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ABSTRACT 
 
 

The Lahendong geothermal system (North Sulawesi) is the first geothermal system in 

eastern Indonesia developed for electricity generation. It is a liquid-dominated system 

located in steep terrain with thermal manifestation at about 750 m asl. To date the system is 

penetrated by 27 wells to measured depths ranging from 1500 to 2500 m. The reservoir 

rocks are andesite and rhyolite ranging from to 2.2 to 0.5 Ma. The typical temperature inside 

the thermally active area is 250 oC at about 1000 m bsl. Lahendong is also the first 

geothermal system developed in an arc – arc collision setting. A purpose of this study is to 

describe the hydrothermal alteration and evolution of a system in such setting. 

 

There are three types of alteration styles, namely replacement, direct deposition and, less 

commonly, dissolution. Replacement and dissolution record interactions between fluids and 

the host rocks but the latter involves removal of primary phases without replacing them, to 

create open spaces. Replacement involves mass exchanges between individual primary 

phases and the fluid that moves through intergranular pores. Minerals directly deposited into 

open spaces record episodic processes that affected the circulating fluids on local scales, 

such as heating, boiling, cooling, and mixing.  

 

Typical assemblages in the deeper, and hotter parts were formed by fluids of near-neutral 

pH, that formed calc-silicates ± secondary feldspars ± chlorite ± illite ± quartz ± calcite ± 

hematite. These assemblages were deposited into open spaces but are generally similar to 

those replacing primary phases in the wall rock, suggesting that both formed from fluids of 

similar compositions. Space-fill mineral paragenesis suggests that each area penetrated by 

the wells studied has undergone five stages of alteration. The earliest stage is characterized 

by simple, mono-mineralic veins of chlorite, when the system was liquid-dominated.  Stage 2 

is characterised by calcite and other generations of chlorite, and stage 3 by calcite ± quartz, 

which in LHD-4 was joined by other carbonates. Stage 4 is marked by calc-silicates ± alkali 

silicates and is believed to record the peak of hydrothermal activity. Stage 5 is commonly 

characterised by late calcite, late quartz, hematite, and anhydrite but the latter only formed in 

LHD-1, 3 and 5. Brecciated veins characterised the last stage of LHD-5 and LHD-1. 

Chalcedony was the last mineral deposited.  Low temperature and hydrous zeolites, i.e., 

mordenite and heulandite, developed at shallow levels of LHD-6, and LHD-10 and 13, 

respectively. 

 

The Lahendong geothermal system has experienced shifts and revival of thermal foci due to 

processes such as sealing and rejuvenation of permeability that may be coupled with a 

migration of heat source. At this time different parts of the system experienced different 
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thermal changes. The altering fluid compositions, as expressed by ion activity ratios and 

apparent salinities, changed delicately. Episodic events such as heating, boiling, cooling and 

fluid mixing took place locally in both the presently active and inactive thermal areas.   

 

Four other fields in the Western Pacific, namely Tiwi (Philippines), Kamojang, Karaha – 

Telaga Bodas (both in West Java), and Ulumbu (Flores) have similarities and differences 

with the Lahendong system. Lahendong, although underlain by an oceanic plate has a 

similar hydrothermal mineralogy to that of the other four systems which are within more 

common plate subduction zones. However, the steep topography of the host andesitic 

stratovolcanoes, resulting in subduction settings, controls their hydrology which, in turn, 

determines the distribution of the hydrothermal assemblages. Like Lahendong, the four other 

systems have dynamic lives. Tiwi has undergone a cycle of discharge and recharge, 

renewed heating and incursion of sea water. Kamojang and Karaha – Telaga Bodas have 

changed from liquid-dominated to vapor-dominated and partially vapor-dominated, 

respectively. Ulumbu has experienced local heating and cooling as well as re-activation of 

channel permeabilities. 

 

This study highlights: (1) the implications of different styles of alteration (mainly replacement 

and direct deposition) in understanding the transport of fluids and constituents in a 

convecting geothermal system, (2) the importance of reconstructing the natural changes of 

geothermal systems and their application to the field development, and (3) the necessity of 

making systematic volcanological surveys followed by thorough study of the subsurface 

geology and hydrothermal alteration prior to developing a high-temperature, volcano-hosted 

geothermal resource in the Western Pacific.  
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Chapter One 
 

INTRODUCTION 
 
 

1.1. Location and brief history of the Lahendong geothermal project 
 
Lahendong is a liquid-dominated geothermal system located in North Sulawesi, Indonesia, 

30 km south of Manado, the capital of North Sulawesi Province (Figure 1.1). It is the first field 

in eastern Indonesia to generate electricity. Two other geothermal prospects in North 

Sulawesi are Tompaso (Ganda and Sunaryo, 1982; Prijanto et al., 1984) and Kotamobagu 

(Andan, 1982); both are indicated on Figure 1.1. The occurrence of thermal activity in North 

Sulawesi (most notably that southwest of Lake Tondano) was recorded by A.R. Wallace, a 

famous British naturalist who visited Sulawesi in 1859 (Wallace, 1890 with introduction by T. 

Whitten, 2008). 

 

Lahendong has a complex tectonic setting. It is the world’s only developed geothermal 

system located in an arc – arc collision where the Sangihe arc overrides the Halmahera arc 

(Hall, 2000; Figure 2.2 in Chapter Two).  Lahendong geothermal system forms part of the 

Sangihe volcanic arc. Some of its major Quaternary volcanoes are shown in Figure 1.1. 

 

    

 

 
Figure 1.1. Location of the Lahendong geothermal system (1) and the Tompaso (2) and 

Kotamobagu (3) prospects with respect to major Quaternary volcanoes in North 
Sulawesi (compiled from Ganda and Sunaryo,1982; Prijanto et al., 1984; Andan, 1982; 
Morrice et al., 1983). Inset: Index map showing the position of the Lahendong 
geothermal system within the Indonesian Archipelago. 



Chapter One: Introduction  2 
 

It is about 10 km west of Tondano, a lake which occupies the structure referred to by Newhall 

and Dzurisin (1998) as the Tondano caldera (20 X 10 km2), one of the world’s large 

Quaternary calderas. The active Lokon and Soputan volcanoes are 9 km northwest, and 20 

km southwest respectively, of the geothermal system.  The system is hosted by andesitic 

and rhyolitic rocks in steep terrain, and it is expressed at the surface by the occurrence of 

active thermal manifestations in Lahendong village and its surrounds at about 750 m above 

sea level. 

 
Lahendong was first studied as a geothermal prospect by the Volcanological Survey of 

Indonesia (VSI) after the State Electricity Company (PLN) recognized the increasing demand 

for electricity in North Sulawesi (also known as Minahasa) and the difficulty of developing 

other local energy resources.  From 1976 – 1978 VSI, in cooperation with Japan International 

Cooperation Agency (JICA) carried out a series of geological, geochemical and geophysical 

surveys. These were followed by drilling three, narrow diameter (7.3 cm) holes about 350 m 

deep on the west side of Lake Linau in 1981 – 1982 (Prijanto et al., 1984; Suari et al., 1986). 

In 1980 Pertamina (the State Oil and Gas Enterprise) was appointed by the Government of 

Indonesia to develop the Lahendong prospect, with a generating target of 55 MWe. The 

development project began with detailed geoscientific exploration (Suari et al., 1987).  

Electricity production began in August 2001. 

 

Until January 2010, 27 wells had been drilled to depths ranging from 1500 – 2500 m and the 

field is currently producing 60 MWe. The steam field is managed by Pertamina (now 

Pertamina Geothermal Energy/PGE) and the power generation is managed by PLN.  Direct 

utilisation of the waste brine for drying palm sugar (joint project between PGE and the 

Indonesian Atomic Energy Agency/BATAN) has been carried out since 2008 (T. Azimudin, 

2010, pers. commun.). 

 

1. 2. Background 

 

As well as their potential use for energy generation and treasures as natural open 

laboratories, geothermal systems provide chances to study hydrothermal mineralogy, to test 

concepts on fluid-rock interactions and to study changes of their characteristics through time. 

Such studies have been made in many active geothermal systems of different geologic 

settings, but not in that of an arc – arc collision. Therefore, Lahendong is an excellent place 

to learn about fluid – rock interactions and the way fluids move in this important tectonic 

regime.  
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1.3. Aims of the study 
 

Drilling at Lahendong recovered an adequate number of cores and cuttings upon which 

subsurface geology and reconnaissance hydrothermal alteration studies were made by 

previous workers during the exploration and development stages of the field. In this study, 

using selected cores and cuttings, together with available relevant data (up to 2007) kindly 

provided by Pertamina, I aim to:  

1) Determine if the unique tectonic setting has any obvious consequence in its 

hydrology and hydrothermal alteration. Has there been lateral flow as is common for 

geothermal systems associated with andesite host rocks elsewhere, such as those in 

Java with different plate tectonic setting? I do this by synthesising knowledge of its 

subsurface geology and presenting it in the light of the hydrology and paleohydrology 

of the system.  

2) Contrast and compare the replacement and space-fill mineralogy. Is the replacement 

alteration mineralogy (resulting from the effects of cumulative mineral – fluid 

interactions on a microscopic scale) the same as that of vein mineralogy (formed due 

to processes that affect fluids)? Do the minerals replacing the primary phases have 

the same compositions as those formed in veins nearby? 

3) Characterise the ways mass transfer occurred during the hydrothermal alteration 

processes. 

4)  Test the concept of water/rock ratio calculations commonly applied by previous 

workers. One of the major problems in studying water/rock ratios is due to the fact 

that previous studies have not distinguished between replacement alteration and 

deposition of hydrothermal minerals into veins and cavities. My study addresses this 

problem and looks at whether water/rock ratios have any useful meaning. 

5) Investigate the evolution of the system since its birth and identify the locations and 

significance of paleo upflow zones and how these migrated during the life of the 

system. 

6) Compare and contrast the geologic setting, hydrothermal alteration and evolution of 

Lahendong with that of some other systems in the Western Pacific which are hosted 

mainly by andesites. 

 
As Lahendong is the first geothermal system to be developed in Sulawesi (and in eastern 

Indonesia), I expect that an outcome of my study will therefore help understand the 

unexplored geothermal resources of the Indonesian Archipelago and also in other parts of 

the Western Pacific region.  
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1.4. Thesis Outline 

 

This thesis is presented in seven main chapters (2 – 8), each of which addresses different 

but interlinked components of the study. Chapter Two describes the geologic setting and 

characteristics of the hydrothermal system, which I compiled and analysed from internal 

reports held in Pertamina’s archive and published literature, complemented by my field 

observations and laboratory analyses. Chapters Three, Four, and Five are the heart of my 

work, resulting from observations and analyses of cores, cuttings and surface rocks selected 

to represent the lateral and vertical extent of the system. Chapter Three describes the 

general features of hydrothermal alteration, including the susceptibility of the primary 

constituents to alteration, different styles of alteration, the occurrence, distribution and 

characteristics of the hydrothermal minerals. The implications of different styles of alteration 

in understanding different processes of alteration are elaborated in Chapters Four and Five. 

Chapter Four discusses the fluid-rock interactions and the cumulative effects of mass 

transfer during the life of the geothermal system. Responses of the primary constituents as 

observed by petrography are described, accompanied by simple chemical reactions between 

them and the fluids to give the background for quantitative assessment of elemental mass 

exchanges. I compare two quantitative mass transfer assessment methods commonly 

applied in active and extinct hydrothermal systems (namely that of Gresens, 1967 and Grant, 

1986). I use the results of my transfer studies in Lahendong to evaluate the applicability of 

Giggenbach’s (1984 and 1988) models in predicting the mass transfer trend in a geothermal 

system hosted by andesitic terrain. Based on the results of this mass transfer study I 

evaluate the water-rock interaction models proposed by previous workers for calculating 

water/rock ratios in active and extinct hydrothermal systems. Chapter Five describes the 

space-fill mineralogy and uses it to deduce the nature of the circulating fluids and episodic 

changes experienced by the system. The discussion is based on the space-fill mineral 

paragenesis, the fluid inclusion petrography and microthermometry. Chapter Six presents the 

natural hydrothermal evolution of the Lahendong system through comparison between its 

present-day and past conditions. I incorporate them with the local and regional geology and 

paleo-climate information on the enclosing region to reconstruct the natural thermal history of 

the system. Comparison of Lahendong with other geothermal systems in the Western Pacific 

is made in Chapter Seven.  Finally, lessons learnt from this study are presented in Chapter 

Eight.   

 

Parts of this thesis have been published as progress reports in the Geological Society of 

New Zealand Miscellaneous Publication 117A (Utami et al., 2004) and in the New Zealand 

Geothermal Workshop Proceedings (Utami et al., 2005; Utami et al., 2006.; Utami et al., 

2007), and form Appendix J.  
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Chapter Two 
 

THE LAHENDONG GEOTHERMAL SYSTEM 
 
 
 

2.1. Introduction  
 
This chapter describes the geologic framework and the characteristics of the Lahendong 

geothermal system, including its geophysical expression, present-day hydrology and thermal 

structure. It results from my literature studies, field observations and laboratory analyses, as 

well as some personal communications. The definitions of geothermal and hydrothermal 

systems used throughout this study follow those of Hochstein and Browne (2000). 

 

2.2. Regional setting 
 
The tectonic setting of the north arm of Sulawesi is complex and controlled by the 

interactions between three major plates, i.e., the NNW-moving Philippine Sea plate, the 

NNE-moving Indo-Australian plate, and SE-moving Eurasian plate (Figure 2.1). These 

interactions resulted in the formation of several micro-plates, namely the Banggai-Sula 

micro-continent, the Celebes Sea, and the Molucca Sea plates (Hamilton, 1979; 

Simandjuntak and Barber, 1996). Hall (1997) mentioned that Sulawesi (and SE Asia in 

general) achieved its present form at about 10 Ma.  

 

Figure 2.2 shows the major tectonic components of the north arm of Sulawesi and its 

surrounding, compiled from Macpherson et al. (2003), Hall (2000) and Morrice et al. (1983). 

The Sangihe volcanic arc extending from Sangihe Island to the Minahasa area formed due to 

the subduction of Molucca Sea plate to the west, and the Halmahera volcanic arc resulted 

from the subduction of the Molucca Sea plate to the east (e.g. Hamilton, 1979, 1988). During 

the Neogene, both arcs consumed the Molucca Sea plate (Cardwell et al., 1980). According 

to Hall (2000), the consumption of the Molucca Sea plate by both arcs is now ceased and the 

Halmahera and Sangihe arcs are undergoing orthogonal collision, such that the Sangihe arc 

is presently overriding the Halmahera fore arc.  

 

The Sangihe arc terminates on the northern tip of Sulawesi with four active volcanoes 

(Tongkoko, Mahawu, Lokon, Soputan), four inactive (Dua Sudara, Klabat, Manado Tua, and 

Ambang), and numerous extinct and dissected volcanic centres (Morrice et al., 1983). The 

Lahendong geothermal field is located 9 km southeast of Mt. Lokon, and about 20 km 

northeast of Mt. Soputan (refer to Figure 1.1).  
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Figure 2.1. Tectonic setting of Indonesia showing the major plates and their directions of movement 

and some micro plates around north arm of Sulawesi. Location of the Lahendong 
geothermal system is indicated. Map is compiled from Hamilton (1988), Simandjuntak and 
Barber (1996) and Macpherson and Hall (2002).  

 

According to Cardwell et al. (1980) the westward subducting slab of the Molucca Sea dips at 

55 – 65o, and the eastward subducting slab dips at 45o. Lallemand et al. (1998) report that 

the mean convergence rates of the Sangihe and Halmahera arcs are ~ 40 mm/yr and ~30 

mm/yr, respectively, similarly Rangin et al. (1999) estimate that the overall convergence rate 

across the Molucca Sea is 80 mm/yr. At present there is no surface remnant of the Molucca 

Sea plate basement other than the thick collision complex of melange wedges of the two 

arcs (Silver and Moore, 1978).  

 

The earliest study of the evolution of the volcanism in North Sulawesi was made by Verbeek 

in c.a. 1908 and Kamerling in c.a. 1925 (Ganda and Sunaryo, 1982). According to these 

authors the oldest volcano in Minahasa is the Lembeyan volcanic complex whose remnants 

of its caldera wall form hills east of the Lake Tondano (Figure 2.4). Effendi (1976) mentioned 

that they are dominantly composed of breccias, lavas, and tuffs of andesitic to basaltic 

composition, and formed in the Miocene. K/Ar dating of the volcanic rocks from Lembeh 

Island, believed to represent these products, however, suggests an age range of 3.51  0.36 

to 4.44  0.34 Ma or Early Pliocene (Morrice et al., 1983). According to Hamilton (1979) the 

most voluminous igneous activity in the Sangihe arc occurred between 14 – 5 Ma. 
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Figure 2.2. Major tectonic components of the north arm of Sulawesi and its surrounds. Lines with 

large barbs are subduction zones and lines with small barbs are thrusts (Macpherson et 
al., 2003). Quaternary volcanoes (filled triangles) along the Sangihe arc are from Morrice 
et al. (1983). Inset: W – E cross section of the Molucca Sea region showing the Sangihe 
arc overriding the Halmahera arc (Hall, 2000). 

 

During the Late Miocene or Early Pliocene a major volcanic eruption in North Sulawesi 

produced several hundred cubic kilometers of tuffs, and formed the large Tondano volcano-

tectonic depression (Suari, et al., 1987). Lécuyer et al. (1997) and Newhall and Dzurisin 

(1998) refer to this structure as the Tondano caldera. Based on the interpretation of Satellite 

Pour l'Observation de la Terre (SPOT) image of northeast Sulawesi and field studies, 

Lécuyer et al., (1997) suggested that the Tondano caldera (20 X 10 km) formed within a 

releasing step-over fault zone between two ENE-trending strike-slip segments (Figure 2.3). 

The basin was formed by two major eruptive episodes and the resulting calderas are shown 

as the younger and the older rims in Figure 2.3. Today, part of the caldera depression is 

occupied by Lake Tondano (12 km long and 4 km wide); this part of the depression 

developed during the last stage of the evolution of the caldera (Lécuyer et al., 1997). 

 

The first and biggest eruption is characterised by the white rhyodacitic ignimbrite  spread 

over 45 km beyond the caldera rim (referred to as the “Domato tuff” by Lécuyer et al., 1997), 

overlying the Late Miocene deposit, and hence its age is assumed to be Pliocene (Effendi, 

1976; Lécuyer et al., 1997). 
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Figure 2.3. Regional structural framework of the northeast Sulawesi interpreted from SPOT image 

by Lécuyer et al., (1997), redrafted from their Figure 2. The inferred positions of the 
Tondano caldera rims were taken from their Figure 4. The Lahendong geothermal 
system (indicated by the yellow box) is located in the west of the Tondano caldera rims, 
within the zones of active NNE trending strike-slip faults. 

 
 

The second and smaller episode is characterised by the grey dacitic ignimbrite “Teras tuff” 

inside and north and northwest of the caldera. This eruption enlarged the caldera outside the 

northern limit of the pull-apart basin (Lécuyer et al., 1997). The caldera rims are parallel to 

the active ENE sinistral strike-slip faults and the inactive NE-SW Tertiary normal faults. The 

Lahendong geothermal system is located west of the Tondano caldera rims (Figure 2.3). The 

strike-slip faults, evidence for which include offsets of streams, a corral reef,  the bank of  

Lake Tondano and cone of Mt. Umeh (all outside Lahendong thermal area, about 20 – 30 km 

away) are interpreted by Lécuyer et al. (1997) to be a transfer fault zone between the 

Celebes Sea subduction end and the Molucca Sea subduction. 
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2.3. Surface geology 
 

The surface geology of part of the Minahasa area (Figure 2.4) covering Mts. Lokon and 

Mahawu, Lahendong, Tondano, Mts. Soputan and Rindengan has been mapped by Ganda 

and Sunaryo (1982) on a scale of 1: 50.000. Dating of some surface rock units was made by 

PT. Gondwana (1988) whereby sample locations were selected based on the geological map 

of Ganda and Sunaryo (1982). Part of their map which covers the Lahendong area, and is 

enclosed by a rectangle on Figure 2.4, was then modified by Robert (1985) to take into 

account his air photograph interpretation, and by Siahaan (2003) to incorporate the thermal 

manifestations. This is used as a basis for the more detailed geological map of the 

Lahendong area produced as a result of this study.  

 

Air photograph interpretation (Figure 2.5) and field visits to the accessible parts of the system 

within the bore field were made in this study, mainly aimed to understand the relationship 

between the morphology, structure and the hydrology of system, and to recognize the 

characteristics of the stratigraphic units at the surface. Petrographic observations of the 

selected surface samples are given in Appendix B.1. The geological map of the Lahendong 

geothermal area is given in Figure 2.6. Because surface rock units covered by this map have 

not been systematically dated their chronological relationship is uncertain. Photographs of 

exposures representing the main volcanic units and morphology of some important volcanic 

features in the Lahendong area are given in Figure 2.7.  

 
The field area is covered by dense vegetation and the exposures are mostly poor. The 

Lahendong geothermal system is associated with the southwestward opening horse shoe- 

shaped structure (about 4 km long and 3 km wide) in the western part the Tondano volcano-

tectonic depression. Suari et al. (1987) referred to this structure as the Pangolombian 

caldera. Although its morphologic expression is visible on the air photograph produced by the 

National Coordinating Agency for Surveys and Mapping (1982) on a scale of 1: 100 000 

(Figure 2.5), key elements expected of a caldera, such as a collapse collar, an inner 

topographic wall, ring faults, landslide breccia and intra-caldera ignimbrite (Lipman, 2000) 

were not seen in the field, due to the dense vegetation. Therefore, the term Pangolombian 

structure is used here. It is spatially associated with several eruption centers, i.e., Lengkoan 

(1153 m) in the southwest, Kasuratan (1059 m), Tampusu (1206 m), and Linau (783 m) 

inside, and Kasuan (947 m) and Masarang (1262 m) in the north (in Figures 2.5 and 2.6).   

 

The Linau crater shown in Figure 2.6 is characterized by a semi circular depression about 

0.5 km in diameter occupied by a lake whose depth has not been measured. The wall of this 

crater is steep (~30 to 45o), and is mostly covered by loose materials although, in places, 



Chapter Two: The Lahendong Geothermal System  10 
 

sheet jointed lavas and compact breccia are exposed. However, there is no convincing 

evidence of the origin of the eruption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 2.4. Integrated geological map of the Minahasa area compiled from the work of Ganda and 

Sunaryo (1982) and K/Ar age dates by PT. Gondwana (1988). Circled numbers indicate 
sampling locations for the age dating. The grouping of the rock units into formations is 
from Suari et al., (1987). Coordinates given follow the Universal Transverse Mercator 
(UTM) system. Box indicates the area covered by geologic map (Figure 2.6).  
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The occurrence of numerous andesitic bread crust bombs scattered around the lake shore 

(example on Figure 2.7F) may indicate that a volcanic eruption took place in this central part 

of the field, provided that they are in situ. This is not evident from field relations. Other 

workers speculated that the crater was formed due to a phreatic eruption (Suari et al., 1987) 

or a hydrothermal eruption but without describing their characteristics (Ganda and Sunaryo, 

1982; Hasibuan, 1987; Siahaan, 2003).  

 

Suari et al., (1987) and Siahaan (2003), identify five main surface stratigraphic units in the 

study area i.e. (from the oldest to the youngest), Lengkoan, Pangolombian, Kasuratan, 

Tampusu, Linau, Kasuan, and Masarang. The Lengkoan unit is located in the southern part 

of the field, and is composed of andesite lava, glassy rhyolite lava flows, and tuff breccia. 

K/Ar dating of a sample of this unit (see Figure 2.4 for location) indicates an age of 0.586  

0.051 Ma or Middle Pleistocene (PT. Gondwana, 1988). Field observations made during this 

study suggest that spherulitic dacite lava also forms part of this unit. It is exposed in the 

western foot of Mt. Lengkoan (Figure 2.7A), and is composed of plagioclase (albite - 

oligoclase), orthopyroxene and spherules, embedded in a volcanic glass matrix with a flow 

texture. The dacite lava is not hydrothermally altered. 

 
The Pangolombian unit occupies the largest part of the field area (Figure 2.6). At the surface 

it comprises interbedded andesite lavas, andesite breccias, and tuffs. Figure 2.7C shows a 

representative exposure of this unit. The unit is partially concealed by younger volcanic 

products derived from the Kasuratan, Tampusu, and Linau eruption centers. The 

stratigraphic relationship between these three deposits is not completely resolved due to lack 

of age data. In places, the Pangolombian, Kasuratan and the Linau units are hydrothermally 

altered but not the Tampusu.  

 
The Kasuratan unit extends from south of Lake Linau to the south of Kasuratan village. 

According to Ganda and Sunaryo (1982), it comprises basaltic andesite lavas and 

pyroclastics derived from Mt. Kasuratan. The Tampusu unit occupies the eastern part of the 

field, and covers the eastern rim of the Pangolombian horse shoe-shaped structure 

(henceforth referred to as the Pangolombian structure). It consists of vesicular pyroxene 

andesite lavas and equivalent pyroclastic products (Ganda and Sunaryo, 1982). Mts. 

