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acidic water, considerable gas discharge and high geother-
mal-power productivity—all related to increased fault zone 
permeability. The other section is characterized by neutral 
water and lower productivity.

Increased fluid flow in the highly fractured and perme-
able areas enhances chemical reaction rates. This results 
in strong alteration of their surrounding rocks. Numerical 
models of reactions between water and rock at Lahendong 
indicate the main alteration products are clay minerals. A 
geochemical conceptual model illustrates the relation be-
tween geochemistry and permeability and their distribution 
within the area.

Our conceptual model illustrates the relation between 
geochemistry and fault-zone permeability within the La-
hendong area. Further mapping of fault-related perme-
ability would support sustainable energy exploitation by 
avoiding low-productive wells or the production of highly 
corroding waters, both there and elsewhere in the world.

Keywords  Hydrochemistry · Alteration ·  
Subsurface fluid-flow · Fault-permeability ·  
Structural controls · Hydrogeology

Durch Störungszonen kontrollierte geochemische 
Eigenschaften des geothermischen Reservoirs 
Lahendong in Indonesien

Zusammenfassung  Die Analyse von geochemischen 
Daten am Standort Lahendong in Indonesien wird in 
dieser Studie für die Untersuchung des Einflusses von 
Störungszonen auf Reservoireigenschaften genutzt. Diese 
Eigenschaften sind von Grundwasserbewegungen in 
Störungszonen und deren Permeabilitäten abhängig.
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Abstract  Rock and fluid geochemical data from Lahen-
dong, Indonesia, were analyzed to evaluate the influence 
of fault zones on reservoir properties. It was found that 
these properties depend on fault-permeability controlled 
fluid flow.

Results from measurements of spring and well water as 
well as rocks and their hydraulic properties were combined 
with hydrochemical numerical modeling. The models show 
that the geothermal field consists of two geochemically 
distinct reservoir sections. One section is characterized by 
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Geochemical features provide reliable constrains for 
the permeability of faulted areas. The aim of this study 
was to identify permeability-rich faulted areas based on 
geochemical properties of rocks and fluids at Lahendong. 
This high-enthalpy geothermal field, located in Northern 
Sulawesi, Indonesia, is operated by P.T. Pertamina Geother-
mal Energy. The field has an installed capacity of 80 MWe, 
which is sustained by 8,300 tons of steam per day from 10 
production wells. The Lahendong reservoir is composed 
of basaltic andesites, tuff, and volcanic breccia that were 
intruded by diorites at some locations (Siahaan et al. 2005; 
Utami 2011). Geochemical investigations were started there 
in the early 1970s (Surachman et al. 1987), but the evolution 
and distribution of thermal fluids is still under debate.

A new conceptual model has recently been proposed for 
the area and is summarized here in Fig.  1 (Brehme et al. 
2013, 2014; Koestono 2010; Wiegand et al. 2013).

This Figure suggests that the geothermal field consists of 
two sub-reservoirs, which are separated by an area of fault-
parallel permeable versus fault-perpendicular less perme-
able zone. In the area hot springs often discharge along or at 
the junction of conjugate faults. In the northern part of the 
study area wells and hot springs are characterized by low 
pH values, while more neutral pH fluids are found in the 
southern and eastern margin. Production rates vary between 
the northern and southern parts by a factor of five, with 
highest productivities in the North.

Methods

Water sampling and analysis

Water samples were collected from ten 1800 m deep pro-
duction wells targeting the reservoir and from eleven hot 
springs in the Lahendong area (Fig. 1). Well samples were 
extracted from a brine-and-steam mixture at the wellheads 
using a mini-separator that keeps the fluid at pipe pressure 
without heat loss (Truesdell et al. 1987). Sampling was done 
according to hydrogeological standard procedures (Brehme 
et al.  2010). After on-site pH, electric conductivity (EC), 
temperature (T), and bicarbonate (HCO3) tests, the brine 
was filtered to < 0.45 µm and acidified to pH < 2 using HCl.

