791 192185
11 | S17.540 Biotite granite Sibolga Julu B horizon 477791 192185
12 | S17.580 Biotite granite Sibolga Julu B horizon 477791 192185
13 | S17.600 Biotite granite Sibolga Julu B horizon 477791 | 192185
14 | S17 Bedrock up | Biotite granite Sibolga Julu Bed rock 477791 192185
15 jé\jw?edrock Biotite granite Sibolga Julu Bed rock 477791 | 192185
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Appendix 3

Magnetic susceptibility of Sibolga and its surroundings

No | Sample Code Rock Name Location Granite Series Value x 107 (SI)

1 SR-01 Biotite granite Sarudik ilmenite-series 0.005 | 0.01 0.021 0.005 0.006 0015 0.008 0.012 0.009
2 SR-02 Biotite granite Sarudik ilmenite-series 0.607 | 0.591 0.584 0.466 0.306 0.63

3 SB-01 Biotite granite Adian Koting ilmenite-series 0.113 | 0.195 0.099 0.115 0.135 0.087 | 0.126
4 SB-02 Biotite granite Adian Koting ilmenite-series 0.107 | 0.106 0.092 0.055

5 SB-03 Biotite granite Tarutung ilmenite-series 0.14 | 0.121 0.109 0.107 0.121 0.128 | 0.122 0.128 0.089 | 0.03
6 S.1 bedrock Biotite granite Sarudik ilmenite-series 0.00 | 0.01

7 S.1A Basaltic/diabasic | Sibuluhan sihaporas ilmenite-series 0.01 0.01 0.00

8 S.2 Biotite granite Sibuluhan ilmenite-series 0.01 | 0.01 0.00

9 S2.A ':)Ictimd basaltic Sibuluhan ilmenite-series 0.00 | 0.00 0.01

10 |s3 ':rgﬁ:fg biotite | gipy1uhan ilmenite-series | 0.05 | 0.0 | 0.00

11 | 4 Biotite granite Sibuluhan ilmenite-series 0.01 | 0.00

12 | S5 Biotite granite Sibuluhan ilmenite-series 001 | 0.01 0.01

13 | S5B Biotite granite Sibuluhan ilmenite-series 0.17 | 0.16

14 | S6 Bedrock Weathered rock | Sibuluhan sihaporas ilmenite-series 0.08 | 0.08 0.04

15 | s7 Biotite granite Sipan sibuluhan ilmenite-series 0.00 | 0.01 0.01

16 | S8 Biotite granite Tukka ilmenite-series 0.06 | 0.05

17 | S9 Biotite granite Tukka ilmenite-series 0.10 | 0.09 0.09

18 | S10B Biotite granite Tukka ilmenite-series 0.11 | 0.16 0.13

19 | s13 Juttaceous Tukka . 025

20 | S14 Biotite granite Sarudik - 0.60 | 053 0.58

21 | S15 Biotite granite Sarudik - 0.02 | 0.01

22 S18A Biotite granite Tarutung-Sibolga ilmenite-series 0.03 0.01

23 S18B Biotite granite Tarutung-Sibolga ilmenite-series 0.01 0.06

24 S19 Biotite granite Tarutung-Sibolga ilmenite-series 0.24 0.24 0.24
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25 S20 Biotite granite Adian ilmenite-series 0.16 0.14 0.11

26 | S21 Biotite granite Adian ilmenite-series 011 | 011 0.07

27 | S22 Biotite granite Parambunan ilmenite-series 0.70 | 0.43 0.66 0.43

28 S23 Biotite granite Parambunan ilmenite-series 0.00 0.02 0.01

29 | S24A Biotite granite Sihobuk ilmenite-series 0.09 | 0.08 0.12 0.07

30 S24B Biotite granite Sihobuk ilmenite-series 0.14 0.19 0.19

31 | S25 Biotite granite Sarudik ilmenite-series 0.07 | 0.08 0.05 0.06

32 S26 Quartz sand Sibuluhan ilmenite-series 0.11 0.13 0.13 0.13

33 PYB-01 Altered granite Muarasoma ilmenite-series 0.615 | 0.604 0.597 0.6 0.465 0.591 | 0.603

34 | PYB-02 Qr'atﬁffd biotite | \iarasoma ilmenite-series | 7.78 | 7767.00 | 7854.00 | 7128.00 | 1508 | 13.14 | 8532.00 | 16.28

