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STRUCTURE, HYDROGEOLOGY, AND THE GEOTHERMAL
SYSTEM OF MOUNT UNGARAN AREA, CENTRAL JAVA,
INDONESIA

Sari B. Kusumayudha', Andriyanto P. Markam?, Basuki Rahmat’
UPN “Veteran” , J SWK 104 Yogyakarta, Indoesia.
Email: saribk@gmail.com

ABSTRACT

Indonesia is well known as a country of volcanoes. There are hundreds active and dying
volcanoes, one of which is namely Mount Ungaran. It is a Pleistocene age volcano, located
in the Semarang region, Central Java Province. In the present time the volcano is identified
being in its post volcanism stage. Some observable fact related to the stage of the volcano is
there has been no more volcanic eruption record for a thousand year. In contrary, there exist
fumaroles and sulfuric hot steam through fissure on the flank of the volcano. The geologic
structures obtained at the surrounding area are reverse faults, strike slip faults, and normal
faults. On the other hand, the hydrogeologic system is compiled of fractured complex
aquifer system, containing volcanic breccias, sandstones, and lava deposits of andesitic to
basaltic composition. Due to the high density of fractures, cracks, and faults, the aquifers
are able to transmit surface water and groundwater down to contact with such hot plutonic
bodies in the volcanic environment to perform geothermal system. This geothermal system
is expressed by the occurrence of side and fissure sulfuric fumaroles eruption. Therefore it
can be stated that structures and hydrogeologic condition play important role to the
occurrence of the geothermal system in the study area.

Introduction

Mount Ungaran is located at Central Java province, belonging to the Semarang region,
Indonesia. The volcano is Pleistocene (about 1 to 1.8 million years) age, and in post
volcanism phase, indicated by the existence of fumaroles on its side vent. Ancient Mount
Ungaran volcanism was the source of Notopuro Formation, comprises of andesitic to
basaltic breccias, sandstones and agglomerates. Geothermal system is generally influenced
by geologic structure, and hydrogeologic condition. Therefore, based on the rationales
mentioned above, this paper is intended to assess the geologic structures and hydrogeologic
condition those control the geothermal system of Mount Ungaran environment.

The area being studied is situated on the southeastern slope of Ungaran volcano,
administratively belonging to the Semarang region, Central Java Province. It is
astronomically bordered by 7°10°00” to 7°15°39” latitudes, and 110°22°30” to 110°28°32”
longitudes, able to be reached from Semarang, the capital city of Central Java province, of
about 27 km to the south, and from Yogyakarta about 70 km to the Northwest (Figure 1).
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Method applied in order to complete the objectives of this study is geologic and
hydrogeologic mapping, geologic structural and hydrochemistry analyses. Some rock and
groundwater samples were taken for either in situ or laboratories testing.
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Figure 1. The location map of the study area

Geology

Van Bemmelen (1949) divided the physiography of the Central Java into several zone,
respectively from the north to the south are alluvial plain of Northern Java, North Serayu
Anticlynorium, South Serayu Mountains, Central Depression and Quaternary Volcanoes
Zone, and Southern Mountains. The study area that is situated on the southeastern slope of
Mount Ungaran, physiographically includes in the North Serayu Mountains (Figure 2). The
Ungaran volcano stands on the eastern most edge of uplifted mountains, and separates
North Serayu Mountains in the west from Kendeng Ridge in the east (East Java). Both the
North Serayu and Kendeng Mountains are folded ridges, built of predominantly plastic
sedimentary rocks of Tertiary Neocene ages (Van Bemmelen, 1949). Because of occupying
such foot slopes of a volcano, landforms in the study area are generally expressing hills and
wavy planes.

The oldest lithology outcropped in the study area is Penyatan formation, comprises of
andesitic breccias with lava interbedding, calcareous sandstones, and marl, Middle Miocene
to Late Miocene ages (Van Bemmelen, 1949, Genevraye & Samuel 1972, Markam 1998).
Penyatan Formation is unconformably overlain by Notopuro Formation. Notopuro
formation consists of andesitic to basaltic breccias, lavas, volcanic sandstones, and tuff
layers. The breccias were deposited by both laharic and pyroclastic mechanism. This
volcanic formation at some locations was intruded by igneous rocks of either andesites or
basalts. The age of Notopuro formation is Late Pliocene to Pleistocene (Van Bemmelen,
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1949). The youngest lithology of the study area is alluvial deposits, consists of
unconsolidated sediments of clay, granule, pebble, cobble, to boulder grain sizes. The
alluvial have been produced from fluvial sedimentation of some rivers, such as River
Panjang, River Garang, and River Santritulung.