The resulting fluid element-concentrations were then 
analyzed by inductively coupled plasma atomic emission 
spectroscopy using a Varian VISTA-MPX ICP-AES and 
Dionex ICS System3000 ion chromatography machines. 
Quantitatively analyzed elements are Ca, Fe, K, Mg, Mn, 
Na, Si (given here as silicic acid H4SiO4), Sr, Zn, Li, B, Ba, 
Al, Cs, and As (using ICP-AES) and F, Cl, NO2, Br, NO3, 
SO4, and PO4 (using ICS). In the figures and tables summa-
rizing these measurements, green and blue colors were used 
to depict acidic versus neutral waters.

In unserem Ansatz werden die Ergebnisse von physiko-
chemikalischen Messungen an Brunnen und Quellen, 
Laboruntersuchungen zur Zusammensetzung von Wasser 
und Gesteinen und deren hydraulische Eigenschaften mit 
den Resultaten aus hydrochemischen Simulationen kom-
biniert. Die Ergebnisse zeigen, dass das geothermische 
Feld aus zwei geochemisch unterschiedlichen Reservoirbe-
reichen besteht, wovon eins durch saures Wasser, erhöhte 
Gasaustritte und höhere Produktionsraten charakterisiert ist 
und das andere durch neutrale Wässer charakterisiert ist. 
Durch intensive Grundwasserbewegungen und chemische 
Reaktionen in Störungszonen, weisen Gesteine vor allem 
in diesen Bereichen starke Alterationserscheinungen auf. 
Die chemischen Reaktionen zwischen Wasser und Ge
stein wurden durch numerische Simulationen abgebildet 
und zeigen, dass durch die Alterationsprozesse vor allem 
Tonminerale gebildet werden. Ein konzeptionelles Modell 
stellt den Zusammenhang zwischen geochemischen Eigen-
schaften und der Permeabilitätsverteilung im Gebiet dar.

Unser konzeptionelles Modell erklärt den Zusam-
menhang zwischen Geochemie und Permeabilitäten in 
Störungszonen in Lahendong. Die Untersuchung von Per-
meabilitätsverteilungen in geothermischen Reservoiren ist 
wichtig für eine nachhaltige Nutzung und verhindert das 
Bohren an unproduktiven Standorten, sowie die Förderung 
von sauren, aggressiven Wässern in Lahendong und ver-
gleichbaren Standorten.

Introduction

In some parts of the world geothermal power is an indis-
pensable component of renewable energy resources. Effi-
cient utilization of this component requires effective 
geological, geochemical, and geophysical approaches to 
resource characterization to optimize the reservoir perfor-
mance. Geochemical data are often used as an instrument 
to interpret the potential of a geothermal field, because they 
indicate the geothermal field size, subsurface temperatures, 
and rock compositions (Arnorsson 2000). In this study, geo-
chemical investigations on brine and reservoir rocks were 
performed to evaluate the influence of fault zones on reser-
voir properties.

Sustainable geothermal use requires understanding of the 
reservoir’s geochemical characteristics. Acidic fluids con-
stitute high risks for the thermal fluid loop because low pH-
water enhances corrosion of pipes and casing, decreasing 
the stability of geothermal plant components (Corsi 1986). 
The geochemical properties, in turn, are strongly influenced 
by subsurface fluid flow. At Lahendong we show that these 
flows are mainly controlled by permeable and impermeable 
faults in tectonically active areas.
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the measurement conditions and refinement procedures are 
described in Deon et al. (2015, 2013).

Permeability

Matrix permeabilities were measured on 5  cm × 5  cm × 
2.5 cm cylindrical specimens taken parallel to the bedding 
of wellbore-cores from different parts of the study area. The 
experimental set-up was a conventional gas-permeameter 
as described by Milsch et al. (2011). It consists of a pres-
sure vessel, a core holder with jacket, pressure gages for 
confining, up- and downstream pressure and flow meters. 
Argon was used as inert gas for 55 bar confining and pore 
pressure, the latter being increased stepwise throughout the 
experiment from 17, 27, 37, 47 bar. Results were adjusted 
with the Klinkenberg-correction following Tanikawa and 
Shimamoto (2009).

Rock sampling and analysis

Rock samples were taken from wellbore-cores, outcrops and 
areas of rising hot springs in the Lahendong area (Fig. 1). 
Surface rock samples from outcrops were analyzed by X-ray 
diffraction (XRD) and X-ray fluorescence (XRF). To quan-
tify mineral composition, the rock samples were crushed 
and sieved to < 63 μm. Powder XRD patterns were recorded 
by a fully automated STOE STADI P diffractometer.

