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Abstract

This research objective is to identify geochemical and
mineralogical characteristics of Rare earth elements
(REE) in the weathering products of Anggi Gran-
ite, which is located in Manokwari Regency, West
Papua, Indonesia. The research is conducted on 7
samples of fresh rocks and 7 samples of weathered
rocks of Anggi Granite. The research analysis con-
sists of petrography, XRD, XRF, and sequential ex-
traction experiment, supported by secondary data
and references. Anggi Granite is S-type and peralu-
minous granite that contains zircon, monazite and
apatite as a rare earth bearing minerals. Weather-
ing products of Anggi Granite do not have a signif-
icant enrichment of REE, even some of the samples
are depleted in REE. REE in weathered Anggi Gran-
ite are dominantly present in the primary minerals,
mostly in zircon and monazite. Extractable form
of geochemical fractions include crystalline Fe-oxide
occluded fraction (ilmenite, hematite and goethite),
and ion-exchangeable (illite, kaolin and chlorite).
Enrichment of REE in the weathered Anggi Gran-
ite is influenced by the presence of resistant REE-
bearing minerals, in the forms of zircon and mon-
azite, degree of weathering related to the presence
of secondary minerals, and other factors such as pH
and Eh.
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1 Introduction

Rare earth elements (REE) is a group of ele-
ments which consist of Lanthanide group with
yttrium (Y) (Castor and Hedrick, 2006), al-
though some writer also classify scandium (Sc)
as REE. Lanthanide is a group of elements
with similar behavior and hardly separated
from each other. It consists of lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium
(Nd), promethium (Pr), samarium (Sm), eu-
ropium (Eu), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb), and lutetium
(Lu). Yttrium (Y) is also classified as REE be-
cause of the similarity in behavior and occur-
rence with Lanthanide (Castor and Hedrick,
2006).

REE have many applications in recent mod-
ern industry. The followed consequences are
the high necessity of REE, so it has high eco-
nomical price. REE exploration was done,
and it is known that REE deposits consist of
iron-REE deposits, carbonatite, laterite, placer,
vein and peralkaline igneous rocks (Castor and
Hedrick, 2006). REE have a big atomic ra-
dius and charge, which make it difficult to re-



MINERALOGY, GEOCHEMISTRY, SEQUENTIAL EXTRACTION OF REE IN WEATHERED GRANITE

place the major elements during magma crys-
tallization (Mason and Moore, 1982), so it will
has higher concentration in late crystallized ig-
neous rocks, or rocks with further differentia-
tion processes (Henderson, 1986). Granitic rock
is a potential rock that contains high amounts
of REE. Weathering processes in granitic rock
result the enrichment of REE concentration as
laterite deposit (Bao and Zhao, 2008).

Anggi Granite in West Papua is one of the
granitic rocks in Indonesia which could have a
high potential of REE. It is located in Anggi Dis-
trict, Manokwari Regency, West Papua, Indone-
sia (Figure . Tropical climate condition, which
is typical in Indonesia area, creates weathering
products in the surface of the granitic rocks. In
the weathering products, REE present in dif-
ferent geochemical form than that of in fresh
rocks. REE can present in primary minerals,
or dissolved then bonded by secondary miner-
als or leached to other parts of the soils, which
also affect the enrichment of REE. Mineralogy
and geochemistry of rare elements, therefore
become an important factor to analyze the po-
tential and mineral target of REE in the weath-
ered Anggi Granite. The controlling factors in
the REE enrichment and characteristics of REE
in the weathering products, especially in gran-
ite is also studied.

2 Geologic setting

The geology of West Papua generally consists
of metamorphic rocks as a basement, known
as Kemum Formation, intruded by some plu-
tonic rocks, which are overlaid by some for-
mations of pyroclastic and sedimentary rocks
(Pieters et al., 1990). Those plutonic rocks con-
sist of Melaiurna Granite, Maransabadi Granite,
Kwatisore Granite, Wariki Granodiorite, War-
jori Granite, Netoni Intrusive Complex, and
Anggi Granite. The three later are located along
Sorong Fault Zone in the eastern part of West
Papua Bird’s Head.

Anggi Granite, which become the concern in
this research, present in form of three intru-
sive bodies, consists of Didohu, Testega and
Neney Granites, which is mentioned by Sarira
(2013). Anggi Granite intruded Kemum For-

mation and was been overlaying by Wai and
Befoor Formation (Pieters et al., 1990). Anggi
Granite is dominated by muscovite and biotite
granite, but quartz diorite, aplite and pegmatite
are also found locally (Pieters et al., 1990). Pet-
rogenetic research of Anggi Granite by Sarira
(2013) proved that Anggi Granite is a peralu-
minous S-type granite. From K-Ar dating by
Bladon (1998, vide Pieters et al., 1990), the age
of Anggi Granite ranges from 227 to 248 Ma,
whereas according to Harahap et al. (1998) it
has the age of 227-295 Ma.