Kasuratan and Tampusu form conical hills (Figures 2.7C and D, respectively). Part of the 

Kasuratan unit is hydrothermally altered. For example, a lava sample (KSR-1) from the 

Kasuratan thermal manifestation area (Appedix B.1) is almost totally altered to opal-A, but its 

vesicular texture is retained.  
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The Linau unit occurs around Lake Linau. It consists of sheet-jointed andesite lavas (Figure 

2.7E) and andesite breccia. In places, the Linau unit is hydrothermally altered. K/Ar dating of 

a fresh basaltic andesite from this unit (see Figure 2.4 for location) indicates an age of 0.458 

 0.042 Ma or Middle Pleistocene (PT. Gondwana, 1988). An andesite lava sample (LIN-1, in 

Appendix B.1) from the northern rim of the Linau crater (Figure 2.7E), about 50 m above the 

lake level, is composed of andesine with a wormy structure and augite, embedded in 

groundmass of glass and plagioclase microliths with sub-parallel orientations. This lava is not 

hydrothermally altered, but slightly weathered, with plagioclase replaced by hematite. The 

andesite breccia, and the loose materials (including the bread crust bombs, example in 

Figure 2.7F) in the western and northern shore of the lake where the thermal manifestations 

occur are hydrothermally altered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Interpretation of the air photographs by the author showing the main structural and 
volcanic features as well as the thermal manifestation in Lahendong and its surrounds 
(not corrected for distortion). The interpretation was originally made on stereo pair No. 
239-902A–4 and 239-902B-4 SUL-UT/BAKO/12-7-82 issued by BAKOSURTANAL 
(National Coordinating Agency for Survey and Mapping) in 1982 kindly made available for 
this study by Pertamina.   
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The Kasuan unit occupies Mt. Kasuan in the north of the Pangolombian horse shoe-shaped 

structure and comprises obsidian flows (Figure 2.7G). In places it has a flow texture and 

perlitic fractures. It contains glass ( 99 vol%) and ≤ 1 vol% crystals (augite, hornblende, and 

plagioclase partly weathered to hematite), e.g., KSN-1 (in Appendix B.1). This unit is not 

hydrothermally altered. Part of it is covered by andesite lava from Mt. Masarang (Figure 

2.7H). The lava has a flow texture and is partly glomeroporphyritic, consisting of andesine 

and augite phenocrysts, embedded in glass and plagioclase microliths. The vesicles are 

empty.  

 
As well as the SW open horse shoe-shaped Pangolombian structure (about 2.5 km long and 

1.75 km wide) and the circular Linau crater (diameter about 0.5 km), lineaments striking NE-

SW and NW-SE (F1 – F8 in Figure 2.5) dominate the structural pattern in the area, as seen 

in the air photographs. In the field these lineaments are associated with the NE-SW and NW-

SE orientations of some river segments, alignments of thermal areas, and intensive joints. 

Convincing evidence, such as obvious fault planes, slickensides, and lithologic offsets 

proving that these lineaments are faults were looked for but not seen in the field so they are 

inferred faults. Figures 2.8A – F show the photographs of morphologic expressions and/or 

features associated with some of the structures at Lahendong.  

 
Thermal manifestations are associated with the Pangolombian structure and Linau crater, 

and coinciding with the NE-SW and NW-SE lineaments. They consist of fumaroles, gas vents, 

altered and steaming ground, acid-sulfate hot springs (pH 1 – 3), mud pots and mud pools 

(with and without mud volcanoes). Examples are shown in Figure 2.9. No alkali-chloride 

types waters discharge in the main thermal area or nearby. Superheated fumaroles with a 

maximum temperature 106 oC (E. E. Siahaan and T. Azimudin, pers. commun., 2004), 

steaming ground at temperatures up to ~100 oC at 45 cm depth, acid sulfate springs (Tmax 95 

oC) and most sulfur depositing gas vents occur on the southwestern bank of Lake Linau. The 

composition of the surface fluids is described in Section 2.5.4, and the surface alteration is 

discussed in detail Chapter Three.  

 

A few boiling, neutral pH chloride springs with siliceous deposits emerge several kilometers 

south of the Lahendong borefield (T. Azimudin, 2004, personal commun.). I visited one of 

them (in Figure 2.10), a neutral pH spring (water temperature 98 oC) with geyserite deposited 

on its rim at Tempang village, 12 km south of the Lahendong village (location map in Figure 

2.33). It is referred to as spring No. 19 by Prijanto et al., 1984 (see Section 2.5.4 of this 

chapter). 
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There is an interesting link with the famous A.R. Wallace. On his visit in 1859, the year 

Charles Darwin published “On the Origin of Species”, he recognized the occurrence of 

thermal manifestations near the Lake Tondano (Wallace, 1890). He mentioned that there 

were an ebullient spring with “calcareous ledge” (travertine deposit?), “hot springs which, at 

intervals of few minutes throwing up water three or four feet high” (geysers?); and a mile 

away, mud pools, mud volcanoes, and steaming ground. Referring to the route map in his 

page 187, I interpret that the manifestations he described were those located between 

Tompaso and Langowan; i.e., outside my mapping area. T. Azimudin (2009, pers. commun.) 

confirmed that those manifestations do occur, i.e., in the south west of Lake Tondano, mostly 

at the locations described in Wallace (1890). Those are possibly associated with the 

Tompaso geothermal prospect, or else part of another system. 

 

2.4. Subsurface geology 

 

2.4.1. Introduction 

Knowledge of the subsurface geology of the Lahendong geothermal system that includes its 

structures and stratigraphic framework is needed to understand fully its hydrology. However, 

the near uniform lithology, lack of stratigraphic markers, the difficulties in recognising 

stratigraphic offset and the original depositional surface irregularity in volcanic terrain, as well 

as the homogenising effects of hydrothermal alteration make correlation of the lithological 

units difficult.  

 

Hence in this study the subsurface geology of the Lahendong field cannot be reconstructed 

in detail such as those made for the New Zealand fields, like Waiotapu (Grindley et al., 1994), 

Orakeikorako (Bignall et al., 1996), Rotokawa and Ngatamariki (Browne et al., 1992), since 

pre-requisites were not always met. However, some effort to characterize the subsurface 

rocks through petrography and geochemistry was made for this study. Thirty four cores were 

examined and analysed using XRF. The results are mainly used to estimate the extent of 

mass transfer (Chapter Four) but the compositions of the less altered samples of each 

stratigraphic unit, and the textural variations, are reported here. Even though the number of 

samples is insufficient for a thorough statistical evaluation and to establish unambiguous 

paragenetic classification, the results can demonstrate the primary chemical variation in the 

stratigraphic units.  
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The integrated logs of the wells studied are given in Figures 2.11 to 2.19. The lithologic logs, 

intensities of alteration (I.A)2.1 and recognition of the past permeable zones are based on my 

petrographic observations.  

 

Information from well drilling and warm-up is used to interpret the current thermal and 

hydrological state of the Lahendong system. The reservoir temperatures from Azimudin 

(1999) or else recalculated from the raw data of heating up temperatures (see Section 2.5.3 

and Appendix H). The current permeable zones in the system are inferred from drilling record 

given in Azimudin (1999).  

                                                 
2.1

 A measure of how completely the original constituents of a rock have altered through interactions 
with thermal fluids into new hydrothermal minerals. It is scaled from 0.0 (unaltered) to 1.0 (completely 
altered) 
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Figure 2.6. Geological map (scale 1: 100 000) of the Lahendong geothermal area modified from Siahaan (2003) using the results of the author’s observations. 

Coordinates follow the Universal Transverse Mercator (UTM) system. Note that only wells selected for hydrothermal alteration study are plotted in the 
map.  
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Figure 2.7. Photographs of exposures representing the main volcanic units and morphology of some important volcanic features in the Lahendong area (A – H) 

and a location map. Circled letters in the map correspond to the photograph numbers. A. Spherulitic dacite lava, part of the Lengkoan lava and 
breccia unit. B. Interbedded andesite lava (a), breccia (b), and tuff (c), parts of the Pangolombian andesite lava and pyroclastic unit. C. Morphology of 
Mt. Kasuratan as seen from the eastern foot of Mt. Lengkoan facing north east.  
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Figure 2.7 (continued).  
 
D. Morphology of Mt. Tampusu as seen 

from the northern shore of L. Linau facing 
east.  

E. Sheet-jointed andesite lava/part of the 
Linau andesite lava and breccia unit.  

F. Andesite bread crust bomb by the shore 
of L. Linau.  

G. Obsidian flow, part of the Kasuan 
obsidian unit.  

H. Columnar-jointed andesite lava, part of 
the Masarang andesite lava unit 
(Photograph by D. Isnawan) 
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Figure 2.8. Photographs of representative structural features in the Lahendong area (A – F) and a location map. Circled letters in the map correspond to the 

photograph numbers. A. Linau crater now occupied by L. Linau, photographed from its western bank facing east. B and C. Regular joints at the 
western shore of L. Linau, some associated with gas vents (C).  
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Figure 2.8 (continued). 
 
D. Waterfall and steep-walled stream north of L. 

Linau cutting sheet-jointed andesite lava, possibly 
associated with the inferred fault F3. 

E. Waterfall in the south of L. Linau cutting the Linau 
andesite lava and breccia unit, possibly 
associated with the inferred fault F3. 

F.  NE – SW trending stream segment flowing 
through the southern part of the Lahendong 
thermal area, possibly associated with the inferred 
fault F1 
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Figure 2.9. Photographs of representative thermal manifestations (A – H) and a location map. 
Circled letters in the map correspond to the photograph numbers. A. Stagnant mud pool, 
B. Twin mud volcanoes (both at Lahendong thermal area).  
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Figure 2.9 (continued). C – E: Linau; F: Leilem; G: Tondangow; H: Kasuratan. 
  C. Fumarole.   D. Gas vent.  E. Mud pot.   
  F. Acid hot spring.  G. Acid hot springs. H. Altered ground. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Photograph of a clear, neutral pH, near boiling chloride spring with geyserite deposited on 
its rim at Tempang village (12 km south of Lahendong village). 
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2.4.2. Subsurface stratigraphic units, their petrology, mineralogy and geochemistry 

Suari et al., (1987) suggested grouping the subsurface units in Lahendong into three 

formations, namely (from the oldest to the youngest), the Pre-Tondano, the Tondano, and 

the Post-Tondano Formations. The last two were intruded by micro-diorite. Referring to the 

Indonesian Stratigraphic Code (IAGI Commission for the Indonesian Stratigraphic Code, 

1996), this study applied an informal stratigraphic nomenclature. Therefore, the subsurface 

stratigraphic units hereafter are called the Pre-Tondano andesite, Tondano rhyolite, and 

Post-Tondano andesite.  

 

The following descriptions of the subsurface stratigraphic units are summarised from those of 

Suari et al., (1987), complemented by my hand specimen and petrographic observations of 

cores and cuttings (Appendices A and B.2) from the wells (Table 2.1, Figure 2.11 – 2.19) and 

rock geochemistry of selected cores (Appendix E).  

 

Table 2.1. Wells studied 

Well No Type Measured  
depth (m) 

Status 

LHD-1 Vertical 2203 Exploration / abandoned 
LHD-3 Vertical 2202.5 Exploration / dry hole 
LHD-4 Vertical 2307 Exploration / abandoned 
LHD-5 Vertical 1897 Production 
LHD-6 Deviated 2146 Exploration / dry hole 
LHD-7 Vertical 2200 Re-injection 
LHD-8 Deviated 1506 Production 
LHD-10 Deviated 2501 Make up 
LHD-13 Vertical 1893 Exploration / dry hole 

 

Note that most of the rocks analysed are altered, consequently their geochemical 

composition reflects their original compositions plus the effect of their interactions with 

hydrothermal fluids (detailed discussion in Chapter Four). EMP analyses were also made to 

learn the compositions of the primary minerals of the andesitic and rhyolitic rocks but only 

those analyses from the Pre-Tondano andesite of feldspars, augite and ilmenite and 

Tondano rhyolite (feldspars) gave good results. The EMP analyses were done at The 

University of Auckland using a Micro AnalyserTM operating at 15 kV and 800 pA with a beam 

diameter of 3 m. 

 

Pre-Tondano andesite unit – According to Suari et al. (1987), this unit referred to rocks 

deposited before the formation of the Tondano caldera, and correlates with the Miocene 

volcanic deposit (“Tmv”) mapped by Effendi (1976) in a regional scale of 1:100.000. The K/Ar 

dating of the surface sample of basaltic andesite lava from Mt. Kamingtan (see Figure 2.4 for 

location) believed to correlate with this unit, however, gave an age of 2.19  0.03 Ma, or Late 

Pliocene (P.T. Gondwana, 1988). This age discrepancy is due to the difference in the age 
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determination method. Effendi (1976) deduced the age of the Pre-Tondano andesite unit 

from the fossil content of the sedimentary rock intercalations in the volcanic deposit unit. I 

consider that the absolute age obtained by PT. Gondwana (1988) is more reliable.  In the 

subsurface this unit is dominated by successions of basaltic andesite and lavas and 

pyroclastics, with minor intercalations of sedimentary rocks including silty marl containing 

fossils of Foraminifera. The sedimentary intercalations thin to the south, and are absent in 

the central parts of the field (Suari et al., 1986; Suari et al., 1987).  

 

Re-examination of cores and cuttings and petrography made in this study shows that the 

andesite lavas are vesicular, having flow textures, in places are glomeroporphyritic and 

consist of about 40 vol% phenocrysts. The phenocrysts are of plagioclase (andesine – 

bytownite, with andesine being predominant), 0.5 – 2 mm long, and augite (0.5 – 1.5 mm 

long) embedded in microcrystalline plagioclase and a glassy groundmass. The surviving 

accessory minerals present are apatite and ilmenite. The pyroclastic varieties have similar 

mineralogy. Representative EMP analyses of some fresh plagioclase and augite crystals are 

given in Tables 2.2 and 2.3, respectively and plotted in Figures 2.20 and 2.21. EMP analysis 

of ilmenite is given in Table 2.4. The least altered andesite lavas and pyroclastics of this unit 

have SiO2 and K2O contents ranging from 49.2 – 61.0 wt% and 0.3 – 1.8 wt%, respectively.  

Their Ba/La, Cr/Ni and La/Nb ratios mostly range from 23.4 – 54.2, 0.5 – 1.1 and 2.3– 2.5, 

respectively; these are typical for orogenic andesites (Gill, 1981). The sedimentary 

intercalations include water-laid tuffs in LHD-1 at 1650 m and tuffaceous siltstones containing 

globigerinids in LHD-1 at 1150 m, 2100 m (Figure 2.11); and in LHD-3 at 1000 m (Figure 

2.12). The intensities of alteration of the volcanic rocks (I.A) in this unit are within the range 

of 0.3 – 0.8, but the sedimentary rocks are less altered (I.A ~ 0.2).  

 

Tondano rhyolite unit - This unit deposited during the formation of the huge Tondano caldera 

in the Pliocene (Suari et al., 1987). K/Ar dating of surface samples of pumiceous lapilli tuff 

from Toulimembet (see Figure 2.4 for location), believed to represent the product of the 

Tondano eruptions, have an age of 0.871  0.097 Ma or Early Pleistocene (PT. Gondwana, 

1988). In the subsurface this unit is characterized by rhyo-dacitic ignimbrites, rich in pumice 

fragments, which are occasionally interbedded with andesitic lavas in pyroclastics, having 

thicknesses ranging from 180 – 400 m (Suari et al., 1986; Suari et al., 1987).  

 

Re-examination of cores and cuttings and petrography made in this study shows that rhyolite 

lavas and welded ignimbrites are also present in this unit. The rhyolite lavas occur in LHD-3 

at 550 – 750 m (Figure 2.12). The welded tuffs are present in LHD-7 from below 1560 m 

(Figure 2.16). This unit has intensities of alteration ranging from ~0.1 to 0.8. The relatively 

fresh (I.A. ~0.1) rhyolite lava in LHD-3 at 700 m is white, cut by several open fractures, has a 
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pumiceous texture, and is composed of abundant phenocrysts of embayed quartz (10 vol%; 

diameter 0.2 – 2 mm), plagioclase (oligoclase, common; and andesine less than 1 vol%; 0.3 

– 4 mm long), and rare oxidized biotite (<0.1 vol%; 0.2 -0.4 mm long), embedded in a micro-

crystalline plagioclase and glassy groundmass. The rhyolitic tuffs or ignimbrites have a 

primary mineralogy similar to that of rhyolite lavas, but occasionally they contain minor 

pyroxene, as well as andesitic and rhyolitic rock fragments as seen in LHD-1 at 850 m. In the 

welded varieties the glass shards mold around crystals and rock fragments, and the pumice 

fragments are flattened, for instance in LHD-7 at 2051 m. Almost all the subsurface samples 

of the Tondano rhyolite are moderately to intensely altered (I.A 0.5 – 0.8). The least altered 

pumiceous rhyolite lava (I.A ~ 0.1) has SiO2 and K2O contents 77.0 wt% and 3.70 wt%, 

respectively. EMP analysis of a fresh plagioclase crystal in altered tuff from LHD-13 at 1182 

m suggests that it is andesine (Table 2.2 and Figure 2.20).  

 

Post-Tondano andesite unit - The Post-Tondano unit corresponds to volcanic products 

deposited after the formation of the Tondano caldera. This includes the products from the 

Lengkoan, Pangolombian, Kasuratan, Tampusu, Kasuan and Linau volcanic centers. In the 

subsurface this unit is dominated by a series of basaltic andesite lava flows and pyroclastics 

which, in places, are separated by thin paleosols (Suari et al., 1987).  K/Ar dating of surface 

samples of basaltic andesite from Linau and basalt lava from Lengkoan believed to correlate 

with this unit gave ages of 0.458  0.042 Ma and 0.586  0.051 Ma, respectively, or Middle 

Pleistocene (PT. Gondwana, 1988).  

 

Petrography suggests that, in general, pyroxene andesite lava flows and pyroclastic rocks 

dominate the upper parts of the formation from near surface down to 400 - 600 m in most 

wells,but down to 1000 and 1300 m in LHD-6 (Figure 2.15) and LHD-7 (Figure 2.16). The 

andesite lavas are vesicular, have flow textures and are partly glomeroporhyritic. They are 

composed of plagioclase (andesine – bytownite, with andesine being predominant), and 

augite, embedded in microcrystalline plagioclase and a glassy groundmass.  The plagioclase 

and pyroxene phenocrysts are subhedral – euhedral. The plagioclases are mostly 0.5 – 2 

mm long with a maximum of 4.5 mm and the augites are 0.25 - 1 mm long. The andesite 

pyroclastics include andesite tuff and andesite breccia with a similar composition to that of 

the lavas. Their intensities of alteration are generally lower than that of the older units, i.e., 

ranging from ~0.1 to 0.4. Their SiO2 and K2O contents range from 44.9 – 69.0 wt% and 0.1 – 

2.2 wt%, respectively. Their Ba/La, Cr/Ni and La/Nb ratios mostly range from 20 – 36, 2.2 – 

2.9, 2.0 – 4.4, respectively; these are typical of orogenic andesites (Gill, 1981). 

 

Diorite  - Diorite dykes were penetrated by well LHD-5 (Figure 2.14), cutting the Pre-Tondano 

andesite and obscuring the contact between the Pre-Tondano andesite and the Tondano 
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rhyolite units. The dykes are possibly part of a much bigger intrusive body, whose existence 

is predicted by the gravity model of Sudarman et al.,1996 (see Section 2.5.1).  

 

The diorite cores are massive but in places cut by near vertical veins. Petrography shows 

that they have intersertal textures, are coarse-grained, and their primary mineralogy consists 

of andesine (1 – 4 mm long) and pyroxene (0.5 - 3 mm long).  Based on its coarse – grained 

nature, I call them diorite instead of micro-diorite, as applied by Suari et al. (1986) and Suari 

et al., (1987). Their SiO2 and K2O contents range from 46.3 to 64.4 wt% and 0.3 to 2.3 wt%, 

respectively. Their Ba/La, Cr/Ni and La/Nb ratios mostly range from18 – 32, 1.9 – 3.0, and 

1.0 – 2.0, respectively. The diorites are altered with intensities of alteration ranging from 0.5 

– 0.7, however, they retain the geochemical characteristics of the orogenic andesite 

suggested by Gill (1981). 

 

Summing up, the oldest stratigraphic unit at Lahendong is the Pre-Tondano andesite (Late 

Pliocene) comprising a succession of basaltic andesite lava and pyroclastics, with minor 

intercalations of silty marl and, water-laid tuff, tuffaceous siltstone. Their minimum thickness 

is 1000 m. The andesite is overlain by the Tondano rhyolite (Early Pleistocene) which 

consists of welded and unwelded rhyolitic tuffs, occasionally interbedded with andesitic lavas, 

and rhyolitic lava. The thicknesses of this unit range from 400 to 600 m. The youngest unit is 

the Post Tondano andesite (Middle Pleistocene) that consists of a series of basaltic andesite 

lava flows and pyroclastics. Its thicknesses vary from 50 to 400 m. The Pre-Tondano 

andesite and the Tondano rhyolite units are cut by diorite dykes whose ages have not been 

determined. The stratigraphy of the Lahendong field is summarised graphically in Figure 2.20.  
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Figure 2.11. 
 
Left: Integrated well log of LHD-1 featuring lithology, 
intensity of alteration, deduced past permeability (my 
work), present permeability indicators, downhole 
temperature and casing configuration (Azimudin, 1999). 
Upper Right: Key for symbols. 
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 Figure 2.12. Integrated well log of LHD-3 featuring lithology, intensity of alteration, deduced past  

permeability (my work), present permeability, downhole temperatures and casing 
configuration Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.13. Integrated well log of LHD-4 featuring lithology, intensity of alteration, deduced past 
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.14. Integrated well log of LHD-5 featuring lithology, intensity of alteration, deduced past  
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.15. Integrated well log of LHD-6 featuring lithology, intensity of alteration, deduced past 
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.16. Integrated well log of LHD-7 featuring lithology, intensity of alteration, deduced past  
permeability (my work), present permeability indicators, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.17. Integrated well log of LHD-8 featuring lithology, intensity of alteration, deduced past 
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.18. Integrated well log of LHD-10 featuring lithology, intensity of alteration, deduced past  
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Figure 2.19. Integrated well log of LHD-13 featuring lithology, intensity of alteration, deduced  
permeability (my work), present permeability, downhole temperature and casing 
configuration (Azimudin, 1999). Refer to Figure 2.11 (Upper Right) for key.  
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Table 2.2. EMP analyses of primary feldspars in andesites. 