35 PYB-03 Biotite granite Huta Siantar/T. Tinggi ilmenite-series 0.058 | 0.018 0.016 0.014 0.018 0.075 | 0.081 0.09 0.087 | 0.085
36 | PYB-04A Serg”mi;t'ite Tanjung ilmenite-series | 0.084 | 0.084 | 0013 | 0.08 0.017

37 PYB-04B Se:gnmi;t_ite Tanjung ilmenite-series 0.054 | 0.012 0.054 0.01 0.058 0.007 | 0.006 0.055 0.058
38 | PYB-04C S;gm;t'ite Tanjung ilmenite-series | 0.085 | 0.061 | 0.089 | 0077 | 0.068

39 | PYB-04D S‘ergm;t'ite Tanjung ilmenite-series | 0.183 | 0.191 | 0.183 | 0.18

40 PYB-04E Sergnmi;t_ite Tanjung ilmenite-series 0.088 | 0.077 0.078 0.08

41 PYB-05 Sergnmi;t_ite Tanjung Dae ilmenite-series 0.077 | 0.079 0.073 0.066 0.071

42 | PYB-06 Biotite granite Tebing Pintu Air ilmenite-series 0.015 | 0.02 0.016 0.016 0.056 0.061 | 0.063 0.07

43 PYB-07 Biotite granite Pintupadang Julu ilmenite-series 0.01 | 0.156 0.059 0.013 0.153 0.139 | 0.083 0.14 0.124
44 PYB-08A Pintupadang Julu ilmenite-series 0.108 | 0.053 0.017 0.058 0.013

45 PYB-08B Hornblende Pintupadang Julu ilmenite-series 0.065 | 0.075 0.088 0.084 0.075 0.099 | 0.077 0.088

46 PYB-08C Pintupadang Julu ilmenite-series 0.056 | 0.075 0.075 0.058 0.069 0.063 | 0.086 0.063 0.082
47 | PYB-08D Pintupadang Julu ilmenite-series 0.096 | 0.094 0.092 0.098 0.041 0.105