The diffractogram interpretations were refined using the 
EXPGUI-GSAS method (Belsky et al. 2002; Larson and 
Von Dreele 2004; Toby 2001) and reference crystal struc-
tures from the ICDS database (Bergerhof and Brown 1987). 
This refinement allows a semi-quantitative determination of 
minerals in a rock sample with an accuracy of up to 5 wt. %. 
The clay mineral fraction was determined qualitatively. The 
XRD pattern was evaluated with the EVA diffraction suite 
method (Giencke 2007).

The XRF analysis was performed on a Bruker S4 Pioneer 
instrument, equipped with a 4 kW Rh tube. Details about 

10
00

1000

1000

80
0

90
0

700

11 00

900

1100

900

900

704800 709800

13
99

00

Lake
Linau

Mount Lengkoan

Mount Tampusu

M10

M3

M11

M1
M2

M6
5 km

LHD10

LHD12
LHD11

LHD15

LHD18

LHD17

M14
M5

LHD2

LHD4

LHD7

G   9S

GS15-A

GS5-1
GS5-3
GS5-5

LHD3

A´´

A´

A

M13M4

LHD1

LHD24
LHD28

LHD23
LHD5

M9

LHD8
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Geochemical modelling

The geochemical code PHREEQC, in combination with the 
phreeqc.dat database, allows calculating pressure effects 
on the equilibrium constants of reactions from at least 0 to 
200 °C and 1 to 1000 atm (Parkurst et al. 1980, Parkhurst 
and Appelo 2013; Appelo et al. 2015). The code was applied 
to calculate the reaction of gas phases with the solutions at 
equilibrium using the Peng-Robinson’s state equation (Rob-
inson et al. 1985).

The aim of the numerical modeling was to predict super-
saturation (SI) and potential precipitation and dissolu-
tion processes under reservoir conditions. In the first step, 
measured reservoir water composition was adapted to the 
predominant in-situ pressure, temperature, and gas phase 
conditions. Under them, certain minerals were identified to 
be supersaturated in the reservoir water. In a second step, 
these mineral phases were set into equilibrium with the res-
ervoir water and were allowed to precipitate, thus showing 
if minerals are in equilibrium or still supersaturated in res-
ervoir water.

In order to understand the origin of spring waters, mod-
eling should be based on reservoir water composition. Hot 
spring water composition was calculated by mixing reser-
voir water with cold low salinity water in a ratio of 1 to 10, 
thus adjusting them to the observed temperature of their hot 
springs. This factor was estimated from the average differ-
ence of Cl− concentrations in hot spring and reservoir water. 
Modeling also included the degassing of CO2 and H2S at 
atmospheric conditions and subsequent equilibration with 
O2. Neutral and acidic waters were equilibrated with super-
saturated silica-minerals. After these steps, supersaturated 
minerals were assumed to precipitate at the prevailing con-
ditions. Finally, these simulated precipitated mineral phases 
were compared with observed minerals from surface and 
subsurface samples.

Results

Liquid samples

In general, water from wells and hot springs was found to 
be either highly acidic (pH of 1.8–3.2) or noticeably closer 
to neutral (pH of 4.2–7.0). The reservoir waters can be clas-
sified as chloride or acid sulphate-chloride types, while hot 
springs are bicarbonate- or sulphate water types (Table 1, 
2; Arnorsson et al. 2007; Ellis and Mahon 1977; Nichol-
son 1993; Utami 2011 and White 1957). Ion balances of 
reservoir and hot spring water range between 0 and 47 % 
(Table 1, 2). These balances show a strong excess of cations 
for the wells and neutral springs as compared to 28–93 % 
excess of anions, especially sulphate, for the acid springs. Ta
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Major ions in the acidic reservoir water are Cl, SO4, 
Na, Si and K, with highest concentrations of Cl (991 to 
1559 mg/l) and SO4 (523 to 1609 mg/l; Table 1, 2). Neutral 
reservoir water mainly consists of Cl, SO4, HCO3, Na, Si 
and K (Table 1, 2). Cl ranges between 12 and 452 mg/l, SO4 
between 17 and 114 mg/l, and HCO3 between 6 and 68 mg/l. 
Main gas phases are CO2 and H2S with up to 355 mmol/kg 
(Table 1, 2).