 
 
 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13  

SiO2 53.47 51.32 52.46 50.00 51.27 52.28 57.37 55.37 52.27 55.25 51.88 49.34 52.37  

TiO2 0.07 0.04 0.09  0.05 0.10 0.06 0.04 0.09 0.16 0.03  0.00  

Al2O3 28.37 29.80 29.50 30.75 30.09 29.64 26.19 27.87 29.90 26.82 29.44 31.54 29.03  

FeO 0.98 0.86 1.05 0.90 0.89 1.21 0.75 1.10 1.23 1.43 0.96 0.67 0.96  

MnO 0.00 0.03 0.04 0.00 0.04 0.00 0.02 0.10   0.04  0.10  

MgO  0.06 0.12 0.04 0.03  0.01 0.09 0.07 0.42 0.10 0.10 0.04  

CaO 11.82 13.37 12.80 14.66 13.64 13.55 9.15 11.21 13.35 10.21 12.90 15.09 12.69  

Na2O 5.03 3.84 4.24 3.19 3.65 4.07 6.41 5.17 4.06 5.26 4.10 2.90 4.35  

K2O 0.28 0.34 0.26 0.23 0.26 0.35 0.50 0.33 0.24 0.41 0.32 0.20 0.30  

Total 100.02 99.66 100.56 99.77 99.92 101.20 100.46 101.28 101.21 99.96 99.77 99.84 99.84  

               

Numbers of ions on the basis of 32 Oxygen 

Si 9.73 9.41 9.54 9.18 9.38 9.47 10.30 9.89 9.44 10.048 9.504 9.056 9.568  

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.032 0  0  

Al 6.08 6.43 6.30 6.66 6.50 6.34 5.54 5.89 6.37 5.728 6.368 6.816 6.24  

Fe
2+

 0.16 0.13 0.16 0.13 0.13 0.19 0.13 0.16 0.19 0.224 0.16 0.096 0.16  

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   0  0  

Mg 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.03 0.03 0.128 0.032 0.032 0  

Ca 2.30 2.62 2.50 2.88 2.66 2.62 1.76 2.14 2.59 1.984 2.528 2.976 2.496  

Na 1.76 1.38 1.50 1.15 1.28 1.44 2.24 1.79 1.41 1.856 1.44 1.024 1.536  

K 0.06 0.10 0.06 0.06 0.06 0.10 0.13 0.06 0.06 0.096 0.064 0.032 0.064  

               

Z 15.81 15.84 15.84 15.84 15.87 15.81 15.84 15.78 15.81 15.78 15.872 15.87 15.81  

X 4.13 4.10 4.06 4.10 4.00 4.16 4.13 4.00 4.06 3.94 4.032 4.03 4.10  

               

Mol% An 55.81 64.06 61.42 70.31 66.40 63.08 42.64 53.60 63.78 50.41 62.70 73.81 60.94  

Ab 42.64 33.59 37.01 28.13 32.00 34.62 54.26 44.80 34.65 47.15 35.71 25.40 37.50  

Or 1.55 2.34 1.57 1.56 1.60 2.31 3.10 1.60 1.57 2.44 1.59 0.79 1.56  

               

1 to 8 LHD-1/1450 m (altered tuff breccia - Post-Tondano Andesite Unit)         

9 to 13  LHD-1/1850 m (altered tuff breccia - Post-Tondano Andesite Unit)         
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Table 2.2. EMP analyses of primary feldspar in andesites (continued). 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 14 15 16 17 18 19 20    

SiO2 49.97 49.25 49.75 50.14 49.89 47.08 60.72    

TiO2 0.14        0.00 0.02        0.00 0.04        0.00 0.00    

Al2O3 30.56 30.86 30.76 30.56 31.73 32.74 22.77    

FeO 0.93 0.92 0.59 0.69 0.71 0.79 0.80    

MnO        0.00 0.00 0.05 0.07 0.05        0.00            0.08    

MgO 0.31 0.29 0.25 0.38 0.27 0.03 0.08    

CaO 15.20 15.41 15.55 15.15 15.93 17.26 8.23    

Na2O 2.84 2.63 2.69 2.89 2.49 1.66 8.01    

K2O 0.18 0.17 0.18 0.14 0.20 0.14 0.14    

Total 100.13 99.53 99.84 100.02 101.31 99.70 100.83    

           

                                                     Numbers of ions on the basis of 32 Oxygens 

Si 9.15 9.06 9.15 9.18 9.02 8.70 10.85     

Ti 0.03 0.00 0.00 0.00 0.00 0.00 0.00     

Al 6.59 6.69 6.66 6.59 6.75 7.14 4.80     

Fe
2+

 0.13 0.13 0.10 0.10 0.10 0.13 0.13     

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00     

Mg 0.10 0.06 0.06 0.10 0.06 0.00 0.03     

Ca 2.98 3.04 3.07 2.98 3.07 3.42 1.57     

Na 0.99 0.93 0.96 1.02 0.86 0.61 2.78     

K 0.03 0.03 0.03 0.03 0.03 0.03 0.03     

            

Z 15.74 15.74 15.81 15.78 15.78 15.84 15.65     

X 4.00 4.00 4.06 4.03 3.97 4.06 4.38     

Mol% An 74.40 76.00 75.59 73.81 77.42 84.25 35.77     

Ab 24.80 23.20 23.62 25.40 21.77 14.96 63.50     

Or 0.80 0.80 0.79 0.79 0.81 0.79 0.73     

             

14 to 18 LHD-3/ 1620 m (Altered andesite breccia - Pre-Tondano andesite unit)      

19 to 20 LHD-3/2201 m (Altered andesite lava - Pre-Tondano andesite unit)       
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Table 2.2. EMP analyses of primary feldspar in andesites (continued). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 23 24 25 26 27 28 29  

SiO2 54.65 62.23 52.61 63.20 54.22 52.15 56.40  

TiO2 0.00 0.07 0.03 0.17 0.00 0.09 0.03  

Al2O3 28.99 23.11 28.89 22.34 27.57 29.07 27.13  

FeO 0.60 0.59 0.82 0.90 0.89 1.37 0.58  

MnO 0.00 0.03 0.01 0.08 0.09 0.04 0.06  

MgO 0.00 0.05 0.10 0.71 0.18 0.16 0.00  

CaO 11.95 5.06 12.46 5.20 11.06 12.65 9.84  

Na2O 4.97 8.29 4.44 9.02 5.31 4.38 5.85  

K2O 0.34 0.61 0.21 0.26 0.30 0.22 0.57  

Total 101.50 100.04 99.57 101.88 99.62 100.05 100.46  

         

Numbers of ions on the basis of 32 Oxygens  

Si 9.76 11.072 9.63 11.04 9.89 9.54 10.176  

Ti 0.00 0.00 0.00 0.03 0.00 0.00 0.00  

Al 6.112 4.864 6.24 4.61 5.92 6.27 5.76  

Fe
2+

 0.096 0.096 0.13 0.13 0.13 0.22 0.096  

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

Mg 0.00 0.00 0.03 0.19 0.06 0.03 0.00  

Ca 2.272 0.96 2.43 0.96 2.18 2.50 1.888  

Na 1.728 2.848 1.57 3.07 1.89 1.57 2.048  

K 0.064 0.128 0.06 0.06 0.06 0.06 0.128  

         

Z 15.87 15.94 15.87 15.65 15.81 15.81 15.94  

X 4.06 3.94 4.06 4.10 4.13 4.13 4.06  

Mol% An 55.91 24.39 59.84 23.44 52.71 60.47 46.46  

Ab 42.52 72.36 38.58 75.00 45.74 37.98 50.39  

Or 1.57 3.25 1.57 1.56 1.55 1.55 3.15  

         

23 LHD-4/850 m (Altered andesite lava - Pre-Tondano andesite unit)   

24 LHD-4/1350 m (Altered andesite lava – Pre-Tondano andesite unit)   

25 to 28 LHD-5/1575 m (Altered andesite lava - Pre-Tondano andesite unit)   

29 LHD-13/1182 m (Altered tuff - Tondano rhyolite Unit)    
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Table 2.3. EMP analyses of fresh augite. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1a 1b 1c 2a 2b

SiO2 51.99 51.78 51.84 52.53 51.74

TiO2 0.58 0.57 0.61 0.38 0.69

Al2O3 2.11 1.88 2.05 2.44 3.01

FeO 10.11 11.88 10.71 9.24 9.99

MnO 0.43 0.47 0.47 0.55 0.40

MgO 15.57 15.07 15.26 15.95 15.69

CaO 18.92 17.66 18.71 18.97 19.11

Na2O 0.00 0.00 0.13 0.20 0.16

K2O 0.09 0.09 0.14 0.10 0.03

Total 99.80 99.40 99.92 100.36 100.82

Si 1.938 2.00 1.944 2.00 1.938 2.00 1.932 2.00 1.908 2.00

Al (IV) 0.062 0.056 0.062 0.068 0.092

Al(VI) 0.028 0.028 0.028 0.040 0.040

Ti 0.018 0.018 0.018 0.012 0.018

Fetotal 0.312 0.372 0.336 0.282 0.306

Mn 0.012 2.00 0.012 1.98 0.012 2.01 0.018 2.00 0.012 2.01

Mg 0.864 0.840 0.846 0.876 0.864

Ca 0.756 0.708 0.750 0.750 0.756

Na 0.000 0.000 0.012 0.012 0.012

K 0.006 0.006 0.006 0.006 0.000

Mg 44.4 43.5 43.5 45.5 44.6

S Fe 16.7 19.9 17.9 15.6 16.4

Ca 38.9 36.6 38.6 38.9 39.0

Note:

Mg = [100/(Ca+Mg+Fe+Mn)] Mg

S Fe = [100/(Ca+Mg+Fe+Mn)] (Fe+Mn)

Ca = [100/(Ca+Mg+Fe+Mn)] (Ca)

1. LHD-1/1450 m (Altered tuff breccia - Pre-Tondano andesite unit)

2. LHD-1/1850 m (Altered andesite lava - Pre-Tondano andesite unit)

Numbers of ions onthe basis of 6 Oxygens
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Figure 2.20. Plot of primary feldspar compositions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21. Plot of augite compositions. 
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Table. 2.4. EMP analyses of fresh ilmenite in altered andesite tuff breccia from LHD-1/1450. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. Summary of the stratigraphy showing the rock types, their thicknesses and ages. Age data 
taken from PT. Gondwana (1988).

  
No. of ions on the basis of 3 

Oxygens 

SiO2 0.12  Si 0.00  

TiO2 49.99  Ti 0.96  

Al2O3 0.10  Al 0.00  

FeO* 43.53     

Fe2O3(calc) 3.49  Fe3+ 0.07  

FeO(calc) 40.39  Fe2+ 0.86  

MnO 4.22  Mn 0.09  

MgO 0.00  Mg 0.00  

CaO 0.35  Ca 0.01  

Na2O 0.00  Na 0.00  

K2O 0.00  K 0.00  

Total**  98.66     

      

*   Analysed    

(calc) Calculated  

** Using Fe2O3(calc) and FeO(calc)  
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2.4.3. Subsurface structures 

The spatial association of inferred faults and thermal manifestations (see Figure 2.8) indicate 

that the inferred faults represent passages for the fluids, at least at the surficial level. Their 

geometry and attitude (including type, direction and amount of displacement) are hard to 

define. Likewise, in the subsurface for instance, slickensides, the best evidence of faulting 

were not seen in the cores examined. Stratigraphic offsets indicating fault displacement are 

difficult to recognise in the subsurface since cores are too few, and the wells studied are 

quite far apart ( 1 km). However, a microscopic left lateral displacement involving bands in 

water-laid tuff is seen in LHD-1/1650 m (Figure 2.23). The vertical extent of the 

Pangolombian structure and the Linau crater is not known. 

 

Figure 2.24 shows geologic cross-sections of the field. Note that due to the inadequacy of 

the evidence no high degree of confidence is claimed for the delineation of stratigraphic 

boundaries, and that the geometry and the attitude of the structures remain speculative. 

However, all the inferred faults are depicted in the cross-sections to have vertical 

displacements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23. Scanned thin section of core from LHD-1/1650 m (cut perpendicular to the core axis) 
showing a microscopic left lateral displacement involving bands in water-laid tuff.  

 

2.5. Hydrothermal system  

 

2.5.1. Geophysical characteristics 

Sudarman et al., (1996) reported the geophysical characteristics of the Lahendong system 

based on Schlumberger-resistivity, gravity and magnetotelluric data. Their important features 

are shown in Figure 2.24 and summarised as follows. The apparent Schlumberger resistivity 

map of AB/2 = 1000 m shows an elongate NW-SE trending closure of low apparent resistivity 
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( 10  m) of about 6 km2  occurring around L. Linau and covering the main thermal 

manifestation areas (Figure 2.24A). This low resistivity anomaly was interpreted to be due to 

the occurrence at the surface and near surface of electrically conductive altered rocks and 

acidic fluids and was thought by Sudarman et al., (1996) to indicate an upflow zone in the 

system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24. Geophysical anomaly maps and models of the Lahendong geothermal system 
(redrafted from Sudarman et al.,1996).   
A. Apparent Schlumberger resistivity map of AB/2 = 1000 m superimposed by the 

map of distribution of thermal manifestation areas (yellow spots) from Siahaan 

(2003). Contours in m. 
B. Magnetotelluric apparent resistivity map at 4-second invariant mode. Contours in 

m. 
C. SW – NE magnetotelluric profile. 
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The magnetotelluric apparent resistivity map at 4 second invariant mode shows a low 

resistivity zone of  4 m west of L. Linau enclosing the thermal manifestations there (Figure 

2.24B). Wells LHD-1 and 2 plot within this zone. Wells LHD-4 and 5, and other main 

manifestation areas are located within a zone of resistivity of 4 – 6 m. Wells LHD-6 and 7 

plot within the resistivity zone of > 10 and > 6 m, respectively. The magnetotelluric 

resistivity model shows the very low resistivity layer (< 5 m) from 100 – 200 m thick 

occurring beneath LHD-4, Lake Linau and LHD-5 (2.24C). This was interpreted to be due to 

the presence of the shallow altered rock, and the layers of higher resistivities (> 8 m) 

beneath it were interpreted to be the reservoir (Sudarman et al., 1996). 

 

The pattern in the residual gravity anomaly map (Figure 2.24D) was thought by Sudarman et 

al. (1996) to correlate with the Pangolombian structure. The residual gravity anomaly of g  

6 mgal (processed using a background density of 2.67 g/cc) was interpreted as the 

expression of an intrusive body. Sudarman et al., (1996) interpreted, in their 2-D gravity 

models, that the intrusion (constructed using a density value of 2.90 g/cc) is diorite of 

 

Figure 2.24 (continued). 
 
 

D. Residual gravity anomaly map   
(processed using a background 
density of 2.60 g/cc). 

E and F. Gravity profiles showing the 
modelled geometry of the diorite 
intrusion (see text). 
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asymmetric shape, occurring beneath LHD-1, 5, and 4 (Figure 2.24E and F). However, 

diorite is only penetrated by well LHD-5 (this work, see Section 2.4.2).  

 

2.5.2. Nature of reservoir permeability 

Permeability in geothermal fields may be divided into two general types, namely primary and 

secondary (Grindley and Browne, 1976). The primary permeability in clastic rocks mainly 

originates from intergranular porosity, while the primary permeability of lavas comes from 

cooling joints, spaces between blocks, hyaloclastite layers, and within interbedded 

pyroclastic sequence.  The secondary permeability includes joints in open fault zones and 

fault fractured zones at fault intersections, as well as breccia zones produced by hydraulic 

fracturing and thermal stress.  

 

Primary permeability – Sufficiently thick volcaniclastic formations can form aquifers, for 

example the Waiora Formation at Wairakei and Broadlands, and the Rautawiri breccia at 

Broadlands, New Zealand (Grindley and Browne, 1976). In Lahendong, apart from the 

domination of channel-type permeability, the pyroclastic rocks in the Tondano rhyolite and 

Pre-Tondano andesite have in the past transmitted hydrothermal fluid, as indicated by their 

moderate to high intensities of alteration (I.A = 0.3 to 0.9).  

 

The non-welded tuffs and the breccias function as aquifers. Petrography shows that the 

fragmental rocks in Lahendong are more intensely altered than the crystalline or massive 

rocks (except where they are intensely fractured), indicating that interconnected pores and 

intergranular spaces have facilitated fluid movement. Contacts between two different 

lithologies may also provide permeability such as those that occur in the Reykjanes field, 

Iceland (Bjornsson et al., 1970), and Broadlands-Ohaaki system, New Zealand (Hedenquist, 

1990).  

 

Each stratigraphic unit (except the diorite) consists of alternating sequences of fragmental 

and massive rocks. The massive rocks which are lavas and diorite, have glassy and 

crystalline textures respectively, and some welded rhyolitic tuffs are expected to have poor 

primary permeability except where jointed. 

 

In places, lateral cold water flows inferred from the temperature profiles (see Section 5.2.3) 

seem to be stratigraphically controlled. For example in LHD-4, an interval of cold fluid inflow 

at 200 m asl to 200 m bsl (Figure 2.13) coincides with a thick sequence of breccia alternating 

with layers of tuff and andesite lava. No circulation losses were reported there, and some 

fractures in LHD-4 were sealed by hydrothermal minerals (Figure 2.13), but the rocks are still 

permeable. This suggests that the fluid moves through interconnected pores and 
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intergranular spaces, and possibly along contacts between lavas and pyroclastic rocks. In 

LHD-10 cold water inflow (200 m asl to 200 m bsl) occurs from the bottom of the Post-

Tondano andesite unit which is dominated by breccia and tuff, and within the Tondano 

rhyolite unit which is dominated by tuff (Figure 2.18).  

 

Vesicles in lavas can also provide permeability where they are interconnected. For example, 

in LHD-3, the interconnected vesicles in lavas from 1620 m depth were once capable of 

transmitting fluids but were then blocked due to deposition of calcite (Figure 2.25A).  

 

Secondary permeability – Secondary permeability is via fractures, faults, and brecciation 

zones. Some of these features are now partly or totally filled by hydrothermal minerals. Their 

occurrence is summarised in the integrated well logs (Figures 2.11 – 2.19). 

 

Veins record past channel-type permeability. They formed due to direct deposition of 

minerals from the fluids passing along open fractures (example in Figure 2.25D). There are 2 

sets of veins, i.e., those forming angles from 0 - 50o and others from 310 – 340o with respect 

to the core axes. Their widths in cores range from 0.1 – 10 mm. The veins in cuttings are 

usually  1 mm wide, but wider veins are unlikely to occur in cuttings. Many discrete euhedral 

hydrothermal crystals, such as calcite and quartz, occur in cuttings, suggesting that they 

deposited into open spaces. Changes in optical characteristics of some hydrothermal 

minerals, i.e., bent calcite cleavages and undulose extinction in quartz occur in LHD-1 (900 

m in Figure 2.11), LHD-3 (1600 m in Figure 2.12), LHD-5 (500 m in Figure 2.14), and LHD-7 

(from 1568 to 1750 m – in Figure 2.16, and photomicrograph in Figure 2.25E). The textures 

indicate that their deformation took place after these minerals deposited suggesting that 

channel-type permeability rejuvenated. 

 

The diorite intrusions are associated with good past permeability. Fractures in the cored 

parts of the diorite dykes have been partially (Figure 2.25C) or totally blocked by 

hydrothermal minerals indicating that fluids once moved through them. In LHD-5 the interval 

where dykes occur from 750 m depth to the bottom of the hole (1897 m) shown in Figure 

2.14, is associated with zones of lost circulation and a temperature reversal. The present-day 

fluid flow in the intruded intervals is possibly facilitated by the partially open fractures/joints 

and the fractured wall rocks as well. 

 

Hydraulic fractures, for instance, in LHD-1 at 850 m and LHD-3 at 2000 m (in Figures 2.11 

and 2.12, respectively) are characterized by the occurrence of many rock fragments (often 

with different alteration mineralogy) entrapped in veins to provide a “jigsaw” texture. They are 

now also blocked by hydrothermal minerals.  
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Figure 2.25. Examples of permeability feature in Lahendong system. 
A. Photomicrograph of calcite amygdules in andesite lava (LHD-3/1620 m) 

indicating that the vesicles were once capable of transmitting fluids. 
B. An open fracture (arrow) cutting a rhyolite lava (core from LHD-3/700 -700 

m). 
C. A fracture in diorite (core from LHD-5/900 – 9001 m) partially filled with 

euhedral quartz crystals. 
D. Joints in altered tuff breccia (core from LHD-1/1450 – 1451 m) completely 

blocked by hydrothermal minerals. 
E. Sign of rejuvenation of channel-type permeability. Bent cleavages in a calcite 

(C) vein (LHD-7/1568 m) indicate that deformation took place after deposition 
of calcite, re-opened the channel to allow deposition of quartz (Q). 
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Open fractures occur in a few cores. In LHD-1 at 500 – 600 m (in Figure 2.11) they cut 

andesite tuff. It forms an angle of 35o with respect to the core axis, and this coincides with the 

occurrence of a steam discharge during drilling. In LHD-3 at 700 m (in Figure 2.12, and 

photomicrograph in Figure 2.25B) they are vertical, cutting rhyolite lava. In LHD-7 (500 m) 

they cut andesite lava but their orientations are unknown. Neither drilling or water loss tests 

indicated permeability in LHD-3 so it is possible that their fractures have limited extent. Open 

and healed fractures detected by the Formation Micro-image Scanning (FMS)  occur in the 

interval 1700 – 1900 m vertical depth at LHD-10 (Figure 2.18), and 1600 – 1900 m in LHD-13 

(Figure 2.19), associated with total and partial losses of circulation (Azimudin, 1999).  

 

2.5.3. Present-day thermal regime 

 

2.5.3.1. The temperature profiles 

 

Introduction 

Interpretation of the post-drilling temperature profiles here aims to determine the present-day 

natural state thermal regime at Lahendong. This section uses data from twenty three wells 

(in contrast, the petrography data was only obtained from nine wells). The data is presented 

with the wells grouped according to their field relationship. Wells LHD-1, 2, and 3 are 

separate, there are clusters of wells drilled from the same pads named the LHD-4 cluster, the 

LHD-5 cluster, and the LHD-13 cluster. LHD-6 is separate from other wells, and LHD-7 and 

22 are drilled from the same pad. From the downhole temperature data we can obtain the 

following: 

1. The qualitative information on the flow and boiling processes in the wellbore from 

which we can interpret the permeable zones. 

2. The reservoir temperature from Horner calculation.   

Temperatures recorded during heating-up periods are often lower than those in the 

undisturbed condition due to the cooling effects of the drilling mud (e.g. Chang and Chiang, 

1979; Roux et al., 1979; Grant et al., 1982).  For the purpose of discussing the undisturbed 

subsurface temperature the stable formation temperatures need to be known. Fortunately, 

temperatures of most wells were measured for relatively long heating-up periods (> 3 months) 

so they had achieved thermal stability before their initial discharge. However, for wells 

measured in a shorter heating-up period the stable temperatures were estimated by 

extrapolating the heating up temperatures to an infinite thermal recovery time using the 

principles of the Horner method, provided that at least 3 measurement runs are available 

(M.P. Hochstein and S. Zarrouk, pers. commun., 2006). A description of this method is 

presented in the Appendix H. Figures 2.26 to Figure 2.30 show the stable temperature 

profiles of wells along with the hydrostatic boiling point for depth curve (calculated for pure 
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water). The well temperature profiles are discussed below and the resulting interpreted 

reservoir thermal structure is shown in Figure 2.31 and 2.32. 

 

Interpretation 

Boiling and near boiling – Boiling is evident in LHD-8, which is a deviated production well, 

with its production casing set at 1100 m measured depth/MD (Figure 2.27B). The 

temperatures and pressures from about 1200 to1450 m MD are relatively constant. Azimudin 

(1999) reported that steam escaped during drilling at about 1400 m MD (or 1365 m vertical 

depth/VD) coinciding with a drilling break, i.e., a sudden increase of drilling speed as the drill 

bit encountered a  permeable zone. The temperature profile in the top 1500 m of the well 

LHD-15 (figure 2.28G) has a similar pattern to that of LHD-8. In this well boiling possibly 

starts from below about 600 m VD.  

 

Near boiling conditions occur in LHD-4 which is a vertical well with its production casing set 

at around 1100 m. Well LHD-4 is now abandoned due to casing damage (see below). The 

temperatures after the 19 days heating up in LHD-12, which is a vertical production well, plot 

below the boiling temperatures, but the profile of estimated stable temperatures shows a 

(near) boiling condition starting from about 1000 to  2500  m.  

 

In LHD-1 (abandoned well, vertical) a boiling zone may occur at shallow depths (about 200 – 

550 m), where the temperatures slightly exceed that of hydrostatic boiling but match those 

calculated (Azimudin, 1999). Azimudin (1999) reported that steam escaped during drilling at 

this interval, but it is now cased off. However, the temperatures below this interval are below 

boiling.   

 

Thermal inversion – A thermal inversion indicates a layering of hot water over cooler water in 

the system. Thermal inversion occurs in LHD-4 cluster (Figure 2.27) and in LHD-5 cluster 

(Figure 2.28). In the cluster LHD-4 cluster, shallow thermal inversion occurs over several 

intervals between 400 – 1000 m measured depths (40 m bsl to 380 m asl). In LHD 8, 12, and 

15 the inversion is located above the boiling zone. These intervals are cased off. Casing 

damage, thought to be due to corrosion by external acid fluid (Azimudin, 1999), occurs in 

LHD-4 at ~ 500 and 900 m (about 80 and 380 m asl), i.e. within the thermal inversion zone. 

In LHD-9 casing damage occurs at ~ 325 m measured depth or 530 m asl. In LHD-10 a 

thermal inversion occurs within the thick Tondano rhyolite tuff.  

 

In LHD-5 (Figure 2.28) a thermal inversion occurs at about 700 m (minor, coincides with a 

drilling break) and 1000 – 1500 m (major, coincides with total loss of circulation and water 

loss zones) (Azimudin, 1999). Thermal inversions inferred for the LHD-5 is less evident than 
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for the LHD-4 cluster. It is difficult to interpret the temperature profiles of LHD-19, 20, 21, and 

23 which were drilled from the same pad as LHD-5 since their temperatures seem not to 

have stabilized, or else, were measured only once. However, their profiles indicate a similar 

trend to that of LHD-5. They show temperature reversal at 700 – 900 m MD (LHD-19), 1600 

(LHD-20), 1400 – 1500 m MD (LHD-21), about 600 m and 1450 – 1500 m MD (LHD-23).  

 

High temperature, low permeability – Despite being drilled to great depths (~2500 m), and 

reaching high temperatures (maximum ~295 oC), well LHD-2 (Figure 2.26B), and most 

segments of the wells in the LHD-13 cluster (LHD-13, 14, 16, 17) are reported to have low 

permeability. The temperature profiles of most of these wells are relatively uniform, except 

for the occurrence of a minor inversion in the shallow part of LHD-2 (250 – 350 m or 420 – 

520 m asl) which is cased off, in LHD-13 (1600 – 1900 m or 750 – 1000 m bsl) where a 

fracture zone is indicated by Formation Micro-image Scanning (FMS) image, and in LHD-

17 where there is a positive deflection at 1500 m which coincides with a total loss of 

circulation.   

 

Low temperature, low permeability – Well LHD-3 (exploration well, dry) has a smooth 

temperature profile that shows a linear, conductive gradient (Figure 2.26C). No permeable 

zones were recognised and this well also has low temperatures (< 200 oC at 2000 m). 