48 PYB-08E Pintupadang Julu ilmenite-series 0.01 | 0.006 0.007 0.012 0.01 0.043

49 PYB-09A Biotite granite Tano Tombangan - Angkola | ilmenite-series 0.447 | 0.443 0.31 0.468 0.446 0.482

50 PYB-09B Tano Tombangan - Angkola | ilmenite-series 0.986 | 0.621 0.967 0.63 0.454 0.983

51 PYB-10 gGrr:nn(;:jiotite Aek Nangali ilmenite-series 14.2 135 13.28 14.27 14.43 14.17 | 15.15

52 P2 Biotite granite Parmompang-timur limenite 0.02 0.01 0.00 0.02
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53 P3 Biotite granite Parmompang- llmenite 0.06 0.08 0.07
54 P3A Biotite granite Parmompang- limenite 013 | 011 0.08 0.10
55 P3B Biotite granite Parmompang- limenite 0.06 | 0.46 0.07 0.08
56 P3C Biotite granite Parmompang- limenite 0.07 0.02 0.06
57 P3D Biotite granite Parmompang- limenite 0.38 | 0.27 0.31
58 P3E Biotite granite Parmompang- llmenite 0.17 0.14 0.10 0.18
59 P3F sand Parmompang- limenite 019 | 018 0.19
60 P4 Biotite granite Tanjung Jae llmenite 0.09 0.06 0.08
61 P4A Biotite granite Tanjung Jae llmenite 0.06 0.06 0.06
62 P5 Biotite granite Tanjung Jae limenite 0.11 | 0.09 0.09 0.10
63 P6 Biotite granite Tebing Tinggi limenite 0.04 0.06 0.06
64 P7IPYB 9 ﬁgzgi?e?giﬂm Pintu Padang limenite 021 | 0.16 0.32
granite
65 P8/PYB 9 ng:r?liZ b Tano Tombangan limenite 0.64 | 057 0.87 0.74
66 PSA/PYB 9 g?rlsr?liz b Tano Tombangan limenite 0.46 | 047 0.44 0.47
67 P8B/PYB 9 g?rlsr?liz hb Tano Tombangan Magnetite 7.71 9.66 5.02
68 | P8C/PYB O gBr'fﬁ'.iZ b Tano Tombangan Magnetite 145 | 154 | 161
69 P8D/PYB 9 bG;:l;itte and Tano Tombangan limenite 028 | 0.25 0.21
70 P8E/PYB 9 Basalt Tano Tombangan limenite 0.68 | 0.64
71 | Po Quartz :
hc_)rn_blende ) Tano Tombangan limenite 0.46 0.38 0.34
Biotite - granite
72 P5 Biotite granite Tanjung Jae limenite 0.07 | 0.08 0.09
73 P8A Biotite granite Si Tumba. tanotumbangan Magnetite 22.24 | 24.38 28.24
74 P8B Biotite granite Si Tumba. tanotumbangan limenite 0.71 | 0.69 0.63
75 P8C Biotite granite Si Tumba. tanotumbangan limenite 1.42 1.98 1.54
76 P8D Biotite granite Si Tumba. tanotumbangan Magnetite 22.14 | 20.81 21.08
77 MS-02 gArgige(;jiorite Muarasipongi Magnetite 25.78 | 3864.00 | 25.27 25.17 27.87 28.57 | 25.97 28.63 289
78 MS-03 Granit- . Muarasipongi Magnetite