Major ions in acidic springs are SO4 (653 to 3236 mg/l), 
Fe (14 to 251 mg/l), Ca and Si. Neutral spring water mainly 
consists of HCO3 (104 to 186 mg/l), SO4 (7 to 151 mg/l), Cl, 
Na, Si and Ca (Table 1,2).

Ternary Giggenbach-diagrams displays the relation 
between Cl, SO4 and HCO3 concentrations in geothermal 
waters (Giggenbach 1988). Plotting the samples from the 
Lahendong geothermal field reveals two types of reservoir- 
and hot spring waters (Fig. 2). There are neutral reservoir 
samples showing mostly high Cl concentrations, while the 
acidic reservoir waters are predominantly volcanic waters 
with high SO4 concentrations. Neutral springs with high 
Cl and HCO3 concentrations host peripheral water, while 
acidic springs host volcanic water (Fig. 2).

The correlations of pH with SO4 and of Cl with boron 
(B) reveal a clear separation of acidic and neutral waters 
(Fig.  3). In the Cl/B-plot three water types can be differ-
entiated. The most neutral waters show a linear trend with 
low B concentrations (1–4 mg/l). Wells LHD 8 and LHD 
17 are marked by higher B concentration, LHD 23 show-
ing the highest Cl and B concentration as well as the high-
est Cl/B ratio. The lowest concentrations were measured in 
well LHD 5 (Fig. 3).
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Fig. 2  Giggenbach-diagram correlating relative Cl, SO4, and HCO3 
concentrations for well and spring water. Green labels: acidic water, 
blue labels: neutral water. Concentrations are given in Table 1, 2
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crossed nicols light, altered quartz and feldspars in bright 
tints, pyroxenes in greens and pink (Fig. 4 b-2, b-4).

Pores and veins within the reservoir rocks can act as fluid 
pathways (e.g. Figure  4 a-1, b-3). These veins are often 
filled by secondary minerals, obvious in visual (Fig. 4 a-4) 
and microscopic analysis of thin sections (Fig. 4 b-4). The 
minerals filling the veins were characterized by XRD and 
rock cuttings as phyllosilicates (e.g. chlorite and clay miner-
als). They are more abundant in rocks hosting acidic water 
(Table 3, 4, 5, 6, 7).

The surface sample GS9 is an unaltered andesite consist-
ing predominantly of plagioclase, diopside, and forsterite 
(Fig. 4c). Other rocks collected at other hot springs mainly 
contain quartz and albite (samples M3 and M4; Hernan-

Rocks

Rock specimen, collected from reservoir well-cores and 
from surface outcrop, were analyzed for their chemical and 
mineral composition. Special attention was also paid to 
occurrence of fluid flow pathways in the form of fractures.

The Lahendong reservoir is predominantly composed 
of andesite and volcanic breccia. Results from XRD and 
visual analysis indicate predominantly altered and unaltered 
plagioclase, quartz, epidote, pyroxene and olivine in the 
andesites (Fig. 4 a-2). The volcanic breccia consists of vari-
ous rock fragments and minerals (e.g. plagioclase, quartz), 
hosted in a microcrystalline matrix (Fig. 4 a-2). Hydrother-
mally altered minerals appear colorful in thin sections under 

a

b

Fig. 3  a Plot of pH against SO4 
for reservoir and hot spring water 
samples; b Correlation of B with 
Cl of reservoir water with respec-
tive concentrations and ratios. 
Green labels: acidic water, blue 
labels: neutral water, concentra-
tions in mg/l
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Geochemical model

Modeling with PHREEQC predicted potential mineral 
precipitation depending on pressure and temperature con-
ditions. After the first modeling step—which equilibrated 
the reservoir water with the main gas phases at the physi-
cal reservoir conditions—muscovite, kaolinite, pyrite, sul-
phur, chalcedony/quartz, alunite, and gibbsite were found 
to be supersaturated (Table 6). After the second step when 
reservoir water was equilibrated with these minerals, only 
the acidic reservoir water (LHD23) still remained super-
saturated with respect to phyllosilicates such as chlorite, 
chrysotile or talc.