 

Low temperature, partly low permeability – Well LHD-6 did not show significant temperature 

changes after a long heating up period (several years). Its stable temperatures are low, i.e., 

less than 150 oC at 1500 m vertical depth. Despite having low temperatures, LHD-6 shows a  

deflection in its temperature profile (650 to 800 m VD) obtained after 1-year heating up – 

Figure 2.30A; this interval is cased of. The deeper part of this well is reported to have low 

permeability (Azimudin, 1999). 

 

Cold water downflow – The low temperatures measured after several years of heating up 

and the absence of a conductive gradient in LHD-7 (Figure 2.30B) imply good permeability a 

and cold water downflow. LHD-22 (drilled from the same pad as LHD-7, measured once, 

presumably shortly after drilling was completed) also exhibits a similar thermal profile (Figure 

2.30C). Both LHD-7 and 22 are used as reinjection wells. 

 

2.5.3.2. The natural-state subsurface temperature distribution 

I have attempted to make several models of the thermal characteristics of Lahendong based 

on the data and information that became available up to 2007. This is constrained by several 

problems e.g., large distances between wells, temperatures in several wells were measured 

in fewer than three runs, the inconclusive characteristic of the geologic structures. However it 
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is possible to portray a large-scale thermal model of the system as it existed in the natural 

state. The natural-state subsurface temperature distribution is portrayed in the simplest way, 

i.e. by showing isothermal maps for several depths (500 m asl to 1000 m bsl) based on the 

measured and/or estimated stable temperatures believed to represent the undisturbed 

reservoir conditions (Figure 2.31). They are coupled by cross-sections featuring the 

isotherms, main stratigraphic units and inferred structures (in Figure 2.33).   

 

Thermal anomalies are centered beneath the Lahendong – Linau, Tondangow and 

Kasuratan areas, and these appear at selected levels. In general, the temperatures decrease 

progressively to the northern and southeastern parts of the field, as suggested by the 

temperature profiles of wells LHD-2, 3, and 6. Complex thermal patterns appear in the 

southern/southwestern parts of the field. The detailed thermal features at each level are 

described below.  

 

At 500 m asl a high temperature anomaly ( 240 oC) zone encloses the Lahendong – Linau 

area and coincides with the most vigorous fumarolic and steam-heated manifestations. At 

deeper levels this thermal structure broadens, and is interpreted to be the main upflow of the 

system. A temperature of 280 oC occurs at 1000 m bsl around LHD-1.   

 

The thermal structure between LHD-1 and cluster LHD-13 at 250 and 500 m bsl is quite 

complex. Tongue-shaped lower temperatures isotherms occur, surrounded by the higher 

temperature isotherms. These are interpreted to be due to inter-fingering of hotter and cooler 

flows. At 250 m asl two small temperature maxima i.e., at cluster LHD-4 and the southern 

parts of cluster LHD-13 are separated by a narrow, slightly cooler zone. In the deeper parts 

these structures are more pronounced (except at 500 m bsl), and their temperatures both 

reach 320oC at 1000 m bsl. These maxima probably indicate minor upflow features 

separated from each other by a zone with lower temperatures. The closely-spaced isotherms 

towards the lower temperature zone suggest a sharp temperature change occurs here. 

 

It is concluded that at present there are three separate upflow zones persistent to ~ 1000 m 

bsl (see also Figure 2.39). It is surprising that they do not merge, although they may do so at 

still greater depth.  
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Figure 2.26. LHD-1, 2, and 3 temperature profiles, keys for Figures 2.27 to 2.31, and well location map showing the heads of vertical wells (circled numbers), 

projections of deviated well trajectories (dotted lines), semi-circular structures (toothed curves) and thermal manifestation areas (orange spots). See 
text for explanation. Data from Pertamina’s internal electronic file. 

 



 Chapter Two: The Lahendong Geothermal System 53 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.27. LHD-4 cluster temperature profiles. See text for explanations. Data from Pertamina’s internal electronic file. 
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Figure 2.28. LHD-5 cluster temperature profiles. See text for explanations. Data from Pertamina’s internal electronic file. 
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Figure 2.29. LHD-13 cluster temperature profiles. See text for explanations. Data from Pertamina’s internal electronic file. 
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Figure 2.30. LHD-6, 7, and 22  temperature profiles. See text for explanations. Data from Pertamina’s internal electronic file.
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The main thermal anomaly in the Lahendong – Linau area is spatially associated with the 

Linau crater and the highest residual gravity anomaly suggested by Sudarman et al. (1996), 

as well as with the occurrence of a diorite intrusion penetrated by well LHD-5. However, the 

depths where the diorite was encountered are associated with a temperature reversal. 

Therefore, if the diorite is the heat source for the system (Sudarman et al., 1996), then the 

heat must come from a deeper and hotter part within it. Alternatively, the heat source may be 

another intrusion not reached by drilling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.31. Subsurface present-day temperature patterns at different levels. Isotherms are in 
o
C. 

Upper Left: Well configuration map showing the heads of vertical wells (circled 
numbers), projection of deviated well trajectories (dotted lines), structures (full and 
broken lines, teethed curves), and thermal manifestation areas (orange spots).  
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Figure 2.31. Subsurface present-day temperature patterns at different levels. (continued). 
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Figure 2.32. Geologic cross-sections depicting the summary of stratigraphy, inferred faults, and 

present-day isotherms.   
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2.5.4. Fluid compositions 

The compositions of surface fluids, i.e., hot and warm springs discharged from the thermal 

manifestations around, and from 1 – 12 km outside, the bore field (Figure 2.33) were 

analysed during the early geothermal exploration survey in Minahasa covering the Lokon – 

Mahawu, Lahendong – Linau, and Tompasso areas (Suwana, 1983). Separated well water 

samples were taken in 1995 and 2003 and the downhole samples pre-1996 (?). The results 

are given in Table 2.5.  

 

The relative abundances of major anions (Cl-, HCO3
- and SO4

=) are plotted on a ternary 

diagram (Figure 2.34). This figure shows end member compositions and that the fluid 

compositions plot within the domains of acid sulfate, bicarbonate, chloride, mixed chloride-

sulfate and mixed chloride-bicarbonate. 

 

2.5.4.1. Acid sulfate water 

The hot springs of the main thermal area around the borefield are of acid sulphate type. They 

are of steam-heated origin, and form due to the oxidation of the H2S exsolved from boiling 

fluids in the shallow groundwater as represented by the following reaction: 

 

H2S + 2O2  2H+ + SO4
2- …………………. (R. 2.1) 

(Schoen et al., 1974). 

 

In Lahendong they are mostly concentrated in the main thermal manifestation areas (i.e. 

Lahendong - Linau, Kasuratan and Tondangow). However, sulfate-rich springs also 

discharge further to the north (Taratara, Kinilow and Kakaskasen, refer to Figure 2.33). 

 

The occurrence of steam-heated acid sulfate waters is common in Indonesian geothermal 

fields (Chapter Seven) e.g. Kamojang (Kartokusumo et al., 1975), Ulumbu (Kasbani et al., 

1997) and Karaha – Telaga Bodas (Moore et al., 2004), and elsewhere, such as in the 

Philippines (e.g., Reyes, 1991; Mitchel and Leach, 1991) and New Zealand (Ellis and Mahon, 

1977).  

 

2.5.4.2. Bicarbonate water 

The steam – heated, neutral bicarbonate fluid forms due to the absorption of CO2 gas 

ascending into a perched shallow groundwater aquifer (e.g., Ellis and Mahon, 1977), and can 

be represented by the following reaction: 

 

CO2 + H2O  H2CO3   ………………… (R. 2.2) 

(Fournier, 1985). 
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Table 2.5. Composition of thermal spring waters and well fluid samples. Cation and anion concentrations are in ppm; isotopes part per mill. 

 
Spring/ 

Well 
Location 

Field 
T(

o
C) 

S.P 
(bara) 

Steam 
fraction 

pH 
(25

o
C) 

Li Na K Ca Mg Cl SiO2 SO4
2-

 HCO3
-
 B F Cl/B D 

18
O 

1 Kinilow 33 n.a n.a 6.4 0.16 60.80 21.50 130 93 183 70 539 89 0.21 0.31 871.4 n.a n.a 

2 Kinilow 33 n.a n.a 6.6 0.18 61.30 19.60 134 100 160 66 588 112 0.20 0.24 800.0 n.a n.a 

3 Kakaskasen 36 n.a n.a 6.5 0.21 113.10 25.30 95 47 161 100 329 174 0.37 n.d 435.1 n.a n.a 

4 Waloan 50 n.a n.a 6.9 0.54 325.00 67.70 277 144 1026 100 382 321 1.60 0.19 641.3 n.a n.a 

5 Waloan 58 n.a n.a 7.1 0.62 397.30 50.40 247 126 1050 100 352 273 0.93 0.12 1129.0 n.a n.a 

6 Taratara 36 n.a n.a 6.7 0.25 145.60 30.40 127 74 283 91 506 124 0.46 n.d 615.2 n.a n.a 

7 Sawangan 42 n.a n.a 7.0 0.30 97.00 18.90 37 21 68 100 117 265 1.70 n.d 40.0 n.a n.a 

8 Sonder 61 n.a n.a 7.0 0.52 181.90 40.50 46 38 147 180 115 473 1.50 n.d 98.0 n.a n.a 

9 Sonder 70 n.a n.a 6.7 0.60 172.10 33.20 50 49 181 176 276 413 3.20 n.d 56.6 n.a n.a 

10 Tataaran 52 n.a n.a 7.3 0.42 130.70 31.10 86 36 184 140 114 416 0.99 n.d 185.9 n.a n.a 

11 Tataaran 45 n.a n.a 7.0 0.21 91.70 11.30 73 38 136 100 97 298 0.11 n.d 1236.4 n.a n.a 

12 Leleko 64 n.a n.a 7.3 0.30 87.50 16.40 24 7 58 150 52 187 1.20 0.41 48.3 -7.0 -42.7 

13 Leleko 46 n.a n.a 7.2 0.20 52.00 6.90 25 11 27 100 16 170 0.62 0.27 43.5 -6.1 -43.0 

14 Ranowangko 42 n.a n.a 7.3 0.28 93.70 31.90 54 24 99 100 70 268 1.90 n.d 52.1 -7.4 -46.9 

15 Ranowangko 45 n.a n.a 7.2 0.32 1112.50 34.30 56 25 127 100 111 279 2.30 n.d 55.2 -7.1 -45.5 

16 Ranowangko 67 n.a n.a 6.89 0.71 218.60 62.90 52 21 234 165 218 303 4.20 n.d 55.7 -7.2 -47.9 

17 Tandegesan 56 n.a n.a 7.55 0.30 102.40 22.70 31 70 74 100 64 200 1.20 n.d 61.7 n.a n.a 

18 Tolok 50 n.a n.a 7.69 0.29 71.50 22.50 29 1 86 100 8 124 1.30 n.d 66.2 -6.3 -38.5 

19 Tempang 91 n.a n.a 8 0.90 305.30 16.30 3 1 423 675 66 83 9.40 0.98 45.0 -3.3 -35.3 

20 Karumenga 73 n.a n.a 7.30 0.80 356.30 26.70 3 1 375 325 148 134 8.59 n.d 43.7 n.a n.a 

21 Passo 54 n.a n.a 7.75 0.31 107.70 7.10 9 2 53 160 5 221 1.11 n.d 47.7 n.a n.a 

L4 Lahendong 97 n.a n.a 3 0.89 243.00 85.00 65 12 222 200 568 0 7.90 n.d 28.1 n.a n.a 

L5 Lahendong 38 n.a n.a 2.4 0.11 17.00 7.90 37 15 7 180 741 0 0.05 n.d 140.0 n.a n.a 

L7 Lahendong 73 n.a n.a 6.5 0.12 35.00 11.00 57 13 3 180 173 149 1.20 n.d 2.5 n.a n.a 

L10 Lahendong 65 n.a n.a 2.8 0.94 187.00 39.00 78 41 310 200 630 0 9.90 n.d 31.3 n.a n.a 

L11 Lahendong 70 n.a n.a 6.7 0.60 172.00 33.00 50 49 181 176 276 413 3.21 n.d 56.4 n.a n.a 

TD-2 Tondangow 51 n.a n.a 6.1 0.02 20.00 15.00 17 6 8 156 49 62 0.05 0.15 160.0 n.a n.a 

LHD-1 
(600 m) 

DHS 260 n.a n.a 3.0 3.00 725.00 176.00 314 20 1200 800 2200 n.a n.a n.d n.a n.a 
n.a 

LHD-1 
(800 m) 

DHS 260 n.a n.a 2.6 2.60 877.00 20.00 16 25 1300 800 1150 n.a 22 n.d 59.1 n.a 
n.a 

LHD-1 
(2125 m) 

DHS 260 n.a n.a 3.9 3.90 243.00 44.00 8 2 320 320 370 n.a 13.75 n.d 23.3 
n.a n.a 

LHD-4 
(2200 m) 

DHS 350 n.a n.a 6.4 6.40 146.00 67.00 7 <0.1 234 550 <1 110 8.75 n.d 26.7 
n.a n.a 

LHD-5 WB 100 1.00 0.30 8.5 8.53 369.00 36.20 3.800 0.01 453 721 147 76 13.6 1.65 33.3 n.a n.a 
LHD-8 SPW 198 13.84 0.39 7.5 7.48 265.00 57.18 1.009 0.011 401 606 31 39.24 18.7 n.d 21.4 n.a n.a 

LHD-11 SPW 197 13.44 0.34 6.9 6.92 243.40 57.60 1.673 0.001 380 550 24 29.69 23.56 n.d 16.1 n.a n.a 
LHD-12 SPW 191 13.53 0.24 4 4.00 327.70 102.60 0.846 0.009 576 720 11 0 16.95 n.d 34.0 n.a n.a 
 
S.P: sampling pressure; DHS: downhole sample; WB: water sampled weirbox; SPW: separated water sampled in pipeline; n.a: not available; n.d: not detected;  
Source: spring water: Suwana (1983); DHS: Sudarman et al. (1996), date of sampling not mentioned; WB and SPW: Pertamina (undated) unpublished data; steam 
fraction: calculated. 



 Chapter Two: The Lahendong Geothermal System 62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                            

 

 
Figure 2.33. Location map of the thermal springs (re-drafted from Prijanto et al,1984). Symbols with 

number indicates thermal spring surveyed by Prijanto and others in 1982; filled symbol 
without number thermal spring surveyed by Suwana in 1983. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.34. Plot of thermal spring and well fluid sample compositions on Cl-SO4-HCO3 ternary 

diagram. Number inside symbol indicates number of spring, or well and sample depth. 
Triangles numbered with L, and a circle numbered with T correspond to thermal springs 
around L. Linau sampled by Suwana, although their exact position in Figure 2.33 is not 
known. 
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At Lahendong the bicarbonate-rich springs emerge in several places outside the main 

thermal area (4 – 5 km away), i.e., in Sawangan – Sonder, Tataaran, and Remboken (Figure 

2.33). 

 

2.5.4.3. Chloride, mixed chloride-sulfate and chloride-bicarbonate waters 

High concentrations of Cl characterise the separated production fluid discharged from wells 

LHD-5 (sampled in weirbox), 8, 11, and 12 (sampled in pipeline), and the spring waters far 

distant from the main thermal area, i.e. Waloan and Taratara (7 km to the north), Tempang 

and Karumengah (12 km to the south). Downhole samples from LHD-1 (660, 800, 2125 m) 

and LHD-4 (2200 m) are of chloride-sulfate and chloride-bicarbonate type, respectively. Fluid 

sampled from LHD-5 also contains a significant amount of sulfate. These compositions 

indicate that in places, steam-heated water percolates into the deeper parts of the system. 

 

Waters from the Kinilow, Kakaskasen, Waloan, and Taratara hot springs have very much 

higher Cl/B ratios (615 – 1129) than other surface dischage waters in the surveyed area 

(Cl/B ratios 3 -186) – Figure 2.35. Prijanto et al. (1984) suggested that the former belong to 

the “Lokon-Mahawu” system, whereas the others belong to the “Lahendong-Tompaso” 

system.  

 

A plot of the isotopic compositions of the surface discharge waters in Lahendong is given in 

Figure 2.36. This shows only slight enrichment in 18O compared to the meteoric water 

compositions, and the value is far from that of sea water and primary magmatic water 

compositions (see Giggenbach, 1992). This suggests that the surface discharge waters are 

of meteoric origin.   

 

To estimate the equilibration condition of the hydrothermal fluids with the reservoir rocks the 

composition of the separated production fluids are plotted in terms of 10CK+/(10CK
+ + CNa

+) 

versus 10CMg+/(10CMg
+ + CCa

+). K, Na, Mg and Ca are the major cations in crustal rocks and 

thermal fluids (Giggenbach, 1988). CK, CNa
, CMg, and CCa denote the concentrations of K, Na, 

Mg, and Ca, respectively. The result is given in Figure 2.37. Calculated reservoir fluid 

compositions from some wells plot close to the full equilibrium line at about 230oC (LHD-5), 

280oC (LHD-8), and 340oC (LHD-4) suggesting that these deep fluids are close to equilibrium 

with the reservoir rocks. The samples from LHD-11 and 12, which plot below the full 

equilibrium line, possibly contains steam condensate. Most of the hot spring waters plot near 

the composition of the average crustal rock, reflecting their reactivity with respect to the rocks, 

and dilution with Mg-rich groundwater. Downhole samples from LHD-1 are far above the 

equilibrium line suggesting that they are immature.  
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Figure 2.35. Plot of Cl/B ratios of surface thermal waters from Minahasa area (data from Prijanto et 

al., 1984; Suwana, 1982) and from geothermal wells (data from Sudarman et al., 1996).  

 
 

Comparisons of the maximum measured downhole temperatures, the range of temperatures 

in the feed zones and the temperatures estimated by Fournier’s quartz and Na/K 

geothermometers (Fournier, 1981) are given in Table 2.6. The Na/K geothermometer usually 

yields higher values than those obtained by the quartz geothermometer. The latter are closer 

to, or within, the temperature ranges in the feed zones in LHD-4, 5 and 12, but the Na/K 

temperatures are within the ranges of the temperatures at the fluid feed zones in LHD 8 and 

11. The maximum measured temperatures are higher than the quartz-silica temperatures.  

 

Analyses by W.A.J Mahon in 1977 (Prijanto et al., 1984) of steam samples from a fumarole 

and from the shallow well LH-1 (350 m) by VSI in 1983 (Prijanto et al., 1984), both in the 

west bank of L. Linau, suggest that the main gases in the Lahendong system were CO2 

(about 93 to 95 vol%), and H2S (< 1 to 6 vol%).  
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Figure 2.36. Distribution of D and 

18
O values in thermal springs and rain water at Lahendong 

area. Filled circle: rain water, triangle: stagnant steam heated acid-sulfate pool in 
Leilem, for other symbols refer to Figure 2.16. Rain water composition was obtained in 
1990 (Pertamina, unpublished data). Diagram adapted from Giggenbach (1992). 

 

The main gases in the separated fluid samples from LHD-8, 11, 12, and 15 taken in 2003 are 

CO2 and H2S. Their concentrations range from about 73 – 81 wt% and 14 – 20 wt%, 

respectively (note the different units from that of Prijanto et al., 1984). Other magmatic 

volatiles such as F and Cl are not present in the fumaroles (T. Azimudin, pers. commun., 

2006). 

 

Jaffey et al., (2004) found that the 3He/4He ratios in the gas phase in the thermal springs in 

Lahendong thermal area ranges from 6.9 to 7.33 RA, i.e., within the range of helium isotopic 

ratio of 6 to 8 RA, typical for arc-related volcanoes around the circum Pacific region (Poreda 

and Craig, 1989). These elevated 3He/4He values in Lahendong may be due to extraction of 

helium from a magmatic body by the crustal fluids, as concluded by Torgerson et al., (1982) 

for the New Zealand thermal areas.  

 
Table 2.6. Comparison of the maximum measured downhole temperatures and the temperatures 

estimated by the using Fournier’s (1981) quartz-silica and Na/K geothermometers.  

Well 

No. 

Max. measured T 

(oC) 

T at the feed 

zones (oC) 

T 

Quartz-silica (oC) 

T  

Na/K (oC) 

LHD-4 330 300 - 330 261 395 

LHD-5 254 240 - 245 254 215 

LHD-8 340 293 - 340 227 293 

LHD-11 326 300 - 326 225 304 

LHD-12 292 285 - 292 260 339 
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Figure 2.37. Plot of thermal springs and well fluid sample compositions in the 10cK+/(10cK

+
 + cNa

+
) 

versus 10cMg+/(10cMg
+
 + cCa

+
) diagram showing equilibration condition of the 

hydrothermal fluids with the rocks. Diagram from Giggenbach (1988).   

 
 

 

2.6. Summary and conclusions 

 

Lahendong geothermal system is located within the world’s only example of arc – arc 

collision zone, i.e. in the Sangihe arc, north arm of Sulawesi. Its occurrence must have been 

controlled by the tectonic activities in the region. The known events at the north arm of 

Sulawesi and the inferred emergence of the Lahendong geothermal system, are summarised 

in Figure 2.38. The age dates of rocks believed to correlate with the reservoir rocks of the 

system suggest that the system may have started its activity at 2.2 – 0.5 Ma. Therefore, 

although the absolute age of the Lahendong geothermal system has not been determined, I 

believe that the system emerged after, or shortly before activity of Tondano volcano ceased. 

The life of the system must have been affected by the recent volcanic and tectonic activity of 

the enclosing region. The climatic conditions in the Indonesian Archipelago at 20 ka (Bush 

and Philander, 1999; Visser et al., 2004) and in the area surrounding the Lake Tondano at 31 
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– 33 ka (Dam et al., 2001) are included in Figure 2.38 as they could have affected the 

hydrology of the system; these are discussed further in Chapter Six. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.38. Diagram showing the inferred time of the emergence of the Lahendong geothermal 

system within the framework of the known geologic history of the north arm of Sulawesi 
region. References: 1 = Hamilton (1979), 2 = Hall (1997), 3 = Suari et al.(1987), 4 = 
Morrice et al., (1983), 5 – 7 = PT. Gondwana (1988), 8 = Dam et al., (2001), 9 = Bush 
and Philander (1999), 10 = Hamilton (1988), Hall (2000), 11 = Macpherson (2003). 

 

The thermally active areas are spatially associated with the Pangolombian structure, Linau 

crater, and the NE – SW and NW – SE trending inferred faults. As well as determining the 

fluid flow, these features have been playing important roles in the life of the hydrothermal 
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system, but their characteristics, origin and temporal relationship have not been fully 

understood.  

 

The heat source is likely to be magmatic, as deduced from the close association between the 

system and the volcanic centers, as well as from the gravity models and the occurrence of 

diorite dykes at LHD-5.  However, since the intervals cut by the diorite dykes are now 

associated with thermal inversion, I speculate that the heat source sustaining the present-

day system is the hotter and deeper parts of the diorite or else another intrusion not 

penetrated by drilling.  

 

The reservoir of the system consists of igneous rocks of andesitic and rhyolitic compositions 

and minor sedimentary rocks. The andesitic lavas and pyroclastics, as well as the diorite, 

retain the geochemical signatures of orogenic andesites although they have been 

hydrothermally altered. The age of the host rocks ranges from 2.2 to 0.46 Ma. Therefore, 

although the age of alteration has not been determined directly, it is likely to be  2.2 Ma. 

 

At present there are three thermal upflow foci identified from the temperature distribution 

maps (Figure 2.31), and these are illustrated in a schematic diagram (Figure 2.39).  Each 

upflow originates from a deep level (about 750 m bsl) although it is not known whether they 

merge at greater depth. These upflows are probably controlled by the Pangolombian 

structure and the Linau crater whatever their origins. The diagram does not include the 

lateral distribution of the thermal fluids. The NE – SW and the NW – SE trending inferred 

faults do not control the location of the upflows but provide the access for the steam and 

steam-heated fluids to reach the surface.  

 

The hydrology of Lahendong is typical of a system located in high relief volcanic terrain. The 

thermal fluids originated from meteoric water, as is suggested by the isotopic composition of 

the surface water. However, the elevated 3He/4He values in the gas phase in the thermal 

springs and the occurrence of CO2 and H2S gases in the fumaroles and shallow well 

discharges and in the separated fluid samples from deep wells indicate that the circulating 

meteoric fluids extract helium and other volatiles from a magmatic body.  

 

At the surface the upflow zones are indicated by steam-heated acid sulfate and fumarolic 

thermal manifestations at Lahendong – Linau, Tondangow, and Kasuratan areas coinciding 

with the Schlumberger apparent resistivity anomaly of  at AB/10 = 1000 m of Sudarman et 

al. (1996). At the subsurface they correspond to isotherms of  250 oC at ~ 250 m asl 

(Lahendong), below sea level (Kasuratan).  
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Sulfate – bicarbonate fluids discharge at a radius of about 4 - 5 km from these upflow zones 

Neutral chloride springs discharge 12 km to the south (Tempang and Karumengah), and 7 

km to the north (Waloan and Taratara), but their relationship to the Lahendong system needs 

to be investigated further.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.39. Schematic diagram showing the positions of the present-day thermal foci (red arrows)  
thermal manifestation areas (orange spots), and flows of cooler groundwater into the 
system (blue arrows) with respect to the Pangolombian horse shoe-shaped structures 
and volcanic and other eruption centers. 