Pegmatite 16.72 | 16.03 14.87 14.33 13.76 15.64 | 15.79
79 MS-04 Granodiorite Muarasipongi Magnetite 6.843 | 7.162 8.995 6.67 6.998

201




Akita University

Granit-

80 | MS-05 Granodiorite Muarasipongi Magnetite 1528 | 1518 | 1559 | 1531 | 1292 | 14.96 | 1605 | 161
81 | MS-06 Altered Muarasipongi Magnetite 0.681 | 9.874 10.74 9.6 1 6.83 | 6.606 11.27 11.8
granodiorite
1353 | 14.15 8.61 10.79
83 | MS-08 Altered Muarasipongi Magnetite 1.178 | 1.253 1.47 1.536 1.622 1.536 | 1.633 1.579
mikrodiorite
84 MS-09 Biotite granite Tanjung Alai Magnetite 17.18 15.8 15.77 11.08 17.44 18.22 12.07
Biotit . . .
85 | MS-10 granodiorite Tanjung Alai Magnetite 6.147 | 7749 | 8469 | 5989 | 1153 | 7.703
86 | Ms-11 Altered Muarasipongi Magnetite 196 | 7833 | 3285 | 4.03 7.508 1252 | 10.72
granodiorite
87 MS-12 Biotite granite Muarasipongi Magnetite 8.377 | 6.752 5.99 8.305 7.658 7.176
88 M.1 Biotite granite Muara Sipongi Magnetite 7.38 | 17.59
89 | M1A Qrgﬁ:teg aplite Muara Sipongi Magnetite 17.59 | 7.38 1541 | 1371
90 M.1 Weathered rock | Muara Sipongi Magnetite 426 | 4.76 4.95
Hornblende-
9 | M3 biotite Pekantan Magnetite 2439 | 2392 | 22550
granodiorite
92 M.4 Biotite granite Muara Sipongi Magnetite 9.08 11.14 6.18
Altered basaltic . . .
93 M.4A andesite/diabasic Muara Sipongi Magnetite 0.49 1.27 0.67 0.68
Aplite granite .
94 M5 (M1A) Kotanopan Magnetite 4.55 6.35 4.70
Hornblende-
95 M6 biotite Kotanopan Magnetite 11.12 | 12.68 14.03
granodiorite
96 M7 Granodiorite Hutadangka. Ms Magnetite 404 | 570 6.28
97 KNP-01 Granite Kotanopan Magnetite 1.072 | 0.889 0.937 0.668 0.712 1.678 | 1.467 0.468
3.141 | 2.502 1.942
98 KNP-02 Biotit granite Kotanopan Magnetite 8.612 | 6.246 9.014 8.716 6.987 7.986
99 | KNP-03 Altered Kotanopan Magnetite 1635 | 17.89 | 17.89 | 14.84 | 17.76 2069 | 18.06 | 18.07
granidiorite
100 | KNP-04 'g“rgﬁ:fg biotite | stanopan Magnetite 108 | 1022 | 1162 |5298 | 2057 | 1564 | 1067 | 10.49
101 | KNP-05 Altered granite Tolung Magnetite 0.541 | 0.99 0.544 0.476 1.259 0.925 | 0.937
102 | KNP-06 gAr';f]fteg biotite | 1o14ng Magnetite 0107 | 0332 | 0224 |0104 |o0171 | 0134
103 | KNP-07 Altered biotite Tolung Magnetite 13.83 | 13.14 13.85 9.171 12.38 13.88 | 11.81
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granite