The hydrochemical simulation of hot spring water was 
performed by cooling and degassing of reservoir water and 
mixing with cold diluted water. Then the water was equili-
brated with previously supersaturated SiO2 minerals. The 
resulting water was still supersaturated with a variety of 
mineral phases, dominated by chlorite, muscovite, silica-
minerals (chrysotile, talc) and pyrite (Table 7). The model-
ing suggests that spring water forms by mixing of high T and 
salinity reservoir waters with near-surface low T and salin-
ity waters. The neutral springs M3 and M11, which show 
lower salinities and higher SO4 concentrations than the res-
ervoir water, derive directly from the surface. The springs 
M5, M6, and M14 discharge in the geothermal outflow zone 
and show higher salinities, due to high Cl concentrations.

dez Castaneda; 2014). Samples GS5-1, GS5-3, GS5-5, and 
GS15-A represent altered rock material from manifestations 
hosting acidic hot springs and fumaroles. These latter sam-
ples often show elemental sulphur (GS5-1) and clay mineral 
such as kaolinite (GS15-A) as alteration products (Fig. 4c). 
Further alteration minerals detected are goethite, antigorite 
and alunite (observed in GS5-3 and GS5-5). Traces of rutile 
are seen in XRF data, where the chemical content of whole 
rocks shows 1.45 % of TiO2 (Table 5). It appears most likely 
as a relict from pre-altered rock (Fig. 4c).

Permeability

Permeability has been separately averaged for each of 
the three rock types—andesite, volcanic breccia, and tuff. 
Andesite samples have a permeability of ~ 2.08E-15  m2, 
lying between tuff with the lowest permeability (~ 1.97E-
15 m2) and volcanic breccia as the highest (2.32E-14 m2). 
These reflect values typical for low permeable fractured 
igneous rocks (Schön 2004).

Core samples from the geothermal wells of course repre-
sent more intact, less altered reservoir rocks as compared to 
outcrops. Nevertheless, some cores were crumbly or showed 
fracture filling and secondary mineralization (Table 8).

a b

Fig. 4  a Photographs of core samples from geothermal wells repre-
senting different rock types (breccia and andesite) with their main 
components (a-2 and a-3) and examples for porosity (a-1 and a-4), and 
b Thin sections of core samples showing unaltered (b-1 and b-3) to 

highly altered minerals (b-2 and b-4) as well as types of fluid pathways 
(pores and veins); c XRD patterns from surface rock samples. GS9 as 
example for unaltered andesite, GS5-1, 5-3, GS15-A, M3 and M4 are 
highly altered samples with main phases as indicated
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change of geochemistry can be observed. Turning this asso-
ciation around, geochemical properties can then be used to 
locate and characterize fault zones. Here we discuss several 
examples that exemplify the ability to trace fault zone per-
meability using geochemical “tracers”.

In the Lahendong reservoir, vertical faults appear to act 
as barriers for flow in the horizontal direction, preventing 
fluids on either side from mixing with each other. These 
faults represent the boundary between the acidic and neu-
tral water reservoir compartments (Fig. 1, 5). On the other 
hand, faults also open pathways for fluids rising towards 
the surface. On the surface, hot springs are located at fault 
exposures, especially at fault intersections. This is the case 

Discussion

Characterizing fault zones in geothermal systems plays 
a key role in improving reservoir performance. As faults 
might behave as both barriers and conductors of fluids, they 
basically dominate subsurface fluid flow processes (Moeck 
and Dussel 2007). The mechanical interaction between 
faults and fluids has been shown also by high-resolution 
seismological experiments (Kwiatek et al., 2014). Flow 
rates determine the retention period of fluids in the reservoir 
rock, which significantly affects the water-rock interaction. 
Water-rock interaction, in turn, is one of the main processes 
responsible for the geochemical and mineralogical proper-
ties of the reservoir (Arnorsson 2000). In areas of extensive 
fluid flow, such as along permeable fault zones, a distinct 

c

Fig. 4  continued

1 3



37Grundwasser – Zeitschrift der Fachsektion Hydrogeologie (2016) 21:29–41  

Some acidic springs, such as M9 and M13, are located at 
off-fault spots (Fig. 1). Their occurrence is not likely related 
to permeable fault zones, but to steam-heated zones, where 
the shallow groundwater is heated and acidified by rising 
gases. In steam-heated springs, pH and Cl-concentrations 
are typically significantly lower. The acidic water dissolves 
minerals, especially metals, from the volcanic host rocks 
leading to increased Fe-, Mn- and Al-concentrations (Arnor-
sson et al. 2007). Similarly to the Lahendong geothermal 
field, steam-heated springs in the Patuha geothermal field 
in Java, Indonesia, that are also located off the center of the 
field, also have increased Mn, Al and Cr concentrations (Sri-
wana et al. 2000).