 

Thermal inversion is common, likely due to incursion of cooler fluids, and this may be 

controlled by stratigraphy and/ or faults. Deep thermal inversions (1000 – 1500 m depth / 250 

to 750 m bsl) occur in LHD-5, LHD-1 (600 to 1600 m depth / 150 m asl to 850 bsl), and LHD-

4 (500 to 1000 m depth / 250 m asl to 250 m bsl. In LHD-1 and 5 the thermal inversion may 

be due to incursion of sulfate-rich fluids, and in LHD-4, bicarbonate-rich fluids. Thermal 

inversions also occur in LHD-6 and LHD-2. Complex isotherm patterns shown between LHD-

1 and LHD-13 need to be verified by drilling between these two wells. 

 

The present-day margin of the system is characterized by low stable temperatures, i.e < 150 

oC at 750 bsl or deeper (LHD-3, 6, 7 and 22) and low permeability (LHD-3). In the areas 

surrounding these wells no active thermal manifestations occur, and no relict thermal 

activities are evident.  
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Chapter Three 

 
GENERAL FEATURES OF THE HYDROTHERMAL 

ALTERATION AT LAHENDONG 
 

 
 

3.1. Introduction 
 
The term hydrothermal system is a general one used to describe a geothermal system where 

heat transfers from a heat source (often a cooling pluton) to the surface by “free convection”, 

involving meteoric fluids with or without traces of magmatic constituents (Hochstein and 

Browne, 2000). The term hydrothermal alteration embraces the mineralogical, textural, and 

chemical response of rocks to a changing thermal and chemical environment in the presence 

of hot water, steam or gas. It is distinguished from low grade burial metamorphism by its 

mass transfer and higher water/rock ratios (Henley and Ellis, 1983), i.e., it occurs within an 

open system.  

 

In hydrothermal processes both rocks and fluids change their compositions. The primary 

constituents of the rocks may be replaced, either partially or completely, by a suite of new 

minerals as a result of their interactions with the fluids. The identity and the abundance of the 

suite of hydrothermal minerals that form depend on the prevailing physical and chemical 

conditions in the system. On the other hand, some rocks have their primary constituents 

leached by reactive fluids but not replaced. The open spaces (fractures, vugs and other 

cavities) in rocks may be filled with secondary mineral(s) directly deposited by the fluids, 

whose identity records the process that affected the fluids such as boiling, mixing, cooling, 

and pH change.  

 

Browne (1978) mentioned that factors controlling the formation of hydrothermal minerals in 

active geothermal systems include temperature, pressure, initial rock type, permeability, 

altering fluid composition, and the duration of activity. These factors are intimately related but 

their relative importance differs from field to field. The close relations between some of the 

controlling factors often make isolating separate considerations impossible. Geothermal 

systems are also dynamic. During their lifetimes their permeability, fluid compositions, 

intensity of activity, as well as the location of activity changes. As products of hydrothermal 

alteration processes, therefore hydrothermal minerals have significant roles in investigating 

geothermal systems (Browne, 1970) and, to some extent, inferring changes they 

experienced during their lifetimes (e.g., Browne, 1995b; Browne, 1998).  
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During exploration and/or production drilling, observations of hydrothermal alteration 

minerals are mainly directed to help characterise the reservoir, including the location and the 

extent of high temperature and highly permeable zones, and the likely composition of the 

pre-production fluids (e.g., Browne and Ellis, 1970; Reyes, 1990). In Lahendong, such work 

has been done by geoscientists of Pertamina, including Hasibuan (1987), Pudjianto (1988) 

as well as those involved in both the earlier and the more recent drilling projects. As the main 

aim of my study is to reconstruct the evolution of the Lahendong system, I re-examined cores 

and cuttings of selected wells (Table 2.1 in Chapter Two) to determine: 

 

1. The identities and distribution of hydrothermal minerals, to compare the prevailing 

conditions during their formation with present-day conditions in the system, 

2. The styles of alteration; to recognise their different importance in revealing 

hydrothermal processes. 

3. The textures of replacement; to recognise the direction of reactions between minerals 

in the host rocks and the altering fluids, and 

4. The paragenesis of the space-fill minerals, to determine the sequence ofchemical and 

physical changes in the circulating fluids. 

 

In this chapter I discuss sample selection and the analytical methods I used to characterize 

their mineralogy, and to describe the general features of hydrothermal alteration, including 

the: 

a. Susceptibility of primary constituents to alteration, 

b. Styles and intensity of alteration, 

c. Modes of occurrence, and distribution of hydrothermal minerals with respect to the 

presently active / inactive thermal area.  

 

These observations are based on my own work, however, some results from Hasibuan 

(1987), Pudjianto (1988), and other Pertamina workers (obtained through personal 

communications) are also referred to. These help form the basis for interpreting fluid-mineral 

interactions (Chapter Four) and the nature of the fluids moving in channels (Chapter Five). 

This chapter concludes with a comparison of mineralogy that resulted from different 

hydrothermal alteration processes and a summary of the clues to the past hydrology and 

thermal regime(s) of the system provided by the hydrothermal minerals.   

 

3.2. Samples and analytical methods 

 

The samples studied were taken from both the surface and subsurface. Twenty surface 

rocks (12 altered and 8 fresh) were collected from Lahendong, Linau, Tondangow and 
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Kasuratan thermal manifestations and their surrounds (Figure 2.6). Most of the subsurface 

rocks samples are cuttings but cores were also available. They were selected from 9 wells 

(Table 2.1) to represent the alteration mineralogy inside and outside the presently active 

thermal area (Chapter Two). They consist of 560 bags of cuttings and 85 cores. The samples 

were first examined with the aid of a hand lens and a binocular microscope (Appendix A). 

The selected samples were then thin-sectioned and examined under a petrographic 

microscope to determine their lithology, the primary and hydrothermal mineralogy, styles of 

alteration, textures of replacement, as well as the sequence of deposition of vein and other 

cavity fill minerals. The volumetric abundance of the minerals and the intensity of alteration 

were estimated visually and have errors of about 10%. Petrographic descriptions of the 

samples are given in Appendix B.  

 

Ten bulk rock powders plus their clay separates from surface rocks and 20 bulk rock 

powders plus 125 clay separates of the subsurface samples were analysed by X-ray 

Diffractometry (XRD), using a Philips PW 1130TM diffractometer run at 20 mA and 40kV with 

CuKα radiation. The oriented clay mounts were prepared by mixing the rock powder with 

defloculant (sodium hexametaposphate) and separating the  2m clay fractions using an 

ultrasonic bath and gravity settling assisted by centrifuging. Samples were then analysed 

successively after air-drying, ethylene glycol solvation for 48 hours, and heating at 550oC for 

1 hour. The results are in Appendix C.   

 

Electron microprobe (EMP) analysis helped identify the subsurface primary and hydrothermal 

minerals. The equipment used was a Micro AnalyserTM operating at 15 kV and 800 pA, with a 

beam diameter of 3 μm. Scanning electron microscopy (SEM) combined with energy 

dispersive X-ray (EDX) analyses were used to identify minerals, as well as to determine the 

textural relationships among them in some of the subsurface samples. The machine used 

was a Phillips (FEI) XL30S with a field emission gun scanning electron microscope, 

operating at 5.000 kV. The beam diameter and the magnification used varied from 1 to 3 μm 

and from 150 to 10000 times, respectively. The samples were coated with platinum for 5 

minutes, using a high-resolution Polaron SC7640 sputter coater.  

 

Fluid inclusion microthermometry measurements were made on selected space-fill minerals 

to deduce the temperature and apparent salinity of the fluids circulating in the system at 

different stages of alteration (Chapter Five). Sample preparation, measurement methods, 

and the complete results of measurements are reported in Appendix D.  

 



Chapter Three: General Features of the Hydrothermal Alteration at Lahendong  73 
 

Other analytical methods, namely rock geochemistry and rock density measurements to 

characterize the cumulative effects of mass transfer during the hydrothermal processes are 

reported in Chapter Four, and their results are given in Appendices E and F, respectively.  

 

3.3. Alteration susceptibility of primary constituents  

 

The reservoir rocks (Chapter Two) are susceptible to alteration by neutral pH alkali chloride 

waters. Hydrothermal alteration results from differences between the environment in which 

the initial reservoir rocks formed and the prevailing geothermal conditions (Steiner, 1977; 

Browne, 1995a,b). The chemical reactions initiated by the instability of the primary 

constituents in the new environment tend to move toward a new equilibrium with the 

hydrothermal fluids by forming new phases, i.e., hydrothermal minerals, which are stable 

under the prevailing conditions.  

 

The primary constituents of andesite tuffs, lavas, and breccias in Lahendong are feldspar 

and pyroxenes (augite, hypersthene), volcanic glass, and rarely hornblende. Magnetite, 

ilmenite, biotite, and apatite occur occasionally as accessory minerals. Hypersthene is more 

readily altered than augite, whereas both pyroxenes and hornblende are preferentially 

altered compared to plagioclase. Where pyroxene and hornblende coexist the latter is less 

altered. Apatite remained unaltered. Few magnetite and ilmenite crystals survive, as most 

probably altered to leucoxene, pyrite, or hematite. Volcanic glass is the groundmass or 

matrix is often fresh amid altered phenocrysts or crystal fragments, although in most places it 

is partially or totally altered. The diorites have a similar mineralogy to the andesite lavas but, 

of course, without glass. Essential constituents of the rhyolite lavas, tuffs and ignimbrites are 

plagioclase feldspar (oligoclase, but andesine is also present), quartz, biotite and hornblende. 

Feldspar and hornblende are variably altered. Biotite is usually fresh or oxidised. Primary 

quartz is unaffected by the hydrothermal fluids. Glass shards in altered rhyolite tuff are more 

completely altered than other phases. In all rock units plagioclase phenocrysts are usually 

partially altered except in few fresh or completely altered samples.  

 

Apart from the chemical and structural instability of the primary phases, kinetic effects may 

also control alteration susceptibility (e.g. Helgeson et al., 1984). Cleavages in minerals 

provide more surface areas for reactions with fluids and thus increase the rates of reactions. 

Quartz, which does not have a cleavage, and apatite which has poor cleavages are not 

altered. Penetration of fluid into glass through diffusion is much slower, thus it is not 

uncommon that the glassy groundmass is unaltered, or less altered, than the phenocrysts or 

crystalline fragments.  Micro-crystalline plagioclase in the groundmass is also often unaltered 

or less altered than the coexisting phenocrysts as the latter have better-developed cleavages.  
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The common order of the decreasing alteration susceptibility of the primary constituents of 

the Lahendong geothermal system  is: 

 

Glass  hypersthene  augite  hornblende  (ilmenite + magnetite)  plagioclase 

(phenocryst or crystal fragments)   biotite (in rhyolitic rocks)  micro-crystalline plagioclase 

(in andesite lavas)  quartz and apatite (unaltered); 

 

or else,  

 

Hypersthene  augite  hornblende  (ilmenite + magnetite)  plagioclase (phenocryst or 

crystal fragments)   biotite (in rhyolitic rocks)  micro-crystalline plagioclase (in andesite 

lavas)  glass  quartz and apatite (unaltered). 

 

At depths where pyroxenes (augite or hypersthene or both) and glass, either fresh or partially 

altered (Figures 3.1 and 3.2), their interpreted patterns partly resemble the thermal patterns. 

No information from Hasibuan (1987) about the alteration of those minerals in LHD-2. It is 

interesting that some pyroxene and glass survives in the hot parts of the thermally active 

areas. This indicates that the rocks there are inherently impermeable and the thermal fluids 

move through them along channels.   

 

3.4. Intensity of hydrothermal alteration 

 

The intensity of hydrothermal alteration (I.A) is a measure of how completely the original 

constituents of a rock have changed through interactions with thermal fluid to become new 

minerals. It is scored from 0.00 (unaltered) to 1.00 or 100% (completely altered). The 

intensity of alteration does not relate to the identity of the new minerals formed but merely 

measures their abundance (Browne, 1995a). An estimate of I.A for Lahendong samples is 

given in Table 3.1. 

 

Surface rocks in the thermal areas (where fluids are strongly acid; Chapter Two) are totally or 

almost totally altered, so that their original compositions and texture are hardly recognisable.  

Subsurface andesite lavas usually have low and moderate intensities of alteration but those 

intensely fractured are more intensely altered. In the hand specimen scale, in fractured 

crystalline rocks wall closest to a vein has a greater I.A than that more distant (e.g. andesite 

lava from LHD-1/400 m; Figure 3.3), but this is not always the case.  For example, andesite 

lava from LHD-1/552 m is cross-cut by veinlets but the wall rock is relatively fresh (I.A ~ 0.1) 

suggesting that permeability in the channel there was short-lived; i.e., mineral deposition in 
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the channels prevented the fluid from reacting with the wall rocks. The cored portions of 

diorites are not always fractured but are more intensely altered than andesite lavas. The 

intensity of alteration is therefore, not only determined by permeability but by a combination 

of it with other factors which may include the reactivity of the fluids,  temperature, and the 

duration of the fluid – mineral interactions.  

 

Table 3.1. Measure of intensity of alteration (I.A) applied to the rocks from Lahendong system. 

I.A Category Petrographic features 

0.00 unaltered both groundmass/matrix and  phenocryst / fragments are 
fresh 
 

>0.00 to 0. 25 low groundmass/matrix and/or phenocrysts/ fragments are  
altered (≤ 25%), with original textures preserved 
 

>0.25 to 0.30 moderate groundmass/matrix and/or phenocrysts/fragments are 
altered (>25 to 30%) with the original textures preserved 
 

>0.30 to 0.50 intense groundmass/matrix and/or phenocrysts/fragments are 
altered (>30 to 50%) with the original textures and crystal 
forms still recognisable 
 

>0.50 to < 1.0 very intense groundmass/matrix and/or phenocrysts/fragments are 
almost completely (>50 to <100%) altered and the 
original texture is difficult to recognise 
 

1.00 completely 

altered 

groundmass/matrix and/or phenocrysts/fragments are 
completely (100%) altered and the original textures is not 
recognisable 

 

On a field-wide scale, very intensive subsurface fluid-rock interactions have taken place in 

both thermally active and now inactive areas. Subsurface rocks with the shallowest high I.A 

( 0.75) are mostly located within present-day thermal upflow zones, i.e., LHD-1, 5, clusters 

LHD-4 and LHD-13 (Figure 3.4). No quantitative I.A data of the rocks in LHD-2 from 

Hasibuan (1987). 

 

3.5. Styles of alteration 

 

There are 3 alteration styles at Lahendong, namely, leaching/dissolution, replacement, and 

open space filling.  

 

3.5.1. Leaching/dissolution 

Leaching/dissolution takes place where fluids dissolve primary minerals without replacing 

them, thus producing voids (Browne, 1995b and 1998). The fluid responsible for forming this 

style of alteration is acidic. Leaching is obvious in the surface rocks in the main thermal 
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areas, where phenocrysts, crystal fragments, and even rock fragments were removed 

(example in Figure 3.5).  Acid fluids occur at the surface within the presently active thermal 

area and possibly penetrate into the subsurface.  However, in the subsurface this style of 

alteration is known only in LHD-3 (i.e., within the presently inactive thermal area) in cuttings 

of rhyolite lava from 600 m depth. The voids/cavities produced retain the shapes of the 

minerals leached so producing a vesicular texture similar to that in lavas (Figure 3.6A). The 

shapes of such voids are revealing. Dissolution produces cavities with angles whereas gas 

vesicles are rounder. Some of the dissolution voids are partly filled with amorphous silica 

microspheres (Figure 3.6B). 

 

3.5.2. Replacement 

Replacement minerals record the interactions between the reservoir rocks and the thermal 

fluids (Browne, 1995b and 1998). Table 3.2 summarises replacement of the primary 

constituents in the main rock units at the subsurface in the Lahendong geothermal system. 

Where a primary mineral is replaced by more than one secondary mineral, the order of 

replacement is often ambiguous as the replacement minerals do not always share 

boundaries with one another, but if they do so the order of replacement is not easy to judge 

from a 2-dimensional view (thin section). Therefore, the term “spatially associated” is used to 

describe the coexistence of two or more minerals replacing a single primary phase.  

Compared to pyroxene and glass, plagioclase has altered into a more diverse suite of 

hydrothermal minerals but its alteration is usually incomplete.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Three: General Features of the Hydrothermal Alteration at Lahendong  77 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Cross sections showing the distribution pattern of fresh or partially altered pyroxenes 

(shaded areas). No data for LHD-2. Red curves are isotherms (
o
C) based on measured 

temperature data). For well location see Figure 2.31 
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Figure 3.2. Cross sections showing the distribution pattern of fresh or partially altered glass 

(shaded areas). No data for LHD-2.  Red curves are isotherms (
o
C) based on 

measured temperature data). 
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Figure 3.3. Andesite lava from LHD-1/400 m showing the decreasing intensity of alteration away 

from the vein. The light green part of the core is more intensely altered than the dark 
grey part.   

 

Table 3.2. Primary constituents in the Lahendong subsurface rocks from below 300 m depth and 
their replacement minerals. The replacement minerals are listed in the usual order of 
decreasing abundance.  

POST-TONDANO 
ANDESITE  

TONDANO RHYOLITE   PRE-TONDANO ANDESITE  
DIORITE 

 

Primary Replacement Primary Replacement Primary Replacement Primary Replacement 

Andesine Chlorite Andesine Calcite Andesine Chlorite Andesine Chlorite 
 Calcite  Chlorite  Calcite  Adularia 
 Titanite  Quartz  Epidote  Calcite 
 Epidote  Epidote  Adularia  Quartz 
 Hematite  Wairakite  Albite  Epidote 
   Prehnite  Wairakite  Titanite 
   Albite  Illite  Illite 
   Anhydrite  Hematite   
     Titanite   
     Anhydrite   
     Actinolite   
     Pumpellyite   
     Tourmaline   
Augite Chlorite Augite* Chlorite Augite Chlorite Augite Chlorite 
 Calcite  Calcite  Calcite  Calcite 

 Hematite  Anhydrite  
Epidote 
Actinolite 

 Quartz 

   Hematite  Hematite  Anhydrite 
       Adularia 
       Titanite 
       Pyrite 
Hypersthene Calcite Hornblende None Hypersthene Chlorite   
 Titanite    Calcite   
 Hematite    Epidote   
 Chlorite    Quartz   
     Anhydrite   
     Hematite   
     Titanite   
     Prehnite   
        
  Quartz None     
        
  Biotite*  None     
        
Glass None Glass Chlorite Glass None   

 Chlorite  None  
Chlorite 
Hematite 

  

* rare 
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3.5.3. Direct deposition 

Space-fill minerals reflect the processes that affect circulating fluids, such as boiling, cooling, 

fluid mixing and pH changes (Browne, 1995b and 1998). Direct mineral deposition has 

occurred in fractures and cavities. Based on their textures there are six types of vein and five 

types of cavity fill in Lahendong (Table 3.3), and these are illustrated in Figure 3.7. The term 

“cavity” here includes vugs, vesicles, intergranular spaces, and chambers in fossils. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Cross sections showing the shallowest occurrence of high intensity of alteration. No 

data for LHD-2. Red curves are isotherms (
o
C) based on measured temperature data. 
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Figure 3.5. Dissolution texture of breccia at the Linau thermal area where acid sulfate fluids have 
leached the rock and crystal fragments. 

 

Table 3.3.  Types of veins and other cavity fill in Lahendong. 

Type Vein Other cavity fill 

1 Mono-mineralic Mono-mineralic 
2 Mirror Concentric 
3 Segmental Segmental 
4 Mosaic Mosaic 
5 Combination Combination 
6 Brecciated - 

 

These textures indicate the changing degree of complexity of the fluid flow in channels. 

Some of these textures show a clear temporal sequence of deposition, and hence they can 

be used to determine the direction of changes in fluid characteristics. Mono-mineralic (type-1) 

veins can be useful in determining a mineral paragenesis only where they cross-cut other 

veins. Mirror (type-2) veins contain two or more minerals, forming a mirror-like distribution 

when viewed in two dimensions, with the mineral deposited on the wall of the channel formed 

first. Mirror-type space fill therefore, allows determination of the least ambiguous order of 

mineral deposition. Segmental type (type-3) space fill consists of two or more minerals, each 

of which fills different segments in the channel.  Mosaic (type-4) space fill forms an irregular 

arrangement of two or more minerals. Combination (type-5) space fill may include one or two 

types of vein or other cavity fill.  Brecciated (type-6) vein contains more than one mineral 

(mostly fragmented), sometimes accompanied by angular wall rock fragments embedded in 

a matrix composed of one or more minerals. The orders of deposition of the minerals in 

types-3, 4, 5, and 6 are difficult to determine by petrography alone, but they may be inferred 

using thermodynamic principles. Mono-mineralic and mirror-type space fill are the simplest 

textures, likely to reflect simple fluid flow patterns, but mosaic, segmental, and combination 
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types represent a more changeable flow pattern. Many brecciated veins formed due to 

hydraulic fracturing events (e.g., Phillips, 1972; Browne and Lawless, 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.  
A. Dissolution texture in rhyolite lava from LHD-3/600 m showing voids which partly retain the shape 

of the leached primary minerals. Note angular corners. 
B. Amorphous silica partly filling dissolution voids in rhyolite lava from LHD-3/600 m as a result of the 

re-deposition from the silica-over saturated fluids. Red curve is the EDS analysis of the silica 
microsphere (analysed spot indicated by white cross). Na, Ca and Al peaks result from 
contamination with plagioclase. 

 

3.6. Mode of occurrence and distribution of the hydrothermal minerals 

 

In this section I describe the two different modes of occurrence of the hydrothermal minerals, 

namely space-fill and replacement, for the reason mentioned in Sections 3.5.2 and 3.5.3. 

The distributions of the hydrothermal minerals are reported here with reference to the 

presently active or inactive thermal area (as defined in Chapter Two) and provide clues about 

spatial and temporal changes in the system. These are summarised in Table 3.4, 

diagrammatically represented in Figures 3.10 to 3.18 and described in the following 

paragraphs.  

 

3.6.1. Native sulfur [S] 

Native sulfur has deposited around and on the inner rim of fumaroles and gas vents where 

the temperatures are up to ~100 oC. An example is shown in Figure 3.8. Sulfur formed due to 

oxidation of ascending H2S upon contact with the atmosphere, as represented by the 

reaction (Schoen et al., 1974): 

H2S + ½ O2  So + H2O   (R.3.1)
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Figure 3.7. Sketch illustrating types of space fill textures in the subsurface rocks at Lahendong and 

the corresponding notations used.  
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Table 3.4. Summary of the occurrence and distribution hydrothermal mineral assemblages at the Lahendong geothermal system. 

Assemblage 
Location 

Inside the presently active thermal area 
(including wells LHD-1, 2, 4, 5, 8, 10, 13) 

Outside the presently active thermal area 
(including wells LHD-3, 6,7) 

 Replacement Efflorescence Direct deposition  

 
Surface 

Alunite 
Kaolinite 
Leucoxene 
Amorphous silica 

Alunogen 
Halotrichite 

Native sulfur  
(not documented) 

 Widely distributed Locally distributed Widely distributed Locally distributed 

 Replacement Direct deposition  Replacement Direct deposition  Replacement Direct deposition  Replacement Direct deposition  

 
Near surface 

Calcite 
Chlorite 
Hematite 
Smectite 

 
Chlorite 
Native sulfur 

Kaolinite Gypsum (1 & 13) 
Heulandite (13) 

Hematite  
Smectite 

  Native sulfur (3) 
 

 Pyrite (disseminated)     Pyrite (3); disseminated 

 Widely distributed Locally distributed Widely distributed Locally distributed 

 Replacement Direct deposition Replacement Direct deposition Replacement Direct deposition Replacement Direct deposition 

 
 
 
 
Deeper parts 

Adularia 
Albite 
Calcite 
Chlorite 
Illite 
Epidote 
Leucoxene 
Quartz 
Titanite 
Wairakite 

 
 
Calcite 
Chlorite 
 
 
Epidote 
 
Quartz 
 

Actinolite (1,5, 
13) 
 
 
Anhydrite (1,5) 
Clinozoisite (5) 
 
Hematite (4,5) 
Incipient epidote 
(10) 
Other 
carbonates 
(4,8,5) 
Pumpellyite (1) 
 

Actinolite (13) 
 
Adularia (1) 
Albite (1) 
Anhydrite (1,5) 
Chalcedony (5) 
 
Hematite (4,5) 
 
Other carbonate 
(4,8,5) 
 
Prehnite (1) 

Calcite 
Chlorite 
Smectite 
Hematite 
Leucoxene 
Quartz 
Titanite 
Wairakite 
 

Calcite 
Chlorite 
Clays (smectite, 
illite) 
Hematite  
Quartz 
Titanite 
Wairakite  

Actinolite (3) 
Adularia (3) 
Albite (3) 
Anhydrite (3) 
Prehnite (3) 
Pumpellyite (3) 
Tourmaline (3) 
Other 
carbonates (6) 
Illite (3, 6, 7) 

 
Adularia (3) 
Albite (3) 
Anhydrite (3) 
Clinozoisite (3) 
 
 
 
 
 
 
Mordenite (6) 

 Pyrite (disseminated) Garnet (2)* 
Wollastonite (1)* 

Pyrite (disseminated)   

 
Notes: 
Number in bracket indicates well number where the mineral occurs. 
*) Reported by Hasibuan (1987) but no distinction between replacement and directly deposited minerals. 
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Figure 3.8. Radiating aggregates of acicular sulfur crystals deposited around and on the inner rim of 
gas vents at the Lahendong thermal area.  