Java Sea

PHYSIOGRAPHIC SKETCHMAP
OF CENTRAL JAVA
Modified from R. W Van Bemmelen (1970)

N

Legend :
= B Aluvial plains of Noethern Java
2R B Bogor. North Serayu, Kendeng Antidinonum
\ Central Depression Zene of Java and

Randublatung Zone

B Scuth Serayu Mountains & Kulonproga Dome
B Quartenary Volcanoes

B Rembang - Madura Anticdinorum

B Southem Mountains

B 2 N & B Ww D The Study Area

Figure 2. The Physiographic map of Central Java (Van Bemmelen, 1949)

Structural Geology and Hydrogeology

The study area shows a complex geologic structure of folds and faults. Formation of
Tertiary period is strongly folded, while litologic unit of Quaternary period is in general
dissected by faults. In spite of being controlled by regional tectonic regime of Java island
during Tertiary to Quaternary period, the geologic structures in the southeastern slope of
Mount Ungaran is also influenced by local gravitational tectonic processes of Pleistocene to
Holocene (Van Bemmelen, 1949). The Quaternary gravitational phenomenon created the
collapse of Ungaran volcano, and reactivated some faults those already sliced the plastic
formations underlain by the massive volcanic deposits of Notopuro Formation (Van
Bemmelen, 1949).

Three great faults crosscutting the study area are the Ungaran reverse fault, Jimbaran
normal fault, and Getas left strike slip fault. Beside the three faults, there are normal faults
as the impact of gravity force with relatively north — south strikes. On the other hand the
reverse fault is west — east strikes, and the left strike slip faults is northeast — southwest
orientation. Fault type determination was done by using field data and joints analysis,
referring to Rickard classification (Billing, 1979). Field data used to determine the
classification of the faults are written in the Table 1, while the geologic condition of the
study area can be seen in the Figure 3.
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Table 1. Field supporting data to fault classification of the study area

Fault Name Classification Field Supporting Data
Getas Fault Left strike slip - Scarps along the Santritulung river
fault - Fault breccias at river Santritulung, Begajah,

and river Klampok
- Lithologic offset, and shear & gash fractures

Jimbaran Fault | Normal fault - Fault plane with slicken sides
- Fault breccias, shear and gash fractures
- Lithologic offset

Ungaran Fault | Reverse fault - Fault plane with slicken sides

- Scarps, water fall, and fault springs
- Brecciated zones,

- Lithologic offset,

- Minor faults, and drag folds

LEGEND

Basatic Breccias - Alvial

[ JIMBARAN FAULT
= D o LavaDome

GETAS FAULT basait andeske

- - Cl Hologeeo Fomniion
basalti

| UNGARAN FAULT

Unconformity

Kewereno

ic  basaltic  andesitic
andesite

Andesite Unconformity

Intrusion foncoones

breccia, marl Penyatan Formation

KALITUNTANG BASALT

Figure 3. Geologic block diagram of the southeastern slope of Mount Ungaran (Markam,
1998 revised by Kusumayudha et.al, 2011)

There are some normal ring faults surrounding the cone of the volcano (Figure 4.). By
the control of these faults, the summit part of Mount Ungaran was subjected to gravitational
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subsidence (Van Bemmelen, 1949, Zen, 1969, vide Zen, et.al, 1983). Impact of this
collapse, magma extruded out to the surface forming some lava domes around the summit
of the volcano (Figure 5a.). Despite of the existence of ring faults, there are radial faults
which play as the vent of side or flank eruptions. Up to now, fumaroles, sulfuric hot steam
and geyser extrude from the flank vent as geothermal energy potency (Figure 5b.).

LEGEIND

- Pretertiary basement

SCHEMATICAL BLOCK DIAGRAM
OF THE VOLCANO-TECTONIC OF THE OLD UNGARAN
(Situation at the end of the Pleistocene)

12 (km

40 (km)

Figure 4. Schematic block diagram of Ungaran volcano—tectonic (Van Bemmelen, 1949)

Figure 5. a. Lava dome, b. Fomarole, at Gedongsongo, southern flank of Mount Ungaran
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The hydrogeologic system of Ungaran area is built by aquifers comprises of volcanic
deposits especially andesitic breccias, lava, and sandstone, predominantly forming fissure
type of water bearing formation. In this system, Penyatan formation plays as the basement.
Based on their stratigraphic position, Ungaran aquifers can be classified into unconfined
and semi confined aquifers. Groundwater dynamics in the Ungaran aquifer is very complex,
because it is conducted by crack and intergranular porosity systems combination. Under the
hydraulic gradient, groundwater moves in general relatively from west to east direction by
complex diffuse and cracked flow type.