3 Methods

The analysis of this research was done on fresh
rocks and weathered samples of Anggi Granite.
The samples was taken from eight (8) location,
which is located on the outcrop of Anggi Gran-
ite intrusive bodies, consist of Didohu Anggi
Granite (sample JNS-AG 1.2), Testega Anggi
Granite (samples JNS-AG 2.3, INS-AG 2.4, INS-
AG 2.8, and JNS-AG 2.9), and Neney Anggi
Granite (samples JNS-AG 3.1 and JNS-AG 3.2).
Figure|l|showed the samples location in the re-
search area. One sample of fresh rock and one
sample of weathering product were taken in
each location to be analyzed.

All samples were analyzed by ICP-MS
method, conducted in Activation Laboratories,
Canada to elucidate the composition of REE
in each sample. Fresh rock samples were ana-
lyzed by polarizing light microscope to under-
stand the texture and composition of the rocks,
especially the presence of REE-bearing acces-
sory minerals. Furthermore, X-ray Diffraction
(XRD), petrographic analysis, X-Ray Fluores-
cence (XRF) and a sequential extraction based
to Miller et al. (1986) with modification have
been conducted in the Faculty of Engineering,
Kyushu University, Japan.

4 Results and discussion

Mineralogy and weathering process of Anggi
Granite

Mineralogical composition of Anggi Granite
consists of quartz, orthoclase and plagioclase
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Figure 1: Geological map and sample location of Anggi Granite (Atmawinata et al., 1989, by mod-
ification). Anggi Granite consists of Didohu Granite (in the top part of the map), Testega Granite
(the biggest intrusive body in the bottom part of the map) and Neney Granite (in the right part of
the map).
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with various abundances, while accessory min-
erals dominated by muscovite and/or biotite.
REE-bearing accessory minerals presents as zir-
con and monazite in all rock samples, whereas
apatite is only found in one sample (JNS-AG
1.2 R) (Table[1). The observation of weathered
rock sample of Anggi Granite, as well as the cal-
culation of CIA (Chemical Index of Alteration)
(Nesbitt and Young, 1982 vide Bao and Zhao,
2008) showed that Anggi Granite was not inten-
sively weathered. Sample JNS-AG 2.9 S has the
biggest CIA value, followed by JNS-AG 2.8 S,
JNS-AG1.2S,JNS-AG 2.3 S, INS-AG 2.4 S, JNS-
AG 3.2 5, and the last one is JNS-AG 3.1 S.

Petrography and XRD analysis shows that
weathered products of Anggi Granite still con-
tain primary minerals of the fresh rocks, such as
quartz, orthoclase, plagioclase, muscovite and
biotite, although the amount of these minerals,
except quartz, decrease significantly. Monazite
and zircon are also still presence, but apatite is
no longer exist (Table [2). Secondary minerals
as a result of weathering present as clay min-
erals, such as illite and kaolin, with high inten-
sity in samples JNS-AG 1.2 S and JNS-AG 2.8
S. Fe-oxide is also commonly presence as a re-
placement of biotite, whereas goethite present
in sample JNS-AG 2.9 S.

REE Mineralogy

REE can present in granitic rock in relatively big
proportion, compared to other igneous rock, ex-
cept for pegmatite and carbonatite, which con-
tain large proportion of REE (Henderson, 1986;
Castor and Hedrick, 2006). The proportion of
REE is related to the differentiation process of
the igneous rock (Henderson, 1986). Except for
quartz, all of the primary minerals in igneous
rocks, especially granitic rocks, contain REE in
various proportions. However, REE are more
concentrated in the accessory minerals such as
sphene, apatite, zircon and monazite (Hender-
son, 1986; Yusoff, et al., 2013). In the case of
Anggi Granite, accessory minerals consist of
apatite, monazite and zircon (Table|l) and REE
will dominantly consist in those accessory min-
erals.