Other indications of the water origins are the Cl and B 
concentrations. In thermally heated water, these concentra-
tions are much higher compared to fresh cold water. This 
due to increased water-rock interactions of thermally heated 
water in the reservoir (Arnorsson 1985). In the Lahendong 
reservoir, well LHD 23 produces water with a Cl concentra-
tion of 1559 mg/l and a B concentration of 13.1 mg/l. All 
other neutral water wells show lower concentrations of Cl 
and B. The lowest Cl and B concentrations were measured 
at well “LHD 5” (Fig. 3b). The water produced at this well 
is diluted with cold surface-near groundwater infiltrating 
through a nearby fault connected to the reservoir (Fig.  5; 
Brehme et al. 2014). A similar trend can be observed for 
correlation of the electrical conductivity with Cl and B con-
centrations, which is because Cl is the dominating conduct-
ing anion in water composition. These observations indicate 
that the compositions and the locations of Lahendong reser-
voir waters are controlled by fluid flow along the vertically 
permeable fault zones.

Faults and fractures in reservoir also affect its tempera-
ture and productivity. In Lahendong, the northern section 
of the reservoir is about 60 °C cooler than the southern 
section—264 versus 319 °C—while its productivity is five 
times higher. Some individual northern wells produce 20 

for the acidic springs that appear on top of the acidic section 
of the reservoir (Fig. 1).

Deep acidic water typically forms as a consequence of 
H2S degassing from a magma chamber. This takes place 
after the sulfide oxidizes to sulfate by O2 dissolved in the 
surface meteoric waters (Nicholson 1993). In the study area, 
the magma chamber is assumed to be located beneath Lake 
Linau (Brehme et al. 2014). Here, meteoric water infiltrates 
through faults and oxidizes the magmatic H2S. This low-
ers the pH-value and increases the SO4 content, as has been 
described for the Alto Peak geothermal system in the Philip-
pines (Reyes et al. 1993). There, where the vertical perme-
ability is also controlled by faults/fractures, faults allow the 
infiltration of cooler groundwater and the consequent reac-
tion with H2S.

Table 4  Surface rock composition from XRD analysis
Surface rock samples Rock type XRD 

Refinement 
method

Major mineral 
phases

GS 5 -1 (manifes-
tation with acid 
springs)

Altered 
material

Rietveld Sulphur

GS 5 -3 (manifes-
tation with acid 
springs)

Red al-
teration on 
andesite

EVA Christobalite, 
quartz, antig-
orite, goethite

GS 5-5 (manifestation 
with acid springs)

Green 
alteration on 
andesite

EVA Christobalite, 
alunite

GS 9 (unaltered 
andesite)

Unaltered 
andesite

Rietveld Plagioclase

GS 15-A (manifesta-
tion with fumaroles)

Highly al-
tered material

EVA Quartz, kaolin-
ite, rutile

M3 (manifestation 
with neutral springs)

Highly al-
tered material

Hernandez 
Castaneda 
(2014)

Quartz, albite

M4 (manifestation 
with acid springs)

Highly al-
tered material

Hernandez 
Castaneda 
(2014)

Christobalite, 
quartz

Table 3  Reservoir rock composition from core samples
Core samples Analysis method Major mineral phases
Neutral reservoir (LHD2,4,5,7) Cores, thin sections Quartz, plagioclase, olivine, biotite, 

pyroxene, epidote, pyrite, muscovite
Acid reservoir (LHD1) Cores, thin sections Quartz, plagioclase, pyroxene, biotite, 

epidote, muscovite
Acid reservoir (LHD23,24,28) XRD, Pertamina Geothermal Energy (2009), 

