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ABSTRACT. Gunung Patuk and Gunung Wungkal are part of the Godean Hills in Yo-
gyakarta, Indonesia. The Godean Hills are isolated hills consisting of a series of hills sur-
rounded by the Young Merapi Volcanics Deposits. A previous study reported that Gunung
Patuk and Gunung Wungkal are porphyry andesite – micro diorite intrusions. Both hills
are igneous rock intrusions and have almost perfect soil profiles from the source/parent
rock to the A horizon. However, another study suggests that Gunung Wungkal has been a
hydrothermal alteration process. There is still a debate over the genesis of clay in that area.
Therefore, this research needs to be carried out to provide a comprehensive understanding
of the mineralogical and geochemical characteristics of the clays in that area. The results of
petrographic identification on the source/parent rock sample indicate that the rock sam-
ple is classified as andesite rock. Meanwhile, the results of mineralogy identification using
the X-ray diffraction (XRD) method show that almost all types of soil profiles contain illite,
kaolinite, and smectite. The calculation results of CIW (Chemical Index Weathering) and
CIA (Chemical Index Alteration) values based on geochemical data show that CIW and
CIA values of the horizons increase steadily as they approach the ground surface. Based
on the presence of illite (indicates a product relating to the relatively high temperatures)
in A horizon with high values of CIW and CIA, therefore it can be interpreted that clay
minerals at Gunung Patuk and Gunung Wungkal were the product of superimpose of
hydrothermal alteration and weathering processes.
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1 INTRODUCTION

Indonesia is an archipelagic country with a
tropical climate with 2 seasons, which are dry
and rainy. This condition causes the weath-
ering process to occur intensely. The intense
weathering process can change the source rock
into the soil gradually, as indicated by the lay-
ers of the soil profile (soil horizons) starting
from the source/parent rock, C horizon, B hori-
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zon, and A horizon (Velde and Meunier, 2008)
with A horizon being the outermost layer and
the highest level of weathering. The weather-
ing causes the parent rock’s minerals to alter
into clay minerals. On the other hand, the In-
donesian archipelago is associated with a series
of subduction zones with at least seven main
magmatic arcs recognized, including the Ter-
tiary Java Magmatic Arc, a part of the Sunda
Banda Arc (Soeria-Atmadja et al., 1994). These
magmatic arcs are usually associated with hy-
drothermal alteration processes, which can pro-
duce clay minerals. Therefore, clay minerals
can also be a product of hydrothermal alter-
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ation processes related to high temperatures
and hot fluids. Illite, one of the clay miner-
als associated with hydrothermal alteration, oc-
curs at approximately 200-250 ˚C (Corbett and
Leach, 1996).

Gunung Patuk and Gunung Wungkal, a part
of the Godean Hills, Yogyakarta, and a part of
the Java volcanic arc, are intrusion hills with
abundant clays. Based on the Regional Ge-
ological Map of Yogyakarta (Rahardjo et al.,
1995), Gunung Patuk is a diorite intrusion and
slightly different from Gunung Wungkal which
is a porphyry andesite – micro diorite intru-
sion (Bronto et al., 2014). In addition, Ardian-
syah (2021) mentions that Gunung Patuk and
Gunung Wungkal are porphyry andesite lava.
However, Verdiansyah (2016) suggests that a
hydrothermal alteration process has occurred
at Gunung Wungkal. Because there is still a
debate over the genesis of clay in that area,
therefore this research needs to be carried out
to provide a comprehensive understanding of
the mineralogical and geochemical characteris-
tics of the clays in that area with an approach
to the type of clay minerals in soil horizons and
calculation of CIW and CIA using Harnois for-
mulation (Harnois, 1988). The mineralogical
and geochemical characterization was carried
out on the soil profiles divided into source rock,
C horizon, B horizon, and A horizon. Phys-
ically, each horizon displays a different color
and texture, so it is assumed to characterize
different mineralogical and geochemical com-
positions. The mineralogical characteristic was
identified using petrographic and the XRD (X-
Ray Diffraction) method. Petrographic analy-
sis was conducted at the Geological Optic Lab-
oratory, and XRD analysis using Rigaku Mul-
tiflex BD3550N was carried out at the Central
Laboratory. Both laboratories are housed in the
Geological Engineering, Faculty of Engineer-
ing, Universitas Gadjah Mada. The geochemi-
cal characteristic is shown by values of the CIW
(Chemical Index Weathering) and CIA (Chemi-
cal Index Alteration) that were calculated based
on the major oxide data from geochemical anal-
ysis using the ICP-AES (Inductively Coupled
Plasma Atomic Emission Spectroscopy) instru-
ment. The preparation method and analytical
procedures of ICP-AES for the samples of this

study were conducted in the Laboratory of ALS
Canada Ltd., in North Vancouver, Canada.