During the weathering process, primary and
accessory minerals which contain REE will dis-

solve and secondary minerals are formed. REE
that is freed from primary minerals during
weathering processes then makes a bond with
secondary minerals. Secondary minerals tie
REE with different process and depend on the
chemical and structural composition (Yusoff et
al., 2013). Sequential extraction analysis was
done to separate heavy metals, including REE,
from each geochemical fraction, thus elucidate
the dominant geochemical form of REE in the
soil. In the sequential extraction analysis of
Anggi Granite, extractable REE consist only
of 20.1-36.8% from total REE in the weath-
ered rock samples, and the non-extractable part
(63.2-79.9%) include in the residual form (Fig-
ure[2). REE in the residual form is incorporated
in the stable crystal structure of minerals, par-
ticularly primary minerals which have not been
destroyed or changed during weathering pro-
cess.

The abundances of REE in residual min-
erals are generally caused by non-intensive
weathering process in the rock. Less resistant
REE-bearing minerals will be weathered more
quickly than the more resistant one. Zircon
and monazite are very resistant REE-bearing
minerals (Bao and Zhao, 2008). Both of them
are present in fresh rock samples in significant
amount, and still existing with similar abun-
dances in the weathering samples, proved by
polished section analysis (Table 2). From this
result, it can be assumed that REE in weather-
ing samples of Anggi Granite also dominantly
consist in zircon and monazite as residual form.

The extractable fractions are dominated
by crystalline Fe-oxide occluded and ion-
exchangeable fractions. Crystalline Fe-oxide
minerals consist of ilmenite, hematite and
goethite, which can take a role in containing
REE in the weathering samples. Cerianite,
which have similar stability field with goethite
(Braun et al., 1990) are extracted in this phase
and also some portion of amorphous Fe-oxide
minerals, thus will increase REE concentration
in this fraction. In the other hand, amorphous
Fe-oxide and Mn-oxide fractions, which in
some literature (Tessier et al., 1999; Filgueiras et
al., 2002) belong to the same group with crys-
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Table 1: Abundances of primary and accessory minerals in Anggi Granite samples, based on petro-
graphic analysis (units in %).

JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG
12R 23R 24R 28R 29R 31R 32R
Quartz 22 33 27 32 30 28 29
K-feldspar 18 23 36 29 34 37 35
Plagioclase 10 20 22 18 22 18 28
Microcline 22 - - - - - -
Biotite - 12 8 11 - 10 -
Muscovite 6 9 5 5 12 5 6
Hornblende 12 - - - - - -
Garnet 2 <1 - 3 - - -
Opaque mineral 1 1 1 1 1 1 1
Apatite 6 1 - - - - -
Monazite <1 <1 <1 <1 <1 <1 <1
Zircon <1 <1 <1 <1 <1 - -
Rock’s mame Hornblgn— Bioti.te Granite Granite Muscoyite Bioti.te Granite
de granite granite granite granite

Table 2: Abundances of primary and accessory minerals in weathered Anggi Granite samples,
based on petrographic analysis.

JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG JNS-AG

125 23S 245 285 29S 315 325
Quartz ++++ ++++ ++++ ++++ ++++ ++++ ++++
K-feldspar +++ ++++ +++ +++ +++ +++ ++++
Plagioclase ++ ++ ++ ++ ++ +++ ++
Microcline ++ - - - - - -
Biotite - ++ ++ ++ - + ++
Muscovite ++ + - + - - -
Hornblende - - - - - - -
Garnet - - - - - - -
Opaque mineral + + + + + + +
Apatite - - - - - _ +
Monazite + + + + + + +
Zircon + + + + + _ +
Fe-oxide + ++ ++ ++ . ++ _

Note: (++++) = very abundant; (+++) = abundant; (++) = not abundant; (+) = rare; (-) = not appear.
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Figure 2: Percentage of residual fraction in weathering samples of Anggi Granite from sequential

extraction analysis.

talline Fe-oxide, only contain small amount of
REE.

Ion-exchangeable fraction dominantly is con-
tained only in sample JNS-AG 1.2 S and JNS-
AG 2.8 S. Both samples are characterized by
high CIA values, and also the presence of clay
minerals. Samples JNS-AG 3.1 S and JNS-
AG 3.2 S which have small CIA values almost
do not contain ion-exchangeable fraction. Fig-
ure |3| presents the relation between degrees of
weathering with the intensity of REE in ion-
exchangeable fraction, which shows the simi-
lar pattern. Meanwhile, sample JNS-AG 2.9 S
which has similar CIA values with JNS-AG 1.2
S and JNS-AG 2.8 S do not contain a significant
amount of ion-exchangeable fraction. Apart
from that, ion-exchangeable fraction is sensitive
to pH change (Hu et al., 2008). The acid pH
condition in JNS-AG 2.9 S will easily break the
cation bond of ion-exchangeable fraction.