 

Traces of native sulfur are present in cuttings from some wells inside the presently active 

thermal area, i.e., LHD-1 (100 to 450 m; T ~150 to 250oC), LHD-5 (120 to 140 m; T 100 to 

120oC), LHD-4 (~200 m; T ~100 oC), LHD-10 (sporadically from 190 to 490 m; 50 to 150oC), 

LHD-13 (145 – 160 m; T < 100oC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Key to Figures 3.10 – 3.18. 
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Figure 3.10. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-1 plotted alongside rock units, intensity of alteration (IA), 

downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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Figure 3.11. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-3 plotted alongside rock units, intensity of alteration (IA), 

downhole temperature profile and other downhole information (refer to Figure 3.9 for key). 
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Figure 3.12. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-4 plotted alongside rock units, intensity of alteration (IA), 

downhole temperature profile and other downhole information (refer to Figure 3.9 for key). 
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Figure 3.13. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-5 plotted alongside rock units, intensity of alteration (IA), 

downhole temperature profile and other downhole information (refer to Figure 3.9 for key). 
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Figure 3.14. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-6 plotted alongside rock units, intensity of alteration (IA), 
downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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Figure 3.15. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-7 plotted alongside rock units, intensity of alteration (IA), 
downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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Figure 3.16. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-8 plotted alongside rock units, intensity of alteration (IA), 
downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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Figure 3.17. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-10 plotted alongside rock units, intensity of alteration (IA), 
downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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Figure 3.18. Summary of the distribution and mode of occurrence of hydrothermal minerals in LHD-13 plotted alongside rock units, intensity of alteration (IA), 

downhole temperature profile and other downhole information (refer to Figure 3.9 for key).  
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3.6.2. Pyrite [FeS2] 

The only sulfide mineral present at Lahendong is pyrite; pyrrhotite is absent.  At the surface, 

pyrite is commonly directly deposited in gas vents in association with native sulfur and may 

form via the reaction:  

 

Fe2+ + 2H2S (g) + ½ O2  FeS2 (s) + 2H+ + H2O    (R. 3.2) 

 
In deeper levels, pyrite is commonly dispersed in the rock matrix. Space-fill pyrite is limited to 

LHD-1 and LHD-5. Dispersed pyrite is present in both the presently active and inactive 

thermal areas, and is commonly spatially associated with replacement chlorite (Figure 3.19). 

This may suggest equilibrium between them (R.3.3).  

 

FeS2 + H2 + H2O = FeO (in chlorite) + 2H2S   (R.3.3) 

(Hedenquist, 1990) 

 

3.6.3. Sulfate-rich aluminous efflorescences 

Sulfate-rich aluminous efflorescences present in the thermal areas at Lahendong include 

alunogen and halotrichite. According to Martin et al., (1999) these meta-stable efflorescences 

are common where surface manifestations are dominated by steam. Their sulfate 

components derive from ascending H2S that has first oxidized to H2SO4 but may also come 

from oxidation of pyrite that deposited earlier, while iron, magnesium and aluminium must 

have been leached from the rocks, since these elements do not move with the steam phase. 

Kaolinite, for example, may react in acid sulfate fluids, under appropriate conditions to 

produce alunogen (Nordstrom, 1982). This process is reversible as alunogen then exposed 

to less acidic fluid will form kaolinite in the presence of non-crystalline silica (Martin et al., 

1999).  

 

3.6.3.1. Alunogen – Al2(SO4)3.18H2O 

Alunogen forms white sheaves, and is common around gas vents and fumaroles but also 

forms in areas of steaming ground and on the flank of mud volcanoes. In XRD charts it 

produces sharp peaks at 13.5 – 13.6 Å, 6.7 – 6.8 Å, and 4.5 Å. These peaks collapse upon 1 

hour heating at 550 oC.  

 

3.6.3.2. Halotrichite – FeAl2(SO4)4.22H2O 

Halotrichite occurs in association with alunite and alunogen around gas vents and hot ground. 

It is recognized from XRD analysis, with peaks at 4.8 Å, and 3.0 - 3.5 Å. 
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Figure 3.19. Cross sections showing the distribution patterns of dispersed and space-fill pyrite and 
replacement chlorite. Red curves are isotherms (

o
C) based on measured temperature 

data. 
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3.6.4. Clays 

 

3.6.4.1. Kaolinite – Al2Si2O5(OH)4 

Kaolinite is present in the altered surface rocks in the presently active thermal areas around 

steaming ground and hot pools (this work). Hasibuan (1987) reported that kaolinite is present 

at < 200 m in LHD-1, but it is not present in the samples from the other wells I examined.  

 

3.6.4.2. Smectite – (1/5Ca,Na)0.7(Al, Mg, Fe)4[(Si,Al)8O20](OH)4.nH2O 

At Lahendong smectite is present only as replacement mineral. No smectite was seen in 

veins or other cavities. Petrography suggests that smectite replaces glass and plagioclase 

comprising  10% of the altered rock. It forms pale brown, fine-grained aggregates. Air-dried 

smectite has a characteristic (001) peak at about 14.7 – 15.0 Å that expands to 17.6 – 18 Å 

upon ethylene glycol solvation but shrinks, and even collapses, when heated to 550 oC. This 

smectite is calcium-rich.  

 

Smectite is more abundant than other clay species except chlorite. In the shallow parts of the 

presently active thermal area its presence was mostly recognised by XRD analyses of 

cuttings. Smectite usually forms at temperatures below 150 oC (Steiner, 1977). However, at 

Lahendong it survives at higher temperatures (i.e., up to 250 oC). Smectite is also stable up 

to 250 oC at the Nesjavellir system, Iceland (Kristmannsdóttir and Tómasson, 1976). In LHD-

1 it is present from near the surface down to ~373 m (377 m asl) where the measured 

temperatures range from 165 – 250 oC, and at LHD-5 down to about 600 m (~280 m asl), 

within the range of measured temperatures of 50 to 235 oC. In the LHD-4 well cluster, 

smectite is present from near the surface down to ~100 m bsl (LHD-10) and ~ 200 m bsl 

(LHD-4 and 8) where the measured temperatures range from 50 to 200 oC.  In LHD-13 it is 

present down to 300 m (600 m asl). The measured temperature here is less than 100 oC.  

 

By contrast, in the former thermal area smectite is present also at the deeper intervals. At 

LHD-3 it is present from the near surface down to 500 m (270 m asl) and at  ~1370 – 1500 m 

(~595 – 725 m bsl) where the measured temperatures are <50 oC and 140 - 150 oC, 

respectively. In LHD-63.1 smectite is present from 500 – 630 m where the measured 

temperatures are < 50 oC. Smectite occurs from 850 to ~1900 m within the temperature 

range of 90 – 180 oC. Over the interval of 900 – 930 m, it coexists with chlorite. At LHD-7 it is 

present in the intervals of 117 – 450 m, 900 – 725, ~1570 – 2050 m, where the measured 

temperatures are < 90 oC.   

 

                                                 
3.1

 No samples were available from above 500 m.  
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3.6.4.3. Chlorite – (Mg,Fe2+,Fe3+,Mn,Al)12[(Si,Al)8O20](OH)16 

Chlorite is the most common and widespread sheet silicate throughout the system. It 

comprises up to 10% of some altered rocks. Chlorite replaces pyroxenes (most common), 

plagioclase and glass and occurs in most types of veins and vugs.  

 

XRD analyses show that there are two types of chlorite based on their stability upon heat 

treatment, i.e. chlorite which remained stable and chlorite which collapsed upon 1-hour 

550oC heating. One type has peaks at 14.02, 7.10, 4.73, and 3.35 Å which were unaffected 

upon glycol solvation but the peaks of 7.10, 4.73, and 3.35 Å collapsed upon 550 oC heating 

whereas the 14.02 Å peak shifted and increased in intensity. By contrast, the other type has 

peaks that are unaffected by glycol and heat treatments. Both types were recognised in the 

Golden Cross epithermal Au-Ag deposit, New Zealand by Simpson et al., (2001), who called 

them type-A and type-B chlorite, respectively. Using the Simpson et al., (2001) terminology, 

chlorite at Lahendong is mostly of type-A.  

 

Although the chlorites have very similar optical properties, i.e., green to brownish green and 

are pleochroic, EMP analysis of several crystals shows that they contain different proportions 

of iron and magnesium, even within a single sample (Table 3.5).  A few type-A chlorites 

(LHD-1/1450 m and 1850 m and LHD-4/850 m) have Mg contents higher than their Fetotal 

contents. This agrees with Bailey (1988) who mentioned that heating chlorite to 550°C 

results in dehydroxylation of the hydroxide sheet with the extent of the collapse being related 

to the amount of magnesium present. Analyses of a type- B chlorite (LHD-7/1567) show that 

it has equal proportions of Fetotal and Mg. I classify the chlorites, based on the nomenclature 

proposed by Hey (1954) from their Fetotal, Mg, and Si contents, calculated from EMP 

analyses (Figure 3.20), despite the lack of structural meaning between the varieties 

(Laird,1988).  

 

In the presently active thermal area, chlorite occurs as both replacement and space fill. In 

LHD-1 chlorite is present from ~300 to 2200 m (450 m asl to 1450 m bsl). Type-B chlorite is 

present from 400 to 480 m (455 to 375 m asl) where the measured temperature is about 135 

oC. At 400 to 463 m depth it coexists with rare illite. Type-A chlorite is present at deeper 

intervals, 650 to 2200 m, i.e. from about sea level down to 1345 m bsl where the measured 

temperatures range from 130 – 320 oC. Replacement chlorites from LHD-1 (1450 m and 

1850 m) are diabantine (Hey, 1954).                                                                    

 

In LHD-5 chlorite occurs from 500 to ~1890 m (380 m asl to 1015 m bsl) where the measured 

temperatures range from 235 to 250 oC. It is mostly type-A, except at ~650 m depth where 
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type-B chlorite coexists with illite. At 900 m (45 m bsl) type-A chlorite coexists with 

interlayered chlorite/smectite (60% chlorite). 

 

In LHD-4 chlorite is present from ~ 550 to 1900 m (230 m asl to 1045 m bsl) within the range 

of measured temperatures of 100 – 325 oC. It is mostly of type-A but  type-B chlorite is 

present at ~1000 m (~145 m bsl) where it coexists with illite; at ~ 1599 m  (745 m bsl); and at 

2305 m (1450 m bsl). Chlorite present in LHD-8 and 10 is type A. In LHD-8 chlorite is present 

from 655 (~217 m MD / 640 m asl) down to 1505 m MD (1450 m VD / 603 m bsl) within the 

measured temperature range of 300 – 350 oC. In deeper parts (~1175 to 1200 m / ~ 285 – 

310 m bsl) type-A chlorite coexists with illite. As recognised by petrography and XRD, in 

LHD-10 chlorite occurs sporadically from near surface (23 m) to about 1000 m (~175 m bsl) 

where it coexists with smectite, and continuously below this depth down to the bottom of the 

well. In this well chlorite is stable within a range of measured temperatures of <50 to 330 oC. 

Chlorite from ~1160 to 2365 m (240 m to 1130 m bsl) is type A. From 1160 to 1250 m and at 

1335 m, it coexists with illite.  

 

In LHD-13, type-A chlorite is present from 105 to 2500 m (705 m asl to 1690 m bsl). At 

shallow depths (< 350 m) it coexists with smectite where measured temperatures are < 150 

oC), and at deeper levels (from below 925 m) with illite within the range of measured 

temperatures of 250 – 360 oC. Space-fill chlorites from LHD-13 (1182 m) are pycnochlorite 

(Hey,1954).                                                                    

 

In the presently inactive area, chlorite is present in LHD-3, 6 and 7. In LHD-3 it occurs as 

space fill and/or replacement from 700 to 2200 m (205 to 1430 m bsl) where the measured 

temperatures are < 30 to ~ 200 oC. Type-A chlorite is present from 700 to 1200 m, coexisting 

with illite at ~1200 m. Replacement chlorites from LHD-3 (2201m) are pycnochlorite and 

diabantine (Hey, 1954). 

 

In LHD-6, type-A chlorite occurs as both replacement and space fill from 1897 to 2100 m MD 

(950 to 1150 m bsl). No measured temperature data are available over this interval but the 

well is cold (T maximum 150 oC at 1500 m depth). Chlorite coexists with illite from 2047 to 

2146 m. In LHD-7 chlorite occurs as both replacement and space fill from 560 to 1568 m 

(345 m asl to ~660 m bsl) but only as a replacement below this interval.  The measured 

temperatures are < 80 oC. Chlorite replacing plagioclase at 1568 m is type-B, but it has same 

proportions of Fe and Mg and is transitional between pycnochlorite and brunsvigite (Hey, 

1954).  
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Chlorite has a wide range of stability temperatures, e.g., from ~140 to > 300 oC for the 

Philippine systems (Reyes, 1990), ~ 100 to ~ 300 oC in Los Azufres, Mexico (Cathelineau  

and Nieva, 1985),  ~ 150 to ~ 290 oC in Broadlands - Ohaaki, New Zealand (Browne and Ellis, 

1970).  Cathelineau and Nieva (1985) and Cathelineau (1988) used chlorite as a mineral 

geothermometer based on a claimed temperature dependence of the amount of the 

tetrahedral aluminium present in its structure in the Los Azufres and Salton Sea geothermal 

systems. Its limitations are due to differences in the compositions from crystal to crystal and 

even within single crystals. However, this application did not work well for the Tongonan 

system (Scott, 1988) and Broadlands – Ohaaki (Lonker et al., 1990).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20. Plot of compositions of some chlorites from Lahendong on the classification diagram of 

Hey (1954). Fetotal, Mg, and Si are calculated based on 28 Oxygens. Note that the 
limited numbers of analyses do not allow the conclusion that space fill chlorite is more 
Mg-rich than the replacement chlorite.  
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Table 3.5. EMP analyses of chlorite. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 5 6

SiO2 31.85 32.08 32.18 35.62 31.54 33.79

TiO2 0.00 0.01 0.00 0.04 0.00

Al2O3 13.82 14.81 13.60 11.10 13.62 13.40

FeO 18.19 18.07 17.62 17.99 19.42 17.71

MnO 0.50 0.18 0.35 0.27 0.35 0.20

MgO 19.22 19.95 19.78 17.65 18.96 20.38

CaO 0.60 0.48 0.74 2.89 0.90 0.64

Na2O 0.06 0.27 0.12 0.43 0.13 0.41

K2O 0.11 0.13 0.16 0.09 0.12 0.17

H2O
+

n.a n.a n.a n.a n.a n.a

H2O
-

n.a n.a n.a n.a n.a n.a

Total 84.35 85.97 84.56 86.04 85.08 86.70

Si 6.72 8.00 6.58 8.00 6.72 8.00 7.336 8.00 6.608 8.00 6.86 8.00

Al
IV

1.28 1.42 1.28 0.66 1.39 1.14

Al
VI

5.44 5.16 5.44 6.67 5.22 5.72

Ti 0.00 0.00 0.00 0.00 0.00

Fetotal 3.11 3.42 3.00 3.11 3.42 3.00

Mn 0.06 14.85 0.06 14.85 0.03 14.99 0.06 16.08 0.06 14.90 0.03 15.27

Mg 5.40 5.94 6.16 5.40 5.94 6.16

Ca 0.64 0.20 0.14 0.64 0.20 0.14

Na 0.17 0.06 0.17 0.17 0.06 0.17

K 0.03 0.03 0.06 0.03 0.03 0.06

OH (assumed) 16 16 16 16 16 16

1 to 3 Chlorite partially replacing plagioclase (LHD-1/1450 m)

4 to 6 Chlorite partially replacing plagioclase (LHD-1/1850 m)

Numbers of ions on the basis of 28 Oxygens
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Table 3.5. EMP analyses of chlorite (continued). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 8 9 10 11 12 13 14

SiO2 32.32 29.64 29.64 30.1 29.69 27.38 27.83 27.51

TiO2 0.04 0.09 0.07 0.1 0.09 0.10

Al2O3 17.53 16.61 16.1 17.4 17.28 17.93 19.47 19.00

FeO 20.36 21.62 21.06 21.47 21.13 25.41 19.78 19.08

MnO 0.35 0.48 0.42 0.44 0.39 0.73 1.24 1.00

MgO 19.18 18.5 18.26 19.08 18.84 14.18 19.62 19.92

CaO 0.65 0.35 0.48 0.33 0.39 0.27 0.09 0.13

Na2O 0.00 0.05 0.01 0.00 0.21 0.00 0.14 0.22

K2O 0.34 0.14 0.09 0.12 0.11 0.07 0.00 0.02

H2O
+

n.a n.a n.a n.a n.a n.a n.a n.a

H2O
-

n.a n.a n.a n.a n.a n.a n.a n.a

Total 90.77 87.48 86.06 89.01 88.14 86.06 88.17 86.98

Si 6.36 8.00 6.13 8.00 6.22 8.00 6.08 8.00 6.08 8.00 5.91 8.00 5.68 8.00 5.66 8.00

Al
IV

1.64 1.87 1.78 1.92 1.92 2.09 2.32 2.34

Al
VI

4.71 4.26 4.43 4.15 4.15 3.82 3.37 3.31

Ti 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.03

Fetotal 3.33 3.72 3.70 3.64 3.61 4.59 3.39 3.28

Mn 0.06 13.92 0.08 13.92 0.08 14.06 0.08 13.73 0.06 13.78 0.14 13.22 0.22 13.03 0.17 13.00

Mg 5.60 5.71 5.71 5.74 5.74 4.56 5.96 6.10

Ca 0.14 0.08 0.11 0.08 0.08 0.06 0.03 0.03

Na 0.00 0.03 0.00 0.00 0.08 0.00 0.06 0.08

K 0.08 0.03 0.03 0.03 0.03 0.03 0.00 0.00

OH (assumed) 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00

7 to 11 Chlorite partially replaces plagioclase (LHD-3/2201 m)

12 Chlorite partially replaces plagioclase (LHD-7/1568m)

13 to 14 Space-fill chlorite (LHD-13/1182 m)

Numbers of ions on the basis of 28 Oxygens
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3.6.4.4. Interlayered clays  

Interlayered clays are uncommon in Lahendong. However, interlayered chlorite/smectite (as 

classified using Moore and Reynolds, 1997) is present in LHD-5 and LHD-3, as indicated by 

XRD. Chlorite/smectite with a 60% chlorite component is present in LHD-5 / 900 m (150 m 

bsl) but it is characterised by only a single peak at 14.39 Å (air-dried) and 15.50 Å 

(glycolated), which collapsed upon heating to 550oC. It coexists with type-B chlorite where 

the measured temperature is ~250 oC. In LHD-3, interlayered chlorite/smectite with a 10% 

chlorite component is present but it is characterised by only one peak at 15.03 Å (air-dried), 

and 16.86 Å (glycolated). This peak collapsed upon 550oC heating. Chlorite/smectite is 

present from 1272 to1293m (500 to 520 m bsl), coinciding with measured temperatures of 

~130 oC. Due to their rarity in Lahendong, interlayered clays are not used as mineral 

thermometers, such as the case at Te Mihi (Harvey and Browne, 1991).  

 

3.6.4.5. Illite [K1.5-1.0Al4[Si6.5-7.0Al1.5-1.0O20](OH)4] 

Illite is abundant and occurs at temperatures > 160 oC in active geothermal fields in New 

Zealand (Ji and Browne, 2000), but it is rare in Lahendong and its distribution is patchy. It 

occurs as a replacement mineral (comprising < 1% of the altered rocks) and forms a part of 

veins. Illite is characterized by peaks at 10.00, 5.00, and 3.32 Å (air dried) which do not 

change upon glycolation and 550 oC heating.  According to Harvey and Browne (1991) illite 

forms above 210 oC, but it is reported to be stable at 220 to 310 oC in the Philippine systems 

in both acid- and neutral pH-altered rocks (Reyes, 1990).  

 

At Lahendong illite is present in both presently active and inactive thermal areas. It is 

shallowest in LHD-1. In this well it is present as a replacement of plagioclase, sporadically 

occurring from 400 (where it coexists with type-A chlorite) to 463 m, and at 800 m where it 

occurs as a replacement phase only in the lava and pumice fragments of the altered tuff 

breccia of the Tondano rhyolite unit. Hasibuan (1987) reported that illite is present at 1550 m 

(LHD-2), partially replacing plagioclase.  The measured temperatures here are from 260 to 

270 oC.  In LHD-5 illite is present from ~650 to 1331 m (~225 m asl to 450 m bsl; measured T 

235 to 255 oC) mostly as a replacement of plagioclase but it forms parts of combination type 

veins (Figure 3.7) predating quartz and clinozoisite at 1102 m and in a brecciated vein at 

1301 m.  

 

In cluster LHD-4 wells, illite replaces plagioclase. illite is present sporadically In LHD-4 from 

350 to 2305 m (505 m asl to 1450 m). At shallow levels (350 to 560 m) it coincides with 

measured temperatures below 150 oC, and at deeper levels where temperatures are above 

300 oC. Illite is, however, absent within the thermal inversion zone (700 to 1000 m; measured 

temperatures 100 to 200 oC).  Illite is present in the deeper parts of well LHD-8 i.e., from 
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1164 to 1296 m MD (~275 to 400 m bsl), where the measured temperature is ~350 oC. In 

LHD-10 illite is present over two intervals, i.e. at 1164 to 1335 m (250 to 400 m bsl) and at 

2365 to 2451 m MD (1330 to1410 m bsl), where the measured temperature ranges are from 

255 to 270 oC and 315 to 320 oC, respectively. In LHD-13 illite replaces plagioclase 

sporadically from 348 to 2500 m (460 m asl to 1690 m bsl) within a measured temperature 

range of 180 to 350 oC.   

  

In the presently inactive area illite is present in LHD-3, 6, and 7. In LHD-3 it occurs 

sporadically from 700 to 2200 m (70 asl 1430 m bsl) with measured temperatures of ~80 to < 

200 oC. It replaces plagioclase along cleavages. Illite is common in the deepest part of LHD-

6 where it is now cool (T < 200 oC), i.e., ~2050 to 2150 m MD (1100 to 1190 m bsl), partially 

replacing the matrix of the altered tuff.  Illite occurs at 1568 m (~660 m bsl) in LHD-7 partially 

replacing the matrix and at 1754 m (~850 m bsl) as part of a combination vein in association 

with epidote, but postdating quartz. The temperatures at these depths are now < 100 oC. The 

distribution of replacement clays at the subsurface is illustrated in Figure 3.21. 

 

3.6.5. Sulfates 

Sulfates present at Lahendong include alunite, gypsum and anhydrite.  

 

3.6.5.1. Alunite – KAl3(SO4)2(OH)6 

Alunite is present in the surface samples from the thermal manifestation areas where the 

thermal fluid is acidic. It is characterised by peaks at 3.02, 2.89, and 2.27 Å. According to 

Reyes (1991) alunite forms in geothermal systems due to fixation of potassium at low pH and 

high sulfate activity at low to moderate temperatures.  

 

3.6.5.2. Gypsum – CaSO4.2H2O 

Gypsum is rare, but it is present in cutting chips from near surface down to about 100 m in 

LHD-1 and LHD-13 where temperatures are ~ 50 to less than 100 oC, often coexisting with 

native sulfur and hematite. It forms fine aggregates of fibrous, fragile, white crystals 

occupying open spaces. Anhydrite is absent at these shallow depths, therefore gypsum may 

have precipitated from a sulfate-rich fluid that reacted with calcium that was leached from the 

wall rocks. According to Holland and Malinin (1979) gypsum is unlikely to form at 

temperatures above 70 oC in a hydrothermal system. 

 

3.6.5.3. Anhydrite – CaSO4 

Anhydrite occurs as both replacement and space fill mineral in the deeper parts of the 

system. As a replacement of plagioclase and pyroxene, it comprises ≤ 2% of the altered 
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rocks, and is commonly spatially associated with calcite. Its distribution is illustrated in Figure 

3.22. 

 

In the presently active thermal area anhydrite is present in LHD-1 and 5, within the 

Lahendong – Linau upflow zone. Replacement anhydrite is present In LHD-1 from 800 - 

1160 m / 50 m asl – 400 m bsl where measured temperatures are about 260 to 270 oC and at 

2100 m / 1350 m bsl (LHD-1) where the measured temperature is > 300 oC. It occurs as part 

of mosaic and combination-types veins (in association with calcite and quartz) from 650 to 

1150 m / 100 m asl - 400 m bsl where the measured temperatures range from 260 to 270 oC. 

In LHD-5 anhydrite is present from 235 to 254 oC. The replacement anhydrite occurs 

sporadically from 650 m / 230 m asl down to ~1330 m / 455 m bsl.  Anhydrite fills mono-

mineralic cavities and mosaic veins (spatially associated with adularia) at 650 – 652 m depth. 