This study shows that the soil profiles of C
horizon to A horizon are dominated by illite,
kaolinite, and smectite, where the illite indi-
cates that the mineral formed at relatively high
temperatures. Hydrothermal illite is micaceous
and fine-grained, with formation temperatures
of about 175 °C – 350 °C (i.e., Bove et al., 2002;
Park et al., 2022), and illite, which is related to
an active geothermal system occurs at approx-
imately 200-250 ˚C (Corbett and Leach, 1996).
The values of CIW and CIA show higher val-
ues from the source rock to the outermost hori-
zon. Therefore, it can be suggested that the
genesis of clay minerals at Gunung Patuk and
Gunung Wungkal was the product of superim-
pose hydrothermal alteration and weathering
processes.

2 REGIONAL GEOLOGY

Based on the regional geological map of Yo-
gyakarta, Java (Rahardjo et al., 1995), this
study area is an isolated hill known as the
Godean Hills, which is surrounded by Quater-
nary Young Merapi Volcanics Deposits (Qml)
(Figure 1). Godean Hills consists of several
hills, some of which are Gunung Wungkal
and Gunung Patuk, which are the focus of
this research. Gunung Wungkal is a hill in
the Kebobutak Formation with an Oligocene
– Early Miocene age located north of Gunung
Patuk. The Kebobutak Formation comprises
andesite breccia, tuff, lapilli tuff, agglomerates,
and insertion of andesite lava flows (Rahardjo
et al., 1995). At the same time, Gunung Patuk
is located in the Nanggulan Formation, which
is older (the Eocene) than the Kebobutak For-
mation. This formation comprises sandstone
with lignite insertions, sandy marl, claystone
with limonite concretions, marl and limestone
inserts, and sandstone and tuff (Rahardjo et
al., 1995). A more detailed Geological Map
of Godean (Bronto et al., 2014) reports that Gu-
nung Patuk and Gunung Wungkal are intrusion
rocks (porphyry andesite – micro diorite). This
research identifies Gunung Patuk and Gunung
Wungkal as andesitic intrusions (Figure 2).

Journal of Applied Geology 85



YOELLANICE et al.

FIGURE 1. Research area based on regional geological map Yogyakarta, Java, simplified from (Rahardjo et al.,
1995). A more detailed geological map of the study area can be seen in Figure 2.

FIGURE 2. Simplified and modified Godean geological map from a previous study (Rahardjo et al., 1995;
Bronto et al., 2014; Prabawa, 2020; Akmal, 2021) and the research area of Gunung Patuk and Gunung
Wungkal.
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3 METHODOLOGY

Measurement sections of the outcrop at Gu-
nung Patuk and Gunung Wungkal were carried
out to determine the layers of the soil profiles.
Rock sampling was collected at several points
representing the study area’s horizons. Labora-
tory analysis was conducted for petrographical
observations, XRD, and geochemical analyses.
The thin-section analysis was to determine the
mineral content of the source/parent rock. It
was conducted in the Optical Geology Labora-
tory at the Geological Engineering Department
of Universitas Gadjah Mada. XRD analysis was
performed at the Center Laboratory, Geological
Engineering Department of Universitas Gadjah
Mada, to identify clay mineral content in the
study area’s C, B, and A horizons. The XRD
analysis used a clay-oriented method: air dry-
ing, ethylene glycol, and heating at 550º C for
1 hour. The oriented method referred to by
Wicaksono et al. (2017). ICP – AES analysis was
carried out in ALS Laboratory in Canada and is
to be used to determine concentrations of ma-
jor oxide in the samples of Gunung Patuk and
Gunung Wungkal in units of wt%. This ICP–
AES analysis data is used to calculate the CIW
and CIA using equations (1) and (2) (Harnois,
1988).

4 RESULTS

Gunung Patuk and Gunung Wungkal’s soil
horizons are presented in Figure 3 (Yoellan-
ice, 2022). Gunung Patuk shows the complete
soil horizon from source/parent rocks, hori-
zon C, horizon B, A, and O. However, Gunung
Wungkal only has an incomplete layer where
the source/parent rock is not exposed.

Observation results on thin sections of the
source/parent rock of the study area (samples
of 22BI, A227BI, and B227BI at Gunung Patuk)
show that the source rock is andesite, based on
Streckeisen’s classification (Streckeisen, 1976).
The appearance of thin sections on PPL (Paral-
lel Polarized Light) and XPL (Cross Polarized
Light) of the sample 22BI, A227BI, and B227BI
showing porphyritic texture with plagioclase
(Pl) as phenocryst are set in a groundmass of
plagioclase micro-crystalline and opaque min-
erals (Figure 4).