Cutting-Report
Quartz, plagioclase, chlorite, pyrite, clay 
(smectite, illite), epidote, muscovite

Table 5  XRF analysis from selected surface samples
Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Total

GS 5-3 65.4 1.222 11.0 7.62 0.07 1.83 0.93 0.18 0.18 0.120 99.2
GS 5-5 81.8 1.095 6.9 0.27 < 0.01 0.01 0.10 0.09 1.17 0.161 99.1
GS15-A 79.8 1.448 7.4 1.95 0.02 0.14 0.15 < 0.01 0.22 0.076 99.2
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rocks (Browne 1970). The main requirements for vigorous 
reactions are fluid types and enhanced fluid flow, specific 
rock types, and physico-chemical conditions. Rock hosting 
the acidic water in Lahendong contain more sulphur and 
clay minerals. Numerical modeling results confirmed that 
the pH value of the reservoir water plays the dominant role 
with respect to chemical reactions since the acidic water 
alters the host rock more effectively (Fig. 5).

MWe, compared to five wells needed to produce a net of 
20  MWe in the south. Despite the lower temperature, the 
substantially higher productivity is probably due to the pres-
ence of vertically permeable fractures that increase fluid 
flow. These fractures allow infiltration of cold surface water 
into the reservoir, which leads to lower reservoir tempera-
tures in this particular area (Fig. 5).

Another important process controlling the properties in 
a geothermal reservoir is the interaction between water and 

Table 6  PHREEQC calculations of equilibrated and supersaturated minerals in reservoir water
Sample In first step supersaturated 

mineral phases (SI)
Reservoir T (°C) Reservoir p (bar) Gas Phases (mmol/kg 

steam)
In final step super-
saturated mineral 
phases (SI)

Neutral reservoir Muscovite (3), pyrite (3), 
kaolinite (1), sulphur (0.9), 
gibbsite (0.4), quartz (0.3), 
chalcedony (0.14)

232–387 89–159 40–135 CO2
9–30 H2S

–

Acid reservoir Muscovite (5), pyrite (4), ka-
olinite (1), alunite (0.9), sulphur 
(0.8), gibbsite (0.7)

200–274 121–139 356 CO2
24 H2S

chlorite (5.53), 
chrysotile (0.16), 
talc (5.04)

SI Saturation Index, locations see Fig. 1

Table 7  PHREEQC calculations of equilibrated and supersaturated minerals in hot spring water
Sample In first step equilibrated mineral phases (SI) In final step supersaturated mineral phases (SI)
Neutral springs Quartz (1.4), chalcedony (1), amorphous 

silica (0.16)
Albite, anorthite, aragonite, calcite, chlorite (11), chrysotile, dolo-
mite, fluorite, goethite, hematite (8), illite, k-feldspar, muscovite (11), 
mackinawite, pyrite, quartz, rhodochrosite, talc (7)

Acid springs Quartz (1.8), chalcedony (1.3), amorphous 
silica (0.5)

Albite, anorthite, aragonite, ca- montmorillonite, calcite, chlorite (22), 
chrysotile (11), dolomite, fluorite, gibbsite, goethite, hematite, illite, 
k-feldspar, muscovite (7), kaolinite, mackinawite, pyrite (7), quartz, 
siderite, talc (15)

SI Saturation Index, locations see Fig. 1

Table 8  Permeability values of selected wellbore-core samples, locations see Fig. 1
Sample Rock type Observed alteration pattern Matrix–Permeability (m2)
LHD1 801–802 B 1.53E–14
LHD1 1000–1001 T X 8.90E–16
LHD1 2100–2101 T 3.31E–15
LHD2 300–302 A X 6.11E–14
LHD3 2201–2203 B 1.49E–14
LHD4 652–653 B 1.26E–14
LHD4 850–852 A 2.25E–14
LHD4 1001–1002 B X 6.82E–14
LHD4 2304–2305 A 3.38E–16
LHD5 602–603 B 1.12E–14
LHD5 752–753 A 1.08E–16
LHD5 1102–1103 A 7.88E–14
LHD5 1404–1406 A 2.95E–15
LHD5 1575–1576 A X 7.92E–18
LHD7 901–902,3 A X 7.15E–16
LHD7 1567.8–1568 T 1.70E–15
LHD7 1756–1758 B 1.68E–14
Average values Andesite (A) 2.08E–15

Breccia (B) 2.32E–14
Tuff (T) 1.97E–15
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geothermal field (Layman and Soemarinda 2003)—a major 
risk for geothermal plant operation.