Hasibuan (1987) reported the presence of anhydrite at 1100 m (~325 m bsl) in LHD-2. In the 

now inactive thermal area, anhydrite is present in LHD-3 where it replaces the walls of 

globigerinid fossils and fills cavities at 1000 m (230 m asl). The measured temperature here 

is ~70 oC. Anhydrite is, however, absent in LHD-6 and 7. 

 

The solubility of anhydrite in water decreases with increasing temperature but increases with 

increasing total pressure (Holland and Malinin, 1979).  Boiling and consequent increase in 

the water pH may cause it to be saturated with respect to anhydrite. Anhydrite therefore, may 

form from sulfate-rich steam condensate which percolates downward, becomes neutralised 

through reaction with the host rocks or mixes with more neutral pH fluids, and conductively 

heats. Alternatively, anhydrite formed from acid fluids with SO2 derived from magmatic 

volatiles. Isotopic evidence is needed to specify the origin of the acid sulfate fluid here. 

Reyes (1990) mentioned that anhydrite is present within a temperature range of 180 – 340 

oC in both acid- and neutral pH- alteration suites in some Philippine geothermal systems. 

 

3.6.6. Carbonates 

 

3.6.6.1. Calcite – CaCO3 

Calcite occurs as a replacement of plagioclase and pyroxene, as well as space fill of all types 

in both presently active and inactive thermal areas. Below the Lahendong – Linau thermal 

area (Wells LHD-1, 2 and 5) replacement calcite occurs from 200 and 500 m depth or 450 

and 380 m asl.  In LHD-1 the replacement calcite occurs down to 2100 m depth (1350 m bsl), 

but space fill calcite is commonly present from 650 to 1150 m (100 m asl to 450 m bsl) but is 

less common in deeper parts. Calcite was reported by Hasibuan (1987) to occur from 200 to 

2500 m depth (575 m asl) in LHD-2, but he makes no distinction between replacement and 

space-fill. In LHD-5 replacement and directly deposited calcite is present over the intervals of 
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500 to 900 m depth (380 m asl to 25 m bsl), 1300 to 1600 m depth (420 to 722 m bsl), and 

1750 to 1890 m (875 to 1015 m bsl).  Calcite from LHD-1 and 5 contains 91 to  94 wt% 

CaCO3 (Table 3.6). 

 

Below the Kasuratan thermal area (cluster LHD-4) replacement calcite occurs sporadically 

from 150 m (705 m asl) down to 1450 m bsl,  while directly deposited calcite is present in 

more restricted intervals i.e., 350 – 1350 m depth / 505 m asl – 495 m bsl and at about 2300 

m / 1450 m bsl at LHD-4; ~1010 to 1495 m VD (155 - 640 m bsl) at LHD-8; and ~625 – 1230 

m VD / 240 m asl – 375 m bsl at LHD-10.  

 

In LHD-4 (850 m / 5 m asl) two generations of calcite occur in mirror veins together with other 

carbonates (see paragraph following), chlorite and hematite. Below the Tondangow thermal 

area (LHD-13) replacement and space fill calcite occurs from ~100 m depth (700 m asl) 

down to 2500 m (1690 m bsl).  

 

Table 3.6. Representative composition of calcite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* wt % carbonate = wt % oxide X (molecular wt. carbonate / mol. wt. oxide) 
Where molecular wt. carbonate = molecular wt. oxide + molecular wt. CO2 (i.e., 44) 

 

In the presently inactive thermal area the shallowest occurrence of calcite is at much greater 

depths. In LHD-3 replacement calcite occurs at 1200 m / 430 m bsl, and directly deposited 

calcite from 1000 – 2200 m (230 to 1430 m bsl). Replacement calcite occurs from ~900 to 

1 2 3 4 5

CaO 51.13 50.89 54.55 52.58 55.11

MgO 0.20 0.95 0.36 0.11 0.06

MnO 3.28 0.17 0.15 0.74 0.11

FeO 0.20 0.85 0.06 0.04 0.02

CaCO3 91.26 90.83 97.36 93.84 98.36

MgCO3 0.42 1.99 0.75 0.23 0.13

MnCO3 5.31 0.28 0.24 1.20 0.18

FeCO3 0.32 1.37 0.10 0.06 0.03

Total Carbonates 97.31 94.46 98.45 95.34 98.70

1 Calcite replacing plagioclase (LHD-1/1450 m)

2 Calcite partially replacing plagioclase (LHD-1/1850 m)

3 and 4 Calcite partially replacing plagioclase (LHD-3/1620 m)

5 Calcite filling segmental vein (LHD-3/2201 m)

wt% carbonate*
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2100 m VD/ 20 m asl to 1190 m bsl. Discrete calcite crystals (possibly of space-fill), some 

with bent cleavages, occur from ~1570 to 2100 m VD / 665 to 1190 m bsl. Calcites from 

LHD-3 contain 92 to 98 wt% CaCO3 (Table 3.6). In LHD-7 replacement calcite occurs from 

~1565 to 1755 m / 660 to 850 m bsl, however, space-fill calcite occurs from shallower depths 

(560 m / 345 m asl) down to 1755 m (850 m bsl).  

 

3.6.6.2. Other carbonates  

In the presently active thermal area magnesium and iron-rich carbonates and dolomite are 

present in a mirror-type vein in LHD-4/850 m/ 5 m asl (measured temperature here is ~140 

oC), spatially associated with hematite, chlorite, and the two generations of calcite (described 

above).  

 

The magnesium and iron-rich carbonates, contains 48 – 50 wt% magnesite, up to 33 wt% 

siderite, and up to 16 wt% calcite end member components (Table 3.7). Dolomite occurs as 

a brown-colored mass (in plane polarized light); EMP analysis (Table 3.7.) suggests that it 

has about 60 wt% calcite, 30 wt% magnesite, and < 5 wt% siderite end member components. 

Dolomite replaces pyroxene in the wall rock. Some carbonates with low analysis totals may 

be hydrous or contain an undetected LiCO3 component. Dolomite is reported by Scott (1988) 

to be present in Tongonan system (Philippines) where the measured temperature is 120 oC.   

 

In the now inactive thermal area, replacement dolomite is present in LHD-6 (~1000 to 1217 

m VD / ~85  to 310 m bsl). Dolomite occurs as part of a mosaic vein in association with 

calcite and quartz at ~1910 m VD / 1006 m bsl.  

 

Simmons and Christenson (1994) showed calcite forms in a hydrothermal system due to the 

movement of CO2 and is governed by boiling, dilution, cooling, and steam condensation. 

Calcite can precipitate from both shallow formed steam-heated bicarbonate groundwater and 

deeply derived alkali chloride water. Platy calcite, which indicates a boiling environment, is 

absent at Lahendong 

The solubility product of calcite decreases steadily with increasing temperature but the 

solubility product of dolomite decreases even more sharply than that of calcite. Therefore, 

dolomite, like calcite, will not deposit from solution simply by cooling, but any of mechanisms 

proposed for calcite precipitation can also be responsible for precipitating dolomite (Holland 

and Malinin, 1979).  Space-fill calcite, dolomite, magnesium and iron-rich carbonates could 

have formed at Lahendong where the descending cool, slightly acid bicarbonate fluids 

containing Ca, Mg, Fe, respectively were heated (Fournier, 1985; Mitchel and Leach, 1991). 

The distribution pattern of the carbonates is shown in Figure 3.23.  

 



Chapter Three: General Features of the Hydrothermal Alteration at Lahendong  108 
 

Table 3.7. EMP analyses of calcite and other carbonates from LHD-4. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 10 11 12 13 14 15 16 17 18 19 20 21

CaO 8.56 8.90 8.62 8.74 8.44 33.29 33.89 33.74 38.36 47.95 49.24 48.79 52.66

MgO 23.93 23.97 23.82 23.40 23.81 13.37 14.81 14.08 9.56 1.06 1.10 1.00 0.10

MnO 0.87 0.63 0.98 0.85 0.66 0.19 0.72 0.77 1.20 2.99 3.20 2.65 0.14

FeO 19.88 20.34 19.32 19.71 20.17 4.50 3.21 3.42 3.59 2.34 1.73 1.52 0.14

CaCO3 15.28 15.88 15.38 15.60 15.06 59.42 60.48 60.22 68.46 85.58 87.88 87.08 93.99

MgCO3 50.06 50.14 49.83 48.95 49.81 27.97 30.98 29.45 20.00 2.22 2.30 2.09 0.21

MnCO3 1.41 1.02 1.59 1.38 1.07 0.31 1.17 1.25 1.94 4.85 5.19 4.29 0.23

FeCO3 32.06 32.80 31.15 31.78 32.53 7.26 5.18 5.51 5.79 3.77 2.79 2.45 0.23

Total Carbonates 98.81 99.85 97.96 97.71 98.47 94.95 97.81 96.44 96.20 96.42 98.16 95.92 94.65

9 to 13 Magnesium and iron-rich carbonate filling mirror vein (LHD-4/850 m)

14 to 17 Dolomite filling mirror vein (LHD-4/850 m)

18 to 20 Calcite filling mirror vein (LHD-4/850 m)

21 Calcite partially replacing plagioclase (LHD-4/1350 m)

wt% carbonate*
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Figure 3.21. Cross sections showing the distribution of replacement clays, including chlorite. Where 
present, illite coexists with chlorite and/or smectite. The distribution of kaolinite in the 
thermal areas is from Ganda and Sunaryo (1982). Red curves are isotherms (

o
C) 

based on measured temperature data. 
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Figure 3.22. Cross sections showing the distribution of space-fill and replacement anhydrite. Red 

curves are isotherms (
o
C) based on measured temperature data. 
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3.6.7. Oxides 

Oxides present are hematite and leucoxene.  

 

3.6.7.1. Hematite – Fe2O3 

Hematite replaces plagioclase, pyroxene and glass and possibly magnetite in andesites and 

biotite in rhyolites. It comprises < 1 to 5% of the altered rocks. As space fill it usually forms 

mono-mineralic veins and vugs but in places forms a mosaic textures.  

 

Hematite occurs in the cooler parts of altered ground where it forms an earthy, red-colored 

mass. In LHD-1 and 5 it occurs from near the surface down to 100 m bsl and 200 m asl, 

respectively; although it is a replacement mineral in one sample from greater depth (1800 m / 

1100 m bsl) in LHD-1.  In the southern part of the field it occurs from near the surface down 

to ~300 m asl in LHD-4 and 8 but in LHD-10 and 13 it occurs down to 1300 and 1200 m bsl, 

respectively.  

 

In the inactive area hematite occurs from near the surface down to 950 m asl (LHD-3), and to 

about 1200 m bsl (LHD-6 and 7), mostly as a replacement, although in places it fills patches 

and veins. Hematite is reported by McDowell and Elders (1980) to be present at the shallow 

depths and on the margin of Salton Sea system at temperatures < 190 oC where oxidation 

conditions prevail but Scott (1983) showed that in Tongonan system hematite can also form 

at a high temperature. Here it is present in both neutral and acid alteration zones. The 

interpreted distribution pattern of hematite is shown on Figure 3.24. 

 

3.6.7.2. Leucoxene  

Leucoxene occurs as dispersed semi-opaque grains comprising < 1 up to 2 % of the altered 

rocks, usually completely replacing accessory minerals, e.g., ilmenite and titanomagnetite.  

 

Leucoxene is common in the presently active thermal area and is dispersed in altered 

andesite lavas and tuffs at the surface. In the subsurface, it is present from 500 m to 750 m / 

250 m asl to sea level; at 2300 m / 1350 m bsl (LHD-1); 1750 m / 874 m bsl (LHD-5);  and 

sporadically from ~ 700 m asl to ~1450 m bsl (cluster LHD-4), and at 145 to 2500 m / 665 m 

asl 1690 m bsl (LHD-13). 

 

Leucoxene is less common in the inactive thermal area but occurs in LHD-3 at 2200 m (1430 

m bsl). In LHD-6 leucoxene is common at ~1070 to 1325 m VD (165 to 420 m bsl). In LHD-7 

it is present at 2050 m /1145 m bsl. 
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Figure 3.23. Cross sections showing the distribution of carbonates and the shallowest appearance 

of replacement epidote. For clarity replacement and space-fill modes for carbonate 
other than calcite are not distinguished. See text for explanation. Red curves are 
isotherms (

o
C) based on measured temperature data. 
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Figure 3.24. Cross sections showing the distribution patterns of hematite. Red curves are isotherms 
(
o
C) based on measured temperature data. 
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3.6.8. Silica group – SiO2 

The silica minerals present in Lahendong are amorphous silica and quartz.  

 
3.6.8.1. Amorphous silica (opal A)  

Amorphous silica is common in the intensely altered rocks in areas of steaming ground. 

Leaching of host rocks releases silica causing local over saturation with respect to silica 

minerals (Fournier, 1985). Coagulation of polymeric silica, or direct deposition of monomeric 

silica, can occur from acid solution of the leached country rocks according to the following 

reaction:   

 

H4SiO4  SiO2  + 2H2O   (R.3.4) 
(liquid)       (solid) 
 

Amorphous silica (opal A) deposited in this way is referred as silica residue since it is derived 

locally (Cook et al., 2001). SEM examination of a cutting chip of rhyolite (600 m / 172 m asl) 

shows the occurrence of microspheres of silica (partly developed to opal-CT) inside dissolution 

cavities (Figure 3.6B). The opal-CT has a lattice texture forming a network of intersecting blades 

with polyhedral shaped cavities (Figure 3.26G). 

 
3.6.8.2. Quartz  

Quartz is widespread as both replacement and space-fill, in various proportions, in both the 

presently active and inactive thermal areas (Figure 3.25).  As a replacement product, quartz 

commonly partially replaces plagioclase and glass and less commonly pyroxene. Quartz 

replacing glass has a micro-crystalline form. Quartz occurs in all styles of veins and vugs. 

According to the classification of quartz textures (Dong et al., 1995) cavity fill quartz in 

Lahendong has at least 8 different textures, i.e., massive, crustiform, colloform, comb, zonal, 

mosaic, feathery and lattice bladed (Figure 3.26). The first five are categorised into primary 

growth textures, and the last three recrystallisation textures.  

 

Quartz is present sporadically in LHD-1, as a replacement phase, i.e.,  from 650 m to 1650 m / 

100 m asl to 900 m bsl, and as space fill i.e., from 650 to 2100 m (100 m asl to 1350 m bsl). In 

LHD-5 replacement quartz occurs sporadically from 650 to 1890 m (230 m asl to 1015 m bsl), 

and space-fill quartz from 500 – 1575 m (380 m asl to 670 m bsl).  Massive quartz forms parts 

of veins at 1100 and 1400 m (225 and 525 m bsl, respectively) and amygdules at ~ 900 m (~25 

m bsl). Aggregates of botryoidal chalcedony forming colloform textures occur at 750 m (~130 m 

asl) as the last mineral deposited in veins cutting a diorite dyke. Euhedral quartz with zonal 

textures occurs in veins cutting a diorite dyke at 900 m (~25 m bsl) where it is clearly evident in 

hand specimen. The doubly-terminated crystals are up to 3 mm long and host fluid inclusions 
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(Chapter Four). Aggregates of microcrystalline quartz form mosaic patches and vugs and at 

1300 m (~425 m bsl) they form the matrix of a brecciated vein in a diorite dyke.  

 

In LHD-4 cluster quartz is present as shallow as 350 m asl, and space fill quartz from below 150 

m bsl. Massive quartz is common, forming parts of different types of veins. Quartz occurring in 

patches usually has a mosaic texture. Quartz with a comb texture lines vugs in LHD-8 (~1000 m 

/ ~120 m bsl). In LHD-13 replacement quartz occurs from ~350 m to 1490 m (450 m asl to 680 

m bsl) and space fill quartz from ~420 m to 2500 m ( to 1690 m bsl).  

 

In the inactive thermal area, quartz is present in LHD-3, 6, and 7. In LHD-3 replacement quartz 

occurs from ~ 700 to 1200 m (~70 m asl to 430 m bsl), and space-fill quartz from 1000 to 2200 

m (230 to 1430 m bsl). Crustiform quartz at 1620 m (~850 m bsl) is characterized by successive, 

narrow, and subparallel bands developed from both walls of a fracture. Here incipient epidote 

was deposited in spaces between bands. Feathery quartz also occurs at this depth. Quartz with 

a comb texture lines vug at ~2200 m (1430 m bsl).   

 

Replacement and directly deposited quartz is present in LHD-6 from ~1000 to 2100 m VD (~80 

to 1190 m bsl). Quartz is least common in LHD-7 but replacement quartz is present at 1755 m 

(~850 m). Quartz occurs as the sole phase in patches and vugs and fills different types of veins 

from 900 to 2050 m (5 m asl to 1145 m bsl). Quartz with a comb texture deposited after chlorite 

at ~900 m. Mosaic quartz is common in patches.   

 

The solubility of quartz is prograde with respect to temperature up to about 325 oC but the 

solubility of the meta-stable silica polymorphs is higher than that of quartz (Kennedy, 1950). The 

difference between the solubilities of quartz and other silica minerals increases with decreasing 

temperature below 250 oC (Holland and Malinin, 1979). 

 

3.6.9. Alkali feldspars – (K,Na)[AlSi3O8] 

Hydrothermal feldspars at Lahendong are fine-grained ( 1mm long) adularia and albite. They 

are sensitive to permeability and the abundance of directly deposited adularia correlates with 

local permeability. At Broadlands (New Zealand), with the increasing well productivity the 

feldspar mineralogy sequence is as follows: primary andesine albite  albite + adularia  

adularia (Browne, 1970).   

 

In Lahendong adularia and albite occur both as replacement products and from direct 

deposition, but more commonly the former. They partially replace primary plagioclase, in places 

together but both comprise less than 2% of the altered rock. Replacement adularia occurs in 
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both rocks with relatively high matrix permeability (tuff and breccias) and rocks which are less 

permeable (andesite lava, diorite, and welded tuff).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. Cross sections showing the distribution of hydrothermal quartz. Red curves are isotherms 
(
o
C) based on measured temperature data. 
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Figure 3.26. Photomicrographs of silica showing primary growth (A-D), recrystallisation (E-G). 

A. Massive quartz in a mosaic vein of anhydrite – quartz – calcite (LHD-5/901 m) 
B. Crustiform quartz in a vein with some incipient epidote in spaces between bands (LHD-3 – 

1620 m) 
C. Colloform chalcedony as the last mineral deposited in a vein (LHD-5/750 m) 
D. Quartz with comb texture  lining a vug (LHD-3/2201) 
E. Mosaic quartz encapsulating euhedral epidote in a brecciated vein (LHD -5/1301 m) 
F. Quartz in a vug showing a feathery recrystallisation texture (LHD-3/1620 m).  

 
 
 

A B 

C D 

E F 
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 Figure 3.26 (continued) 

G. SEM photomicrograph of lattice bladed opal-CT that has recrystallised from opal-A in a 
 dissolution cavity (LHD-3/600 m).  

 
In the presently active thermal area, adularia is present in LHD-1, 5, cluster LHD-4, and LHD-13, 

but is absent in LHD-2. In LHD-1 adularia fills type-1 veins altered crystal tuff of Tondano 

rhyolite at ~ 650 m (~100 m bsl), coinciding with the top of drilling water loss zone in association 

with a thermal inversion. Adularia partially replaces primary plagioclase in the Pre-Tondano 

andesite unit at 1450 m / 700 m bsl (i.e., within the drilling water loss zone) where the measured 

temperature is 270 oC, and at ~1850 m / ~1100 m bsl (i.e., below the drilling water loss zone) 

where the measured temperature is 290 oC. In LHD-5 in shallow level (~650 m / 225 m asl), 

adularia partially replaces primary plagioclase in water-laid tuff and tuff breccia of the Tondano 

rhyolite where in parts it associates with anhydrite (paragenesis undetermined) to form mosaic 

veins with anhydrite at ~650 m (~225 m asl) where the measured temperature is 236 oC. At 

deeper levels its presence coincides with water loss and/or total loss of circulation zones. At 

~1100 m (225 m bsl) it occurs as a partial replacement of primary plagioclase in the altered tuff 

of the Post-Tondano andesite where the measured temperature is 250 oC. Adularia is reported 

by Pudjianto (1988) to be present at 1700 m (950 m bsl), coinciding with a measured 

G 
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temperature of 235 oC (i.e., within a thermal inversion zone) but its mode of occurrence was not 

mentioned.  

 

In the LHD-4 cluster, adularia partially replaces primary plagioclase from ~ 400 m asl (LHD-4), 

and occurs sporadically down to ~ 1330 m bsl (LHD-10). At LHD-4 it partially replaces primary 

plagioclase in the Post-Tondano andesite, within a temperature range of 195 – 310oC. At ~1000 

m (150 m bsl) it coincides with the thermal inversion zone where casing damage was reported 

by Azimudin (1999). In LHD-8 it is present at 450 m MD/441 m VD (415 m asl), within the 

thermal inversion zone, at a temperature of about 140 oC. In LHD-10 adularia is present within 

the interval  2187 to 2202 m MD / 225 to 238 m VD/ 1170 to 1183 m bsl, i.e., below the water 

loss zone, at temperatures above 300 oC. In LHD-13 adularia is present above and below the 

thermal inversion zone associated with a water loss zone and/or fracture zone detected by 

FMSTM. It partially replaces primary plagioclase in the Pre-Tondano andesite unit, occurs 

sporadically from ~1180 to ~1970 m (~370 to ~1160 m bsl) where the measured temperature 

ranges from 265 to 350 oC, and fill patches at ~1180 m.  

 

Albite is present in LHD-1, cluster LHD-4, and LHD-13, but is absent from LHD-5 and LHD-6. In 

LHD-1 it is present at ~1850 m (~110 m bsl) within the Pre-Tondano andesite unit. It partially 

replaces primary plagioclase in andesite lava and breccia, and forms type-1 cavity fill in the 

breccia where the measured temperature is 290 oC. In cluster LHD-4 albite is present at LHD-4 

itself and LHD-10 (but is absent from LHD-8) as replacement of primary plagioclase in 

association with adularia from about 200 to 1300 m bsl, within a measured temperature range of 

175 to 350 oC. In LHD-13 it is present at 2500 m (~1690 m bsl) as a partial replacement of 

primary plagioclase, where the measured temperature is ~360 oC. 

 

In the presently inactive area adularia and albite are present in LHD-3 and 7. Adularia in 

association with albite occurs in LHD-3 (1200, 1620, 2200 m / ~430, 850, 1430 m bsl, 

respectively) as partial replacements of primary plagioclase and forms segmental or mosaic 

veins, within measured temperatures of 120 to 198 oC. There is no permeability in this well. In 

LHD-7 adularia (in places associated with albite) occurs as a partial replacement of primary 

plagioclase within total loss circulation zones (1500 to 1550 m and 2000 to 2200 m / 595 to 645 

m bsl, respectively) where the measured temperatures are < 100 oC. Adularia and albite are 

absent in LHD-6. The distribution patterns of replacement adularia and albite are given in Figure 

3.27. EMP analyses of adularia and secondary albite are given in Tables 3.8 and 9, respectively, 

and plotted on ternary diagrams (Figure 3.28). 
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Table 3.8.  EMP Analyses of adularia. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.10. Calc-silicates 

The dominant calc-silicates are epidote and titanite (up to 10% of the altered rocks), and less 

dominant is wairakite (up to 2% of the altered rocks). Actinolite, clinozoisite, prehnite, 

pumpellyite, and tourmaline are rare and occur locally and so do some other zeolites (mordenite 

and heulandite).  Calc-silicates are sensitive mineral geothermometers that can be utilized to 

infer past thermal condition at their time of formation (Browne, 1970). This section only 

describes their occurrence and distribution but their application to reconstruct a model of the 

thermal evolution of the system is given in Chapter Six.  