The major oxide concentration (in wt.%) of

the research samples is presented in Table 1
(Yoellanice, 2022). This data is used to calcu-
late the chemical weathering index (CIW) and
chemical change index (CIA) using the Harnois
formulation (Harnois, 1988).

Calculation of Chemical Index Weathering
(CIW) and Chemical Index Alteration (CIA) is
carried out based on the concentrations of ma-
jor oxide data obtained from the results of the
ICP-AES analysis according to equation (1) and
(2) (Harnois, 1988).

CIW =

[
Al2O3

(Al2O3 + CaO + Na2O)

]
× 100 (1)

CIA =

[
Al2O3

(Al2O3 + CaO + Na2O + K2O)

]
× 100

(2)
Identification of clay minerals using the XRD

method on 7 clay samples. The sample posi-
tions at Gunung Patuk profile from the A hori-
zon, B horizon, and C horizon, which are 18A,
13B1, 16B2, and 14C, respectively, are presented
in Figure 3A, and the clay minerals identifica-
tion of XRD analysis result is shown in Fig-
ure 5A–D. Almost all soil horizons contain clay
minerals of illite, kaolinite, and smectite. The
sample positions at Gunung Wungkal profile
from the A horizon, B horizon, and C horizon,
which are 60A, 47B, and 9C, respectively, are
presented in Figure 3B, and the clay minerals
identification of XRD analysis result can be seen
on Figure 5 (E-G). The XRD result shows that all
soil horizons at the Gunung Wungkal contain
clay minerals of illite, kaolinite, and smectite.

The results of the identification of clay miner-
als, calculation of Chemical Index Weathering
(CIW), and calculation of Chemical Index Al-
teration (CIA) of Gunung Patuk and Gunung
Wungkal are summarized in Table 2.

The results of the CIW and CIA calculations
in Table 2 are then visualized in Figure 6

5 DISCUSSION

Andesite is suggested as the source/parent rock
of the soil horizons in the study area. The tex-
ture of the andesite that shows porphyritic tex-
ture (large crystals of plagioclase are set in finer-
grained plagioclase microcrystalline) and does
not indicate the trachytic texture (flow lines) so
that this andesite is interpreted as part of a shal-
low intrusion in the study area. This interpre-
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FIGURE 3. Soil profiles of Gunung Patuk (A) and Gunung Wungkal (B) are not in scale, and the sampling
positions are on every horizon (Source: Yoellanice, 2022).

FIGURE 4. (A) Photomicrograph of sample 227BI (PPL); (B) Photomicrograph of sample 227BI (XPL); (C)
Photomicrograph of sample A27BI (PPL); (D) Photomicrograph of sample A27BI (XPL); (E) Photomicrograph
of sample B27BI (PPL); (F) Photomicrograph of sample B27BI (XPL) (Source: Yoellanice, 2022).
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TABLE 1. Major oxide concentration (in wt.%) based on soil profile at Gunung Patuk and Gunung Wungkal
(Yoellanice, 2022).

Gunung Patuk Gunung Wungkal

Horiz A Horiz B Horiz B Horiz C Source Rock Source Rock Horiz A Horiz B Horiz C

18A 13B1 16B2 14C 227Bi 27Bi 60A 47B 9C

SiO2 52.3 61.8 60.3 69.0 68.7 54.7 77.2 56.1 65.4
Al2O3 19.15 16.2 17.7 15.8 15.3 15.05 13.85 19.35 16.8
Fe2O3 12.75 6.92 6.78 3.99 4.27 6.6 2.56 7.67 4.19
CaO 0.35 0.65 0.84 1.22 3.1 6.82 0.34 0.66 2.26
MgO 1.77 1.58 1.52 0.81 1.66 2.31 0.32 1.1 0.86
Na2O 2.98 2.74 2.92 4.42 4.29 4.9 0.25 3.54 4.13
K2O 2.02 1.85 3.92 1.5 1.56 0.98 2.18 1.2 2.23
TiO2 0.87 0.81 0.79 0.41 0.39 0.72 0.69 0.97 0.37
MnO 0.06 0.07 0.05 0.08 0.09 0.14 0.01 0.04 0.08
P2O5 0.19 0.16 0.21 0.14 0.15 0.2 0.02 0.08 0.15
SrO 0.01 0.01 0.01 0.03 0.03 0.02 0.01 0.01 0.03
BaO 0.02 0.01 0.08 0.04 0.03 0.01 0.03 0.02 0.05
LOI 8.31 5.93 5.95 3.67 1.72 8.02 4.43 8.53 3.87
Total 100.78 98.73 101.07 101.11 101.29 100.47 101.9 99.27 100.42

TABLE 2. The results of the identification of clay minerals, calculation of CIW, and calculation of CIA of
Gunung Patuk and Gunung Wungkal.