Recharge zone occupies almost all parts, while the discharge zone lay on the eastern
parts of the study area. There are many springs, and some of them are containing sulfur of
moderately high concentration, and relatively high temperature. The existences of some hot
and sulfuric springs show that the volcanism of Ungaran in the present time is progressing
for post volcanism stage. Figure 6 displays the hydrogeologic conceptual model that is
controlling the geothermal system of the southeastern slope of Mount Ungaran.

DISCHARGE AREA | RECHARGE AREA

Mount Ungaran
(2050 m)

Young Ungaran volcanic deposits

Andesite Breccias T
, Geothermal i g
Notopuro Basaltic- . energy
Formation andesite brccia g -
po
Basaltic Breccias 1 ‘f:' o -
Rawa Pening Lake Kendalisodo Jimbaran — :
; Intrusion Fault ,~%  OldUngaran
Lake Asinan / £ volcanic products
deposits  Fault = y )
- <— /

Penyatan Formation: andesitic breccia, sandstone, marl

s & A3 R "‘1‘.—: 4 ",'_-_';':":2 1) < —
' ? T \ ?

<— groundwater flow f steam flow

Figure 6. Hydrogeologic conceptual model of Mount Ungaran southeastern slope area
(Markam ,1998 revised by Kusumayudha et.al, 2011)
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The properties and groundwater chemistry of the aquifers are shown in the Table 2 and
Table 3. The data were obtained from field measurements, field sampling, and laboratory
testing. Result from hydrochemistry analysis using Aquachem software show that
groundwater of Ungaran aquifer belongs to various water types. Based on cation content, it
can be classified into calcium dominant water, on the other hand according to anion content
the water includes in bicarbonate water, although some samples indicating chloride water
(See Table 3 and Figure 7, the Piper plot of groundwater chemistry).

Table 2. Properties of the Ungaran aquifers

Hydraulic Conductivity | Transmissivity Effective Porosity | Storage
(m/sec) (m2/sec) Coefficient
0.9.107 to 1.9.10” 1.3.10% t0 3.3.10° 10% — 25%, 1.10° to 1.7.10"

Table 3. Groundwater chemistry of the Ungaran aquifers

Sample Location Hydrochemistry Concentration (Mg/I)

D (Village) Ca Mg | Na | HCO3 | SO4 Cl Water Type
Ula | Jimbaran | 56.12 | 14.59 | 2759 | 256.25 | 1921 | 14.18 | Ca-Mg-Na-HCO3
Ulb | Jimbaran 2 56.14 | 14.58 | 2758 | 256.25 | 1920 | 14.19 | Ca-Mg-Na-HCO3

U2a Karangjohol 24.05 | 14.60 | 62.07 | 189.14 | 9.61 56.72 | Na-Mg-Ca-HCO3-Cl

U2b Karangjoho 2 26.05 | 13.38 | 48.28 | 192.19 | 9.61 35.45 | Na-Ca-Mg-HCO3-Cl

U3 Pakopen 24.05 19.45 | 50.57 | 231.84 | 19.22 | 24.81 | Na-Mg-Ca-HCO3
U4 Kalikembar 36.07 17.02 | 34.48 | 247.11 4.80 14.18 | Ca-Na-Mg-HCO3
U5 Sruwen 76.15 13.37 | 29.89 | 317.26 | 19.20 10.64 | Ca-Na-HCO3
U6 Coblong 26.05 13.38 | 20.69 | 167.78 | 9.60 7.09 Ca-Mg-Na-HCO3
U7a Diwak 1 28.06 13.37 | 29.88 | 184.26 | 9.61 17.72 | Ca-Na-Mg-ClI
U7b Diwak 2 36.07 17.02 | 41.38 | 222.69 | 9.60 35.46 | Ca-Na-Mg-HCO3-Cl
Piper Plot
V,~;' 8 0//8 0 Legend
o)O 60“:"/ \\\6 0 N A Coblong
X 40!,/ \ 40 o ® Diwak1
Rl AT S B Diwak2
/ \ Z @ Jimbaran1
M/g,_ l\\ *0 _/;,? o3 @ Jimbaran2
80/ \"\_"‘»\ “‘,.//.." \\‘-\8 0 + Kalikembar
60 / \\\\\. /‘/, /“‘ \\6 0 © Karangjohot
40/ W \\\\ //I// i \\\40 ® Karangjoho2
20/ / '~+° \ \'\\ ,/// / ® \\\20 + Pak open
\ " Amo A\ * Sruwen
2%%% SO
Ca Na+KHCO3 Cl