granite
104 | KNP-08 g‘rgﬁffg biotite | tanopan Magnetite 1655 | 1578 | 1599 | 1661 | 16.11 156 | 17.17
105 | KNP-09 Altered biotite | 2nopan Magnetite 1251 | 1125 | 13 1225 | 13.41 2031 | 1875 | 24.73

203




Akita University

Appendixs 4

Gamma radioactivity of Sibolga and its surroundings

Rock name Location Radioactivity
1 SR1 Biotite granite Sarudik 0.093 0.1 0.108 0.115 0.115 0.115 0.115 0.122 0.122 0.122 0.122 0.129
0.136 0.165
2 | SB3 Biotite granite Tarutung 0.059 0.066 0.066 0.073 0.073 0.08 0.08 0.08 0.08 0.087 0.087 0.093
0.093 0.1 0.115 0.122
3| SB1 Biotite granite Adian Koting 0.07 0.08 0.09 0.1 0.1 0.115 0.115 0.122 0.122 0.122 0.122 0.122
0.136 0.136 0.136 0.143 0.143 0.143 0.151 0.151 0.151 0.158 0.158 0.158
0.173 0.173 0.18 0.18 0.196 0.129 0.129 0.129 0.158 0.165 0.165 | 0.129
0.173
4| SB4 0.129 0.129 0.122 0.122 0.122 0.122 0.115 0.115 0.115 0.108 0.108 0.1
0.073 0.052 0.052 0.046
S.1 Biotite-muscovite Sibuluhan
5 | BEDROCK granite sihaporas 03 0.349 0.374 0.383
6 S.1A Basaltic/diabasic S_lbuluhan 0.465 0.474
sihaporas
S.2 Blotl_te muscovite S_lbuluhan 0.483 0.465 0502
7 granite sihaporas
g | S2A Altered basaltic rock fi'ﬁ:;g'::s” 0581 | 0612 | 0.601
s3 Altered _blotlte ) S_lbuluhan 0612 0.601 0581 0642
9 muscovite granite sihaporas
sS4 Blotl_te muscovite S_lbuluhan 0551 0502 0392 0323
10 granite sihaporas
S5 Blotl_te muscovite S_lbuluhan 0.465 0.446 0428 0.446
11 granite sihaporas
Biotite muscovite Sibuluhan
12 S5B granite sihaporas 0.581 0.501 0.405
13 | S7 Biotite granite Sipan sibuluhan 0.551 0.541 0.5 0.591
S8 Biotite muscovite Tukka 0541 | 057 | 0551 | 0521
14 granite
Biotite muscovite
15 S9 granite Tukka 0.392 0.357 0.274 0.34
S10B Biotite muscovite | 4 0.165 | 0226 | 0.136
16 granite
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s13 Tuffaceous 0541 | 0502 | 0483 | 0512
17 sandstone
S14 Biotite muscovite Sarudik 057 | 056 | 0622 | 0638
18 granite
s15 Biotite muscovite sarudik 0707 | 0798 | o0.821
19 granite
S17 Biotite muscovite
BEDROCK it Sibolga Julu 056 | 0465 | 0.428
20 | UP 9
S17 BEDROK | Biotite muscovite .
o1 | DOWN granite Sibolga Julu 0653 | 0612 | 0601 | 0622 | 0642 | 0.729
S18A Biotite muscovite | 1.1 ng-Sibolga 0653 | 0674 | 0664
22 granite
s18B Biotite muscovite | 1.1 ng-Sibolga 063 | 0607 | 0622
23 granite
S19 Biotite muscovite Tarutung-Sibolga 0.56 0.751 0.798
24 granite
$20 Biotite muscovite | A jian Koting 0664 | 0621 | 1,042 | 1075 | 0645
25 granite
s21 Biotite muscovite | A jian Koting 0541 | 0622 | 057
26 granite
Biotite muscovite
27 S22 granite Parambunan 0.721 0.85 0.775 0.633
s23 Biotite muscovite Parambunan 029 | 0315 | 0332 | 0374
28 granite
S24A Biotite muscovite | gk waterfall 0551 | 0541 | 0581 | 057
29 granite
S24B Biotite muscovite Sihobuk waterfall 0633 | 0612 | 0601 | 0581
30 granite
Biotite muscovite .
21 | 525 granite Sarudik 02741 | 0306 | 029 | 0.266
26 Quartz sand Sibuluhan coastal 0234 | 0211 | 0219 | 022
32 river
P2 Biotite granite Parmompang- 0173 | 0196 | 0185 | 0.188
33 Ptimur
P3 Biotite granite Parmompang- 0185 | 0188 | 0203 | 0211
34 Ptimur
- . Parmompang-
35 P3A Biotite granite Ptimur 0.282 0.266 0.242 0.25
P3B Biotite granite Parmompang- 0306 | 0.266 | 0282 | 0274
36 Ptimur
P3C Biotite granite Parmompang- 029 | 0266 | 0274 | 0258
37 Ptimur
P3D Biotite granite Parmompang- 0219 | 0203 | 0226 | 025
38 Ptimur
- . Parmompang-
39 P3E Biotite granite Ptimur 0.188 0.173 0.165 0.18
P3F sand Parmompang- 018 | 0165| 019 | 015
40 Ptimur
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41 | P4 Biotite granite Tanjung Jae 0.383 0.366 0.374 0.34

42 | P4A Biotite granite Tanjung Jae 0.336 0.299 0.29 0.315 0.323 0.34

43 | PYB-04A Granit - Pegmatite Tanjung 0.084 0.084 0.013 0.08 0.017

44 | PYB-04B Granit - Pegmatite Tanjung 0.054 0.012 0.054 0.01 0.058 0.007 0.006 0.055 0.058
45 | PYB-04C Granit - Pegmatite Tanjung 0.085 0.061 0.089 0.077 0.068