Location Stop Site Code Soil Profile Minerals Identification (XRD identification) CIW CIA

Gunung Patuk

18A Horizon A Illite, Kaolinite, and Smectite 85.19% 78.16%
13B1 Horizon B Illite and Smectite 82.70% 75.56%
16B2 Horizon B Illite, Kaolinite, and Smectite 82.48% 69.74%
14C Horizon C Illite, Kaolinite, and Smectite 73.69% 68.88%
227Bi Source Rock - 67.43% 63.09%
27Bi Source Rock - 56.22% 54.23%

Gunung Wungkal
60A Horizon A Illite, Kaolinite, and Smectite 95.91% 83.33%
47B Horizon B Illite, Kaolinite, and Smectite 82.17% 78.18%
9C Horizon C Kaolinite and Smectite 72.45% 66.09%

tation supports the type of rocks suggested by
Rahardjo et al. (1995) and Bronto et al. (2014),
which reported that the igneous rocks of Gu-
nung Patuk and Gunung Wungkal are intru-
sions.

The results of XRD analysis show that hori-
zons C to horizons A in the study area are dom-
inated by clay minerals, which are illite, kaolin-
ite, and smectite, except horizon C of Gunung
Wungkal, which shows no presence of the il-
lite (Table 2). The CIW and CIA calculation val-
ues show a similar trend of Gunung Patuk and
Gunung Wungkal, which is getting higher from
the source/parent rock up to horizon A (Fig-
ure 6).

The CIW and CIA values , which are increas-
ingly higher towards the horizon approaching
the earth’s surface, indicate a supergene enrich-
ment process of the Al2O3 compound in com-
parison to other elements such as CaO, Na2O,
and K2O, which are more mobile compounds,

where these elements act as divisors (denom-
inators) in the formulation of CIW and CIA.
These more mobile elements will leave the near-
est horizon from the ground surface by rainwa-
ter or groundwater, which dissolves them and
carries them along with their flow. Therefore,
the higher CIW and CIA values at the hori-
zon closer to the ground surface indicate that
the weathering process, which causes Al2O3 en-
richment, is becoming more intensive. The for-
mation of soil horizons characterizes the enrich-
ment of Al2O3 with different contents. There-
fore, soil horizons indicate that the weather-
ing process in the research area is running in-
tensively and further suggest that it occurs at
atmospheric temperature. On the other hand,
the surprising thing is the presence of illite on
both A horizon, which are the closest horizon to
the earth’s surface (characterized by the high-
est value of the CIW and CIA), even though
the illite indicates the mineral forming at the
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FIGURE 5. Identification of clay minerals at Gunung Patuk (A-D) and Gunung Wungkal (E-G) as a result of
XRD analysis (clay-oriented method) (Source: Yoellanice, 2022).
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FIGURE 6. The illustration of soil horizons and results of the CIW and CIA calculations (Source: Yoellanice,
2022).

FIGURE 7. A simple cartoon figure illustrating the process of forming soil horizons containing clay minerals.

relatively high temperatures (associated to hy-
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drothermal fluids). As mentioned before, the
presence of illite is related to formation temper-
atures of about 175 °C – 350 °C (i.e., Bove et
al., 2002; Park et al., 2022) and approximately
200-250 °C (Corbett and Leach, 1996). For that
reason, it can be suggested that clay miner-
als at Gunung Patuk and Gunung Wungkal
were formed by hydrothermal alteration pro-
cesses and then superimposed by weathering
processes. This suggestion can be explained as
follows: The geological process in the research
area was preceded by the alteration of part of
the andesite formation (as parent rock) due to
the andesite intrusion process, where the al-
tered rock formed the mineral illite as a marker
of a high-temperature environment. After the
modified rock is exposed to the earth’s surface,
the altered rock undergoes a weathering pro-
cess due to the influence of exogenic processes.
These exogenic processes include weathering
forming soil horizons, where the illite mineral
remains in these horizons. A simple cartoon
drawing that illustrates the process of creating
soil horizons containing clay minerals is shown
in Figure 7

6 CONCLUSION

The least altered igneous rock in the Gunung
Patuk and Gunung Wungkal study area is an-
desite, which is suggested as the source/parent
rocks of the soil horizons. The soil horizons C to
A are dominated by clay minerals such as illite,
kaolinite, and smectite. Geochemical character-
istics of the horizons, shown by CIW and CIA
values, increase steadily from the source rock
up to horizon A. The presence of the illite on
both horizon A and having the highest value
of the CIW and CIA suggests that the genesis
of clay minerals at Gunung Patuk and Gunung
Wungkal was the product of the superimpose
of hydrothermal alteration and weathering pro-
cesses.
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