Clay minerals generally act as ion-
exchangeable (Hu et al., 2008), which in Anggi
Granite samples consist of illite, chlorite and
kaolin. Ion-exchangeable fraction more readily

adsorbs LREE than HREE (Yusoff et al., 2013),
since LREE affinity to clay minerals is higher
than HREE (Bao and Zhao, 2008). However,
HREE can contain in high amount in this frac-
tion when it is abundant in the weathering soil
(Bao and Zhao, 2008), which result in the rela-
tive enrichment of HREE in sample JNS-AG 2.8
S.

The other fractions which contain REE in the
samples, although only in small percentage, are
acid soluble and organically bound fractions.
Acid soluble fraction more well-known as a
carbonate fraction (Tessier et al., 1979; Hu et
al., 2006; Okoro et al., 2012) because carbon-
ate (CO%‘) become the main ion which make a
bond with metal ions in this fraction (Filgueiras
et al., 2002). This fraction is not commonly
present in the weathering soil (Hu et al., 2006).
The forming of this fraction is also highly in-
fluenced by pH (Filgueiras et al., 2002). If the
equilibrium condition to create this fraction is
not available, concentration of this fraction will
not significant to attract REE in high concen-
tration, which might happen in this research.
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Figure 3: Graphic of relationship between degree of weathering (represent by CIA values) and REE
contents in the ion-exchangeable fraction in the weathering samples of Anggi Granite.

Analyzed weathering samples in this research
are taken from soil zone C and not fully weath-
ered, which result in small amount of REE in
organically bound fraction. Metal in this frac-
tion consist in organic material which generally
present in soil zone A, where detritus and or-
ganism activities are commonly present (Okoro
et al., 2012).

Geochemical characteristics of REE in Anggi
Granite

Mass balance equation of Nesbitt (1979, vide
Yusoff et al., 2013), was used with normaliza-
tion on Zr, which is considered as immobile el-
ement. The result presents that all weathered
sample of Anggi Granite were depleted in REE,
except for sample JNS-AG 1.2 S and JNS-AG 2.8
S. The enrichment pattern of weathered sample
also shows that JNS-AG 1.2 S and JNS-AG 2.8 S
were enriched in all REE, while the other sam-
ples show different patterns (enrichment only
of LREE in sample JNS-AG 2.3 S and JNS-AG
3.2'S, depletion pattern in sample JNS-AG 2.4 S,

JNS-AG 3.1 S and JNS-AG 2.9 S (Figures i and

B).

Leaching process dominantly occurred in
HREE (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and
Y), as it is more mobile than LREE (La, Ce, Pr,
Nd, Sm, and Eu) (Bao and Zhao, 2008; Hu et al.,
2006; Ma et al., 2007). Generally HREE was not
much accumulated in the weathered granites
with negative percentage of abundance changes
(Figure [5). This is result in much greater REE
fractionation in weathered samples than fresh
rocks, except for JNS-AG 1.2 S and JNS-AG 2.8
S. Those two samples were enriched and had
accumulation in HREE. This is due to pH con-
dition, which is suitable for the deposition of
REE into secondary minerals. Some ions, such
as complex carbonate, also have high affinity
in HREE which caused HREE mobilization and
transportation to the deeper zone of weathering
profile (Yusoff et al., 2013). HREE enrichment in
the weathered granite can also be caused by zir-
con, as a HREE-bearing mineral, accumulation
(Sanematsu, 2009).

LREE were enriched and accumulated more
in the weathered rocks than HREE, except for
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sample JNS-AG 2.8 S. It is also shown by the
increase of REE fractionation in the weathered
rocks, compared to the fresh rocks. LREE
was more enriched because it more compatible
and will stay longer in the weathering profile.
Some secondary minerals such as clay minerals
and Fe-oxyhydroxide also have higher affinity
for LREE (Koeppenkastrop and de Carlo, 1993;
White, 2000; Compton et al., 2003 vide Yusoff et
al., 2013). Positive Ce anomaly is presented in
sample JNS-AG 2.9 S. Ce anomaly is caused by
the difference in the oxidation value in cerium.
It can present in the oxidation value +4 (Ce*")
in the oxidation state, which is relatively immo-
bile than Ce3* (Bao and Zhao, 2008; Braun et al.,
1989; Yusoff et al., 2013), and also tend to make
a bond with oxygen to create cerianite mineral
(Price et al., 1991). Oxidation state in sample
JNS-AG 2.9 S was supported by the presence
of goethite as a secondary mineral. Braun et
al. (1990) stated that environment condition for
goethite to be formed is similar to cerianite, ac-
cording to the pH and Eh values.