46 | PYB-04D Granit - Pegmatite Tanjung 0.183 0.191 0.183 0.18

47 | PYB-04E Granit - Pegmatite Tanjung 0.088 0.077 0.078 0.08

48 | PYB-05 Granit - Pegmatite Tanjung Jae 0.077 0.079 0.073 0.066 0.071

49 | P5 Biotite granite Tanjung Jae 0.203 0.241 0.196

50 | P5 Biotite granite Tanjung Jae 0.323 0.34 0.349 0.332

51 | P6 Biotite granite Tebing Tinggi 0.196 0.226 0.18 0.211 0.258 0.274

5, | PYB-03 Biotite granite ;'i‘:]tsg?iama” T 0058 | 0018 | 0016 | 0014 | 0018 | 0075 | 0081 | 009 | 0087 | 0.085
53 | PYB-06 Biotite granite Tebing Pintu Air 0.015 0.02 | 0.016 | 0.016 | 0.056 | 0.061 | 0.063 0.07

51 | P7 ':‘r:éirselfeﬁazar';ﬁ e | Pintupadang july 0465 | 0521 | 0428 | 0.465

55 | PYB-07 Biotite granite Pintupadang Julu 0.01 0.156 0.059 0.013 0.153 0.139 0.083 0.14 0.124
56 | PYB-08A Pintupadang Julu 0.108 0.053 0.017 0.058 0.013

57 | PYB-08B Hornblende Pintupadang Julu 0.065 0.075 0.088 0.084 0.075 0.099 0.077 0.088

5g | PYB-08C Pintupadang Julu 0.056 | 0.075 | 0.075 | 0.058 | 0.069 | 0.063 | 0.086 | 0.063 | 0.082
59 | PYB-08D Pintupadang Julu 0.096 | 0.094 | 0.092 | 0.098 | 0.041 | 0.105

6o | PYB-08E Pintupadang Julu 0.01 0.006 0.007 0.012 0.01 0.043

61 | PYB-09A Biotite granite ;i’;i;gmbanga” "1 0447 | 0443 | 031 | 0468 | 0446 | 0.482

6> | PYB-09B Biotite granite ;i’;i;gmba”ga” | 0986 | 0621 | 0967 | 063| 0454 | 0983

63 | P8 Biotite- hb granite Tano Tombangan 0.29 0.323 0.306

64 | PBA Biotite- hb granite Tano Tombangan 041 0.383 0.392 0.374

65 | P8B Biotite- hb granite Tano Tombangan 0.437 0.446 0.374 0.36

66 | P8C Biotite- hb granite Tano Tombangan 0.322 0.282 0.299 0.274

67 | P8D Granite and basalt Tano Tombangan 0.323 0.34 0.349 0.357

68 | P8E Basalt Tano Tombangan 0.383 0.258 0.165 0.052

6 | P9 Sr‘:]ﬁz hb- biotite Tano Tombangan 0392 | 041 | 0428 | 0349
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Si Tumba.