Figure 7. Piper diagram plot of groundwater samples of Ungaran aquifers
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Geothermal System of Mount Ungaran

The earth anatomy from the outer to the inner is composed of crust, mantle, and core
respectively. It owns and yields natural heat. Increase of the temperature layers with depth
toward the earth core is called geothermal. The temperature of the geothermal has been
resulted from heat residue of the initial earth material, and decay of radioactive compounds.
The rate of the temperature change in the earth crust per km deep is known as geothermal
gradient. Geothermal gradient causes the melting rocks to form such very hot and melted
materials in the earth mantle. When hot and melted materials of the earth mantle rise to
intrude the crust, it is called magma. If the magma extrude the surface, it becomes change
its name to lava.

When water from the earth surface infiltrate subsurface penetrating soil layers reaching
the saturated zones, it will forms groundwater. Due to high permeability of the rock
formation and particular favorable condition, the groundwater will gravitate down to enter
deeper formations, contact to such a high temperature rock body. The water then will be
heated, changing its phase to be steam. When the surrounding rock formations are fissured
intensively by joints and cracks, the condition will be able to function as a regulation for
the steam out flowing from its traps. The steam mixed with such volcanic gases is
potentially flushed up and out of the land surface, known as fumaroles that can be
geothermal energy resource. The model of geothermal system is shown in the Figure 8
bellow.

Recharge area

\\ Impermeable caprock
% (thermal conduction)

X
\mem\eahle roch
(thermal conduction)

/

Figure 8. Geothermal system model (http://www.indotoplist.com/info)

On the south flank of Mount Ungaran, i.e. Gedongsongo area, there is fumarole
through fissures, composed of water vapor and such gases as CO,, H,S, H,, and CHy
(Wahyudi, 2006), with temperature of about 85°C. Water samples taken from Gedongsongo
in general show very low ph < 4.0. This high acidity of the water is caused by geochemical
reaction of water with some gasses such as CO,, and Sulfur. Source of the erupted steam is
groundwater in the hydrogeologic system of Ungaran volcano and surrounding area,

12
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including the southeastern slope parts of the volcano which strongly controlled by cracks,
fissures, and faults.

Due to the influence of geologic condition as has been discussed earlier, there are weak
zones performed from the existence of reverse Ungaran Fault, strike slip Getas Fault,
Jimbaran Fault, and other normal faults with all of their secondary order structures of joints
and fractures. The weak zones cause the aquifer more permeable. The existence of such a
caprock makes the steam accumulated, causing its volume and pressure increase. Lithology
that able to function as a caprock is clay or marl. As it was mentioned above, there are marl
layers in Penyatan formation. When there is crack system able to be the regulator, the steam
will be sprayed out, known as fumaroles. The geothermal potency of Mount Ungaran is
assumed to be sustainable, because it is supported by the relatively high precipitation in the
surrounding area, i.e. 2,247 mm/year average (www.esdm.go.id).

Conclusion

Based on the analysis and assessment written above, the conclusions are as the following:

1. Geology of the study area is composed of Tertiary Penyatan Formation, unconformably
overlain by Pliopleistocene Notopuro Formation. Penyatan Formation comprises of
sandstone, breccias, and marl, Notopuro formation consists of andesitic to basaltic
breccias, lavas, volcanic sandstones, and tuffs. The formations are intruded by andesites
and basalts.

2. Geologic structures in the study area are folds and faults. The folds exist in Penyatan
Formation, while the faults cut up Notopuro Formation. The three main faults are
Ungaran reverse fault, Getas left strike slip fault, and Jimbaran normal fault.

3. The hydrogeologic system of the Ungaran southeastern slope is built of complex fissures
aquifer system composed of volcanic rocks of Mount Ungaran. Types of groundwater
are variation of Ca-Mg-Na-HCO3, Na-Ca-Mg-HCO3-Cl, Ca-Na-HCO3, and Ca-Na-Mg-
Cl. The structural hydrogeologic system let groundwater of the surrounding area to
contact with magmatic and plutonic bodies of the volcanic environments to perform
geothermal system.

4. The geothermal system of Mount Ungaran southeastern slope is expressed as flank and
fissure fumaroles eruption. The fumaroles consist of water vapor, CO,, H,S, H,, and
CH,4 with 85°C temperature.
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