Meanwhile, Eu had a positive anomaly and
significant enrichment in the weathered sam-
ples. In granitic rocks, Eu has a high affin-
ity in feldspar, since it has +2 oxidation value
(Henderson, 1984). Because of feldspar weath-
ering, Eu was mobilized and accumulated in
the weathering profile. Weathered sample of
Anggi Granite also still contain high amount of
feldspar. The accumulation of the feldspar it-
self can contribute to the Eu enrichment. The
depletion REE pattern of Eu in sample JNS-AG
1.2 S can be influenced by activity of humic and
flufix acid and create Eu(Ill)-humate complex,
which is more mobile than other REE (Nagao et
al., 1996; Dong et al., 2001; Wang and Dong, et
al., 2001 vide Hu et al., 2006).

Factors controlling mineralogy and geochem-
istry of of REE

Generally, there are two factors that influenced
mineralogy and geochemistry of REE in weath-
ered products of Anggi Granite: 1) geochemi-
cal characteristic and mineralogy of the rock; 2)
weathering process and condition.

Different geochemical characteristics in ig-
neous rock would create different mineralogy

(Bea, 1996). In the case of REE-bearing miner-
als, their presences in the rock are influenced
by Alumina Saturation Index (Bea, 1996). Ac-
cording to Bea (1996), in peraluminous granitic
rock, REE are mostly incorporated in accessory
minerals, such as monazite, xenotime, zircon
and apatite, which are also present in Anggi
Granite samples, except for xenotime. Those
minerals, except for apatite, are resistant, thus
would survive in weathering process. Release
of REE in the weathering products would re-
sult to REE mobilization, which would lead to
REE enrichment and fractionation. In Anggi
Granite this mobilization did not intensively
happen, so high REE enrichment and fractiona-
tion was harder to be found, compared to met-
aluminous granite, which contain REE in non-
resistant minerals, such as alanite.

Degree of weathering become one of the fac-
tors influencing mineralogy and geochemistry
of REE in weathered granite. This research
shows a relation between degree of weathering,
which is shown by CIA (Chemical Index of Al-
teration) value, with REE enrichment (Figure [6)
and fractionation (Figure . However, some
erratic values are also found, probably due to
influence of other factors, such as pH and Eh
condition of weathering products. For exam-
ple, sample JNS-AG 2.9 S does not experience
significant enrichment due to leaching process
in the acid pH environment (Figure 7). REE
precipitation is highly influenced by pH condi-
tion except for Ce and Eu, which are also influ-
enced by oxidation state (Braun et al., 1990). In
the other hand, samples JNS-AG 1.2 S and JNS-
AG 2.8 S do not have great fractionation value,
because it became the accumulation place for
HREE.

Weathering process would also influence the
presence of secondary minerals in weather-
ing products, for example clay minerals would
more potentially occur if the degree of weath-
ering are getting higher. Clay minerals, with
its high absorption capability would bond more
or less 95% of REE in the weathering products
(Zhu et al., 1993 vide Hu et al., 2006). From se-
quential extraction analysis, it is known that the
bonding of REE in clay minerals is correlated
with REE enrichment.
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5 Conclusion

The weathering products of Anggi Granite did
not experience significant enrichment. REE en-
richment in the samples were caused by rela-
tive enrichment in samples JNS-AG 2.3 S and
JNS-AG 3.2 S, and absolute enrichment in sam-
ples INS-AG 2.8 S, while the rest are depleted in
REE. The absolute enrichment happen because
the accumulation of REE in the reduction envi-
ronment, and the depletion is caused by leach-
ing process during weathering.

LREE/HREE values were increased in the
weathering samples of Anggi Granite, because
HREE were leached more than LREE, except
for sample JNS-AG 1.2 S and JNS-AG 2.8 S
which become the accumulation zone of HREE.
Meanwhile, positive cerium anomaly occur in
sample JNS-AG 2.9 S, caused by suitable ox-
idation and pH condition for cerianite to be
formed, which is characterized by the presence
of goethite in the sample. REE in weathering
products of Anggi Granite still dominantly con-
tain in REE-bearing primary minerals such as
zircon and monazite, while the rest consist on
crystalline Fe-oxide fraction (ilmenite, hematite
and goethite), and ion-exchangeable fraction
(clay minerals illite, kaolin and chlorite).

Geological factors that influence the geo-
chemical and mineralogical characteristics in
the weathering samples of Anggi Granite are
geochemical characterization of fresh rocks,
which influences the kind of REE-bearing min-
erals in the rock, degree of weathering which
is related to the presence of secondary miner-
als, especially clay minerals, and other factors
related to pH and Eh condition.
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