70 P8A Biotite granite tanotumbangan 0.323 0.34 0.332
PSB Biotite granite Si Tumba. 0332 | 0306 | 0315 | 0.288
71 tanotumbangan
P8C Biotite granite Si Tumba. 0242 | 0234 | 0274 | 0.266
72 tanotumbangan
P8D Biotite granite Si Tumba. 025 | 0234 | 0242 | 0258 | 029
73 tanotumbangan
24 | KNP2 Biotite granite Kotanopan 0.087 01| 011| 0115| 0122 | 0129 | 0129 | 0136 | 0143 | 0.51
75 | KNP 3 Altered granidiorite Kotanopan 0.08 0.087 0.093 0.093 0.1 0.1 0.108 0.108 0.115 0.115
16 | KNP B gArgf]:fg biotite Kotanopan 0087 | 0115 | 0122 | 0129 | 0136 | 0143 | 0143 | 0143 | 0143 | 0151 | 0151 | 0.165
0173
| kNPT g‘rgf]zteedb'o“te Tolung 0073 | 0073 | 008 | 0108 | 0122 | 0129 | 0151 | 0155 | 018 | 0.19
Jg | KNPO ';gi:fg biotite Kotanopan 0073 | 008 | 008 | 0087 | 0093 | 0093 01| 0108 | 0108 | 0115 | 0122 | 0.122
0.136
19 | KNP 4 g‘rgf]zteedb'o“te Kotanopan 0.093 | 0.093 0.1 01| 0108 | 0108 | 0115 | 0122 | 0129 | 0129 | 0.136 | 0.136
0158 | 0143 | 0143 | 0.51 | 0.51
g0 | KNP1 Biotite granite Kotanopan 0052 | 0066 | 0087 | 0093 | 0.093 01| 0108 | 0108 | 0108 | 0115 | 0122 | 0122
0136 | 0151 | 0151 | 0.65| 0173 | 018 | 018 | 0323 | 0428 | 0122 | 0129 | 0.136
g1 | Mst Muarasipongi 0.087 | 0.093 01| 0115| 0122 | 0122 | 0129 | 0129 | 0.136
g2 | MS2 Altered granodiorite | Muarasipongi 0.108 0.115 0.115 0.122 0.129 0.129 0.129 0.136 0.143 0.143 0.143 0.143
0151 | 0.165
g3 | Ms3 Granite-Pegmatite | Muarasipongi 01| 0108 | 0115 | 0115 | 0115 | 0122 | 0122 | 0122 | 0122 | 0129 | 0129 | 0.129
0129 | 0136
g4 | Mss Granodiorite Muarasipongi 0165 | 0173 | 0173 | 0473 | 018 | 0188 | 0188 | 0188 | 0188 | 0.196 | 0.196 | 0.203
0203 | 0211 | 0211 | 0219 | 0226 | 0211
g5 | Ms5 Granite-Granodiorite | Muarasipongi 0143 | 0143 | 0151 | 0165 | 0173 | 0173 | 018 | 018 | 018 | 0.8 | 0188 | 0.188
0.211
g6 | MS6 Altered granodiorite | Muarasipongi 0.129 0.136 0.143 0.143 0.151 0.151 0.151 0.158 0.158 0.165 0.165 0.173
0173 | 0.8
g7 | Ms7 Biotite granite Sungai Cibadak 0115 | 0122 | 0122 | 0129 | 0136 | 0136 | 0143 | 0143 | 0143 | 0151 | 0.151 | 0.158
0158 | 0173 | 0.8
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gg | MS10 Biotite granodiorite Tanjung Alai 0.158 0.158 0.165 0.165 0.173 0.18 0.188 0.188 0.196 0.196 0.196 0.196
0.203 0.203 0.211

g9 | MS11 Altered granodiorite Muarasipongi 0.08 0.087 0.093 0.1 0.108 0.122 0.129 0.136 0.143 0.143 0.143 0.151
0.158

90 | MS12 Biotite granite Muarasipongi 0.136 0.136 0.151 0.158 0.165 0.165 0.173 0.173 0.18 0.18 0.18 0.188
0.203

91 | M1 Biotite granite Muara Sipongi 0.152 0.228 0.289 0.205

92 | M1A Altered aplite granite | Muara Sipongi 0.158 0.173 0.165

93 | M1 Weathered rock Muara Sipongi 0.15 0.158 0.165 0.18

o | M3 gHr‘;;”Okzjieé‘r?tee'biome Pekantan 0108 | 0115| 01| 0043 | 0122 | 0115

95 | M4 Biotite granite Muara Sipongi 0.115 0.108 0.087 0.093

o | M4A ':‘r:éirsel‘tjes’;?gg;c Muara Sipongi 0136 | 0.143 | 0173 | 0.66

o7 | M5 mgf\)gramte Kotanopan 0158 | 0203 | 0136 | 0211 | 0.8 | 0.181

o | M6 g'rz;r‘otgf;r?ti'biome Kotanopan 0087 | 0093 | 0108 | 0122 | 0129 | 0136

99 | M7 Granodiorite Hutadangka. Ms 0.188 0.18 0.203 0.211 0.196 0.226

100 | M7A Magnetite sand Hutadangka 0.219 0.226 0.203 0.18 0.188
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