Further processes controlling the fluid flow and phase 
change in the Lahendong system are degassing and boiling 
due to pressure release. Degassing was mainly observed in 
the northern section of the acidic reservoir. This area hosts 
the highest CO2 and H2S concentrations, as measured in 
discharge at well LHD 23. Gas discharge was observed at 
the surface at several fumaroles around Lake Linau. Fur-
thermore, increased electrical conductivities have been 
measured in fluids of the northern section of the reservoir 
(Table  8). This can be explained by subsurface boiling, a 
process that evaporates water and transports the heat of the 
geothermal fluid upward and out of the reservoir (Arnorsson 
2000). The increased electrical conductivity could therefore 
indicate the location of low temperature regions in the area.

In the Lahendong hydraulic conductivities of fault zones 
strongly influence geochemical reservoir characteristics. 
The observations described here show that the permeability 
controls fluid flow and the distribution of water types. The 
fluid flow in fractures influences the reservoir-temperature, 
the alteration degree of host rocks, and the productivity of 
the geothermal field. Degassing and water-rock-interaction 
were identified as the main processes controlling the fluid 
flow and phase change in this environment.

Phyllosilicates, such as chlorite, mica, kaolinite, smectite 
and illite, formed as products of hydrothermal alteration of 
primarily abundant feldspar by acidic waters (Table 3, 4, 5, 6, 
7). These secondary minerals are apparently more stable at the 
given conditions (John 2007; Utami 2011). Mineral modifi-
cations have been intensively studied in the Lahendong geo-
thermal field by Utami (2011) and Utami et al. (2004). Two 
alteration types were observed: replacement and direct deposi-
tion. While chlorite appears as replacement of plagioclase, illite 
precipitated from circulating fluids. Generally, alteration pat-
terns are widespread in the acidic and highly fractured northern 
section of the reservoir (Utami 2011; Fig. 5).

In summary, rock alteration is mainly controlled by water-
rock-interaction in highly fractured and permeable areas 
accommodating increased fluid flow. However, at a later stage, 
the alteration process of the host rock decreases permeability 
again by filling of fractures with secondary minerals. This 
effect has been indirectly observed in wellbore-core samples 
of the study area. In faulted areas with high fracture density, 
fewer cores were available because the reservoir rocks were 
highly damaged thus limiting core extraction. The few avail-
able cores showing alteration were of very low permeability. 
Secondary mineralization, which fills the fluid pathways in 
fractured areas, can also clog perforated casings. This may lead 
to a decrease of well productivity as observed in the Patuha 

Fig. 5  Conceptual geochemical model of the study area, described by cross-sections with geological layering, fault location, temperature dis-
tribution, sample points and alteration patterns. For cross section line see Fig. 1 (modified after Brehme et al. 2014 and Utami 2011)
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Conclusion

In this study, geochemical data from the Lahendong geother-
mal site were collected and interpreted in the context with 
the hydraulic conductivity of fault zones. The geochemical 
properties investigated were fluid-and-rock compositions 
and their interactions. These properties depend strongly on 
fluid flow rates, which is increased in high permeable areas.

In the study area, two reservoir sections reflecting different 
geochemical properties suggest the presence of an imperme-
able fault zone. This zone appears to be a vertical boundary 
separating a northern area with acidic brine, considerable gas 
discharge, high productivity, and strongly altered rocks from 
a southern section hosting neutral water, higher temperatures, 
and less altered rocks. The fluid flow and geochemical reac-
tions were found to be mainly controlled by the permeability 
in fault-related fractures. In these permeable areas fluid flow 
increases and causes rise of fluids at such vertically permeable 
spots. Eventually the increased chemical activity results in lim-
ited-permeability rocks. Thus investigating alteration-related 
permeability distributions along a geothermal reservoir is cru-
cial for site selection and smart drilling strategies. These types 
of studies help support a sustainable geothermal exploitation 
program, avoiding risks such as low-productive wells or the 
production of highly corrosive waters.
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