 

3.6.10.1. Epidote – Ca2Al2O.(Al,Fe3+)OH[Si2O7][SiO4] 

Epidote usually forms aggregates of euhedral acicular or stubby crystals. It occurs in both the 

presently active and inactive thermal areas as a replacement of plagioclase and pyroxene, 

and/or as space fill. Bird et al. (1984) reported that it is stable from ~ 240 to > 350 oC. In places 

epidote occurs in incipient form which, according to Reyes (1990), indicates temperatures 220 

oC. The formation of epidote requires neutral pH alkali chloride fluids of low dissolved CO2 

(Browne and Ellis, 1970). In LHD-1 the presence of epidote and incipient epidote is within the 

present-day temperature range of 265 – 285 oC. Epidote partially replaces plagioclase or 

1 2 3a 3b 3c 4a 4b 5 6

SiO2 64.55 63.82 64.69 63.94 63.94 65.68 64.77 65.91 64.64

TiO2 0.47 0.07 0.25 0.18 0.13 0.05 0.10

Al2O3 17.52 17.86 18.04 17.83 18.02 17.97 18.33 18.19 18.45

FeO 0.25 0.77 0.09 0.07 0.09 0.10 0.01 0.48 0.18

MnO 0.07 0.13 0.02 0.02 0.05 0.03 0.05 0.13 0.00

MgO 0.10 0.50 0.00 0.00 0.00 0.00 0.00 0.01 0.00

CaO 0.39 0.37 0.03 0.00 0.03 0.00 0.11 0.00 0.10

Na2O 0.60 0.75 0.32 0.40 0.58 0.33 0.63 0.56 0.21

K2O 15.33 14.80 15.97 15.75 16.00 16.30 16.15 15.97 16.55

Total 99.28 99.07 99.41 98.01 98.89 100.41 100.18 101.30 100.23

Si 12 11.90 12.03 12.03 12.00 12.10 11.97 12.03 11.936

Ti 0.064 0.00 0.03 0.00 0.03 0.00 0.03 0.00 0.00

Al 3.84 3.94 3.97 3.97 3.97 3.90 4.00 3.90 4.00

Fetotal 0.032 0.13 0.00 0.00 0.00 0.00 0.00 0.06 0.032

Mn 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.00

Mg 0.032 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ca 0.064 0.06 0.00 0.00 0.00 0.00 0.03 0.00 0.032

Na 0.224 0.26 0.13 0.16 0.22 0.13 0.22 0.19 0.064

K 3.648 3.52 3.78 3.78 3.84 3.81 3.81 3.71 3.904

Z 15.84 15.84 16.00 16.00 15.97 16.00 15.97 15.94 15.94

X 3.94 3.84 3.90 3.94 4.06 3.94 4.06 3.90 4.00

Mol% An 1.63 1.67 0.00 0.00 0.00 0.00 0.79 0.00 0.80

         Ab 5.69 6.67 3.28 4.07 5.51 3.25 5.51 4.92 1.60

         Or 92.68 91.67 96.72 95.93 94.49 96.75 93.70 95.08 97.60

1. Adularia partially replacing plagioclase LHD-1/1450 m 4. Adularia partially replacing plagioclase LHD-13/1182 m

2. Adularia partially replacing plagioclase LHD-1/1850 m 5. Adularia filling patches LHD-13/1182 m

3. Adularia partially replacing plagioclase LHD-5/1102 m 6. Adularia partially replacing plagioclase LHD-3/2201 m

 

Numbers of ions on the basis of 32 Oxygens
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plagioclase plus pyroxene from ~650 to 1850 m (100 m asl to 1100 bsl), and fills mirror veins, 

postdating calcite, chlorite, or quartz, sporadically from ~650 to ~2200 m. Incipient epidote 

partially replaces plagioclase and fills type-1 amygdules at 1852 m. Incipient epidote form type-

1 amygdules, evident in SEM, in aggregates of stubby crystals each about 0.25 μm long (Figure 

3.29).  

 

In LHD-5 replacement and space fill epidote occurs from ~650 and ~1100 m (~225 m asl and 

225 m bsl), respectively, down to about 1400 m (~525 bsl), within the range of present-day 

temperatures of 235 – 252 oC. The space fill epidote at shallower level forms mirror veins 

postdating quartz, but in deeper level it forms part of brecciated or mosaic veins. In cluster LHD-

4 replacement and space fill epidote occurs sporadically from about 200 m bsl down to ~ 1450 

m bsl where the present-day temperatures range from ~ 250 to 350 oC. Epidote forms mono-

mineralic, mosaic and combination space-fill assemblages in association with chlorite, calcite, 

and quartz. Incipient epidote is present at shallower levels, i.e., at ~140 m asl partially replacing 

plagioclase (LHD-10), or forms mosaic amygdules with calcite (LHD-4) where the present-day 

temperature is < 200 oC. In LHD-13 epidote partially replaces plagioclase from 1182 to 2500 m 

(~375 to 1690 m bsl), and fills mirror veins postdating pyrite but predating calcite from 1180 to 

1480 m (~375 to 670 m bsl) within a range of measured temperatures from 265 to ~360 oC. 

Analysis of epidote in a vein from 1182 m is given in Table 3.10. Incipient epidote and quartz 

fills mosaic-type veins and patches at 785 m (25 m asl) where the present-day temperature is 

~210 oC. 

 

The occurrence of replacement epidote is shallowest in LHD-7 (560 m / ~345 m asl) where the 

measured temperature is ~50 oC (Figure 3.30). In this well epidote is present sporadically down 

to ~2050 m (1145 m bsl), within the range of measured temperatures of ~50 to < 90 oC. 

Incipient epidote is present at LHD-3 (1620 m / ~850 m bsl) replacing plagioclase, where the 

measured temperature is ~170 oC, and at 2201 m (1429 m bsl) where it forms part of a vein, at 

a measured temperature of < 200 oC. In LHD-6 it replaces plagioclase and fills mirror veins 

(postdating quartz, chlorite and wairakite) or else forms mosaic veins in association with calcite 

from ~1950 m MD /1910 m VD / 1005 m bsl to ~2150 m MD / 2000 m VD / 1190 m bsl. No 

measured temperature data are available over this interval, but the maximum well temperature 

is 150 oC at 1500 m depth. In these wells therefore, epidote is relict and pre-dates cooling. 
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Table 3.9. EMP Analyses of albite. 

 1a 1b 2 3a 3b 3c 4a 4b 4c 5a 5b 5c

SiO2 67.82 66.56 65.61 68.13 68.38 68.41 65.68 66.48 64.47 68.34 65.92 69.30

TiO2 0.00 0.01 0.02 0.01 0.04 0.03 0.01 0.05 0.00

Al2O3 20.28 21.05 21.37 20.53 20.00 20.24 20.83 20.95 21.58 20.12 21.71 20.13

FeO 0.00 0.03 0.14 0.07 0.14 0.12 0.26 0.04 0.06 0.06 0.07

MnO 0.00 0.05 0.07 0.10 0.02 0.17 0.03 0.06 0.04

MgO 0.00 0.10 0.03 0.05 0.04 0.12 0.03 0.03

CaO 1.17 2.10 2.52 1.13 0.87 0.96 2.43 2.58 3.18 0.71 2.62 0.61

Na2O 11.27 10.47 10.16 11.51 11.54 11.63 10.39 10.91 10.32 11.76 10.43 11.65

K2O 0.17 0.15 0.24 0.17 0.17 0.11 0.28 0.15 0.24 0.16 0.13 0.23

Total 100.71 100.52 100.16 101.59 101.10 101.61 99.90 101.44 99.91 101.25 100.96 101.96

Si 11.81 11.62 11.52 11.84 11.87 11.81 11.58 11.55 11.39 11.81 11.49 11.94

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 4.16 4.32 4.42 4.19 4.10 4.13 4.32 4.29 4.48 4.10 4.45 4.10

Fe
2+

0.00 0.00 0.03 0.00 0.03 0.03 0.03 0.00 0.00 0.00 0.00

Mn 0.00 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.00

Mg 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00

Ca 0.22 0.38 0.48 0.22 0.16 0.19 0.45 0.48 0.61 0.13 0.48 0.13

Na 3.81 3.55 3.46 3.87 3.87 3.90 3.55 3.68 3.52 3.94 3.52 3.87

K 0.03 0.03 0.06 0.03 0.03 0.03 0.06 0.03 0.06 0.03 0.03 0.06

Z 15.97 15.94 15.94 16.03 15.97 15.94 15.90 15.84 15.87 15.90 15.94 16.03

X 4.06 3.97 4.00 4.13 4.06 4.13 4.06 4.19 4.19 4.10 4.03 4.06

Mol% An 5.51 9.68 12.00 5.43 3.94 4.65 11.02 11.45 14.50 3.13 11.90 3.15

Ab 93.70 89.52 86.40 93.80 95.28 94.57 87.40 87.79 83.97 96.09 87.30 95.28

Or 0.79 0.81 1.60 0.78 0.79 0.78 1.57 0.76 1.53 0.78 0.79 1.57

1. Albite partially replacing plagioclase (LHD-1/1850 m) 4. Albite partially replacing plagioclase (LHD-3/2201 m)

2. Albite partially replacing plagioclase (LHD-4/1350 m) 5. Albite partially replacing plagioclase (LHD-7/1568 m)

3. Albite partially replacing plagioclase (LHD-3/1620 m)

Numbers of ions on the basis of 32 Oxygen
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Figure 3.27. Cross sections showing the distribution of replacement adularia and albite.  Red curves  

are isotherms (
o
C) based on measured temperature data. 
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Figure 3.28. Plot of secondary feldspar compositions. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29. SEM photomicrograph of aggregates of incipient epidote filling an amygdule in LHD-
1/1852 m accompanied by the result of EDS analysis (red curve). 
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3.6.10.2. Clinozoisite – Ca2Al2O.AlOH[Si2O7][SiO4] 

Clinozoisite forms aggregates of acicular, clear crystals, and is distinguished from epidote by 

its lower birefringence and lack of pleochroism. Clinozoisite is stable from 240 to  320 oC 

(Reyes, 1990). In the presently active thermal area it forms part of a combination (type-5) 

vein in association with quartz and postdates illite at ~1100 m /225 m bsl in LHD-5, where the 

present-day temperature is ~250 oC. In the inactive thermal area it fills type-1 patches in 

LHD-3 (~2200 m / 1430 m bsl) – EMP analysis in Table 3.11, where the temperature is now 

less than 200 oC.  

 
3.6.10.3. Titanite – CaTi[SiO4](O,OH,F) 

Titanite occurs in all studied wells mostly as type-1 vug filling, occasionally as a replacement 

of the primary phases and dispersed in the matrix. It forms brown balls, but some have an 

orange color.  

 

3.6.10.4. Actinolite –  Ca2(Mg,Fe2+)5[Si8O22](OH,F)2 

Actinolite is rare, but occurs locally in the deeper parts at the system as aggregates of 

acicular, green or brown-colored crystals with moderately high birefringence. Actinolite 

commonly forms at a minimum temperature of 300 oC (Bird et al., 1984). 

 

Actinolite is shallowest in LHD-13, i.e., at ~1180 m / 370 m bsl (Figure 3.30) as a partial 

replacement of pyroxene, where the present-day temperature is ~335 oC. In this well 

actinolite also occurs as vein fill predating calcite, i.e., at 2500 m / 1690 m bsl where the 

measured temperature is ~360 oC. In the presently active Lahendong - Linau thermal area 

actinolite is a partial replacement of plagioclase as shallow as about 700 m bsl; i.e., In  LHD-

1/1450 m (Table 3.12) and 1850 m and LHD-5 (1575 m), where the present-day 

temperatures are about  270 and 230 oC, respectively.   In the inactive thermal area actinolite 

is present in LHD-3 /1620 m / 850 m bsl (Table 3.12) where it partially replaces plagioclase 

and the present-day temperature is about 170 oC. Actinolite is reported by Scott (1988) to 

occur in the Tongonan system as both replacement and vein at the contact metamorphism 

zone. At Lahendong however, no contact metamorphism is indicated.  
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Table 3.10. EMP analysis of epidote. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 3.11. EMP analysis of clinozoisite. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 1

SiO2 39.12 Si 3.11

TiO2 0.17 Ti 0.01

Al2O3 24.74 Al 2.31

FeO 11.44 Fetotal 0.76

MnO 0.68 Mn 0.05

MgO 0.04 Mg 0.00

CaO 23.05 Ca 1.96

Na2O 0.12 Na 0.01

K2O 0.06 K 0.00

H2O
+

n.a OH n.a

H2O
-

n.a

Total 99.42

1 Epidote in vein (LHD-13/1182 m)

Numbers of ions on the basis of

12.5 Oxygen

 

Numbers of ions on the

basis of 12.5 Oxygens

1 1

SiO2 45.95 Si 3.36

TiO2 Ti 0.00

Al2O3 33.02 Al 2.84

FeO 0.67 Fe
2+

0.04

MnO 0.00 Mn 0.00

MgO 0.19 Mg 0.03

CaO 17.53 Ca 1.38

Na2O 1.28 Na 0.18

K2O 0.16 K 0.01

H2O
+

n.a OH n.a

H2O
-

n.a

Total 98.8

1 Clinozoisite in vein (LHD-3/2201 m)  
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Table 3.12. EMP analyses of actinolite. Note that the total oxides are too high. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.10.5. Prehnite – Ca2(Al,Fe3+)[AlSi3O10](OH)2 

Prehnite occurs locally as both a replacement mineral and space fill. Prehnite is stable over a 

temperature range of 250 – 350 oC (Bird et al., 1984). It is present in many active geothermal 

systems where neutral-pH or slightly alkaline chloride fluids circulate, as reviewed by 

Wheeler et al. (2001). In the presently active thermal area, it replaces plagioclase in LHD-1 

(752 m / around sea level; the measured temperature is ~ 260 oC) where calcite is absent in 

the wall rock but occurs as patch fill.  Prehnite fills type-1 vugs at LHD-1/2100 m (1350 m bsl), 

where the present-day temperature is > 300 oC and calcite in present in the wall rock. In the 

inactive area it occurs at LHD-3 (2201 m / 1430 m bsl). It is rare, partially replacing 

plagioclase, and spatially associated with calcite, where the present-day temperature is < 

200 oC.  EMP analyses suggest that prehnite in Lahendong is Fe-rich (Table 3.13). 

 

Bird and Helgeson (1981) and Kancandes and Grandstaff (1989) mentioned that prehnite 

formation is sensitive to slight variation in fO2, pH and aCO2 in the fluid phase.  Wheeler et al. 

(2001) reported that prehnite is present in Way Linggo epithermal Au-Ag deposit (Sumatra, 

Indonesia) where it is interpreted to crystallize at the terminations of an upflow zone due to 

1 2 3 4

SiO2 52.47 51.65 51.78 50.97

TiO2 0.49 0.42 0.54 0.71

Al2O3 2.00 1.63 3.48 3.28

FeO 10.80 11.04 10.51 15.63

MnO 0.40 0.59 0.32 0.39

MgO 15.28 15.07 16.79 16.03

CaO 19.08 18.87 16.75 13.48

Na2O 0.40 0.26 0.01 0.01

K2O 0.07 0.10 0.07 0.10

H2O
+

n.a n.a n.a n.a

H2O
-

n.a n.a n.a n.a

Total 101.48 100.05 100.79 101.31

Si 7.43 8.00 7.43 8.00 7.29 8.00 7.31 8.00

Al
IV

0.57 0.57 0.71 0.69

Al
VI

Ti 0.05 0.05 0.05 0.07

Fetotal 1.29 4.60 1.33 4.69 1.24 4.85 1.89 5.43

Mn 0.05 0.07 0.05 0.05

Mg 3.22 3.24 3.52 3.43

Ca 2.90 2.90 2.53 2.07

Na 0.12 3.04 0.07 2.99 0.00 2.55 0.00 2.09

K 0.02 0.02 0.02 0.02

OH n.a n.a n.a n.a

1 Actinolite partially replacing plagioclase (LHD-1/1450 m)

2 Actinolite partially replacing plagioclase (LHD-1/1850 m)

3 and 4 Actinolite partially replacing plagioclase (LHD-3/1620 m)

Numbers of ions on the basis of 23 Oxygens
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CO2 degassing. As prehnite will not form when the altering fluids have high concentrations of 

CO2, the spatially associated prehnite and calcite at Lahendong formed at different time.  

 

Table 3.13. EMP analyses of prehnite in LHD-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.10.6. Pumpellyite – Ca2Al2(Al,Fe3+,Fe2+,Mg)1.0[Si2(O,OH7)][SiO4](OH,O)3 

Pumpellyite forms from 220 to about 310 oC (Reyes, 1990).  It occurs only in LHD-3 (1620 

and 2201 m / 1430 and 850 m bsl, respectively) as a replacement of plagioclase where the 

present-day temperatures are less than 200 oC.  

 

3.6.10.7. Tourmaline – (Na,Ca)(Mg,Fe,Mn,Li,Al)3(Al,Mg,Fe3+)6[Si6O18](BO3)3(O,OH)3(OH,F) 

Tourmaline is present in LHD-3 (~2200 m / 1430 m bsl), where it appears as tiny, bluish dull-

looking granular crystals partly replacing plagioclase. The present-day temperature here is 

less than 200oC. Despite considerable effort to determine its composition using an EMP this 

was not successful. Tourmaline is reported to occur in the Philippine systems within the 

temperature range of 200 – 280 oC in an acid alteration suite (Reyes, 1990), and at Karaha – 

Telaga Bodas where the measured temperatures are up to 220 oC in a well drilled close to a 

magmatic vapor chimney (Moore et al., 2004). The formation of tourmaline in Karaha - 

Telaga is due to reactions between ascending magmatic H3BO3 and partially neutralized, 

descending acid-sulfate waters that have become enriched in cations through rock 

dissolution (Moore et al., 2004).   

 
3.6.10.8. Zeolites –  (Na2,K2,Ca,Ba)[(Al,Si)O2]n.xH2O 

Zeolites present at Lahendong are mordenite, heulandite and wairakite. Mordenite and 

heulandite are stable at temperatures less than 200 oC (Kristmannsdóttir and Tómasson, 

 

1 2 3 1 2 3

SiO2   43.83 43.87 43.78 Si 6.71 5.97 6.98

TiO2   0.14 0.02 Ti 0.02 0.00 0.00

Al2O3  21.26 21.95 20.81 Al 3.83 2.35 3.91

FeO    3.87 3.24 4.71 Fetotal 0.50 0.74 0.63

MnO    0.02 0.06 Mn 0.00 0.01 0.00

MgO    0.06 0.01 Mg 0.01 0.00 0.00

CaO    26.13 26.56 26.2 Ca 4.28 3.87 4.48

Na2O   0 0.01 0.12 Na

K2O    0.13 0.16 0.1 K 0.03 0.06 0.04

H2O
+

n.a n.a n.a (OH) n.a n.a n.a 

Total 95.44 95.88 95.72

1 to 3 Fe- rich prehnite partially replacing plagioclase (LHD-3/2201 m)

Numbers of ions on the basis of 24 (O, OH)
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1976; Bird et al., 1984). Wairakite forms from ~200 to > 300 oC, but commonly at about 220 

oC (Bird, et al., 1984). Browne and Ellis (1970) mentioned that zeolites form only where the 

CO2 fugacity is low. 

 

In the presently active thermal area in wells LHD-1 and 5, heulandite and mordenite are 

absent but wairakite is present. In LHD-1 wairakite partially replaces plagioclase at ~750 to 

850 m (about sea level to 100 m asl; measured temperatures 260 to 265 oC) and at ~1850 m 

(1100 m bsl; the measured temperature here is ~290 oC; analysis in Table 3.14). It forms 

type-1 veins at ~750 m (about sea level). Wairakite is shallowest in LHD-5 (650 m / ~ 230 m 

asl) where the present-day temperature is 235 oC (Figure 3.30). Hasibuan (1987) reported 

that wairakite occurs in veins from 650 to 900 m in LHD-5. In wells of LHD-4 cluster zeolites 

are only present at LHD-10. Heulandite was the last deposited minerals at 102 and 446 m / 

753 and 240 m asl, in a mirror veins and concentric amygdules postdating chlorite, where 

measured temperatures are less 150 oC. Untwined wairakite totally replaces plagioclase at ~ 

1700 m MD / 1590 m VD (~710 m bsl). The measured temperature here is 250 oC. In LHD-13 

wairakite totally replaces plagioclase at ~1230 m (~425 m bsl) where the measured 

temperature is about 270 oC. Heulandite fills veins and vesicles postdating chlorite (145 m / 

665 m asl) where the measured temperature is about 80 oC.   

 

Mordenite and wairakite also occur in the presently inactive thermal area. Mordenite occurs 

as the sole phase filling vesicles in LHD 6, at about 850 m MD/ 840 m VD / ~65 m asl where 

the present-day temperature is less than 50 oC. Wairakite predating epidote occurs as 

discrete crystals (possibly space fill) at 2146 m MD / ~2010 m VD (1193 m bsl). 

 

Table 3.14. EMP analyses of wairakite from LHD-1/1850 m. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Numbers of ions on the

basis of 96 Oxygens

1 2 1 2

SiO2 54.68 54.73 Si 32.26 32.26

TiO2 0.00 0.00 Ti 0.00 0.00

Al2O3 22.76 22.77 Al 15.84 15.74

FeO 0.01 0.00 Fe
2+

0.00 0.00

MnO 0.09 0.15 Mn 0.00 0.10

MgO 0.00 0.00 Mg 0.00 0.00

CaO 12.00 12.14 Ca 7.58 7.68

Na2O 0.62 0.24 Na 0.67 0.29

K2O 0.08 0.13 K 0.10 0.10

H2O
+

n.a n.a H2O n.a n.a

H2O
-

n.a n.a

Total 90.24 90.16

1 and 2 Wairakite partially replacing plagioclase (LHD-1/1850m)  



Chapter Three: General Features of the Hydrothermal Alteration at Lahendong  130 
 

 

Well LHD-6 is cool (T maximum 150 oC at 1500 m depth but no measurements are available 

at  2146 m MD).  In LHD-3 wairakite fills type-1 vein at ~2200 m (1430 m bsl) where the 

present-day temperature is < 200 oC. In LHD-7 it fills a segmental vein at ~1565 m / ~660 m 

bsl where the measured temperature is ~75 oC.  

 

3.6.10.9. Garnet  - A3B2(SiO4)3, where A = Fe2+, Mn2+, Mg, or Ca; B = Al, Fe3+, Cr3+, or Ti  

At Lahendong garnet was reported by Hasibuan (1987) to be present at LHD-2/1780 m 

(1007 m bsl) forming hexagonal, greenish crystals associated with chlorite, quartz and calcite 

where the measured temperature was 260 oC, but its mode of occurrence was not mentioned. 

No indications of contact metamorphism are reported. Hydrothermal garnet forms at 

temperatures exceeding 300 oC (Bird et al.,1984), in fluids with high CO2 fugacity (Bird and 

Helgeson, 1981). Garnet (andradite) is reported to occur as a relict of contact metamorphism 

in Krafla in association with wollastonite, hypersthene and magnetite (Kristmannsdóttir, 1981). 

 
3.6.10.10. Wollastonite –  Ca[SiO3] 

Hasibuan (1987) reported the presence of wollastonite in LHD-1/1550 m (800 m bsl) at a 

measured temperature of ~270 oC, where it forms fibrous aggregates. However, its mode of 

occurrence is not reported. Re-examination of the subsurface samples from this well (this 

work), however, showed no evidence of contact metamorphism. 

 

Taylor and Liou (1978) suggested that wollastonite formation requires low magnesium and 

aCO2 and temperatures of 400 to 500 oC. Wollastonite is reported as a relict of contact 

metamorphism in Krafla (Iceland), Larderello (Italy), and Tongonan (Philippines).  In Krafla 

wollastonite occurs as a relict contact metamorphic mineral in the upper 1000 m (measured  

temperature 200 to 340 oC) in association with andradite, hypersthene and magnetite. Below 

1000 m it possibly precipitated directly from geothermal fluids at 300 – 350 oC, thus its origin 

could be partly hydrothermal and partly contact metamorphism (Kristmannsdóttir, 1981). In 

Larderello, Italy, it occurs in the metamorphic host rock, where the measured temperature 

was ~260 oC (Cavaretta et al., 1982). Wollastonite is reported by Scott (1988) to occur within 

the contact metamorphic assemblage at Tongonan system, Philippines, in association with 

biotite, magnetite and actinolite.  

 

The shallowest appearance of replacement calc-silicates are plotted on cross-sections 

(Figure 3.30). Contours of the shallowest appearance of the replacement calc-silicate 

geothermometers (Figure 3.30) form paleo-temperature profiles. The figure clearly 

demonstrates that the thermal structure of the system has changed although the temperature 

indicator minerals are stable under the present-day conditions. Places that have cooled 
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significantly since the formation of the minerals are those intersected by wells LHD-3, 6, and 

7. Some parts of LHD 1 and 5 may have warmed slightly, as suggested by the occurrence of 

replacement wairakite at 250 oC. However, they might have been even hotter when epidote 

occurs, as it formed before wairakite.  The details of the thermal changes are discussed in 

Chapter Six. 

 

3.7. Summary and conclusions  

 

3.7.1. Styles of alteration and their significance 

There are three styles of hydrothermal alteration in the rocks at Lahendong, namely:  

1. Dissolution  

2. Replacement 

3. Direct deposition 

 

1. Dissolution – dissolution records the attack of acid fluids on the wall rocks which removed 

primary phases without replacing them. This style is common at the surface of the 

presently active thermal area but also occurs at a shallow level in LHD-3, i.e., within the 

presently inactive thermal area.  

 

2. Replacement – replacement records interactions between minerals the host rocks and 

hydrothermal fluids. At Lahendong In the subsurface  this style is characterised by:  

a) Incomplete alteration of plagioclase to several assemblages of hydrothermal minerals  

b) Partial or total alteration of pyroxene to less diverse assemblages  

c) Partial or total alteration of glass matrix/groundmass, most commonly to chlorite or 

quartz; but unaltered glass is not uncommon.  

Textures of replacement in Lahendong are ambiguous; however the incomplete 

replacement of the primary phases indicates that the fluid – mineral reactions did not 

reach equilibrium. The intensities of alteration of the wall rocks ranges from low to very 

intense, possibly as a result of the combined effects of permeability, the reactivity of the 

fluids, temperature and the duration of the fluid – rock interactions.  Ground mass is often 

less altered than phenocrysts, which can be due to micro-scale porosity difference 

between the groundmass and the phenocrysts, and thus, causing different rates of 

reaction between the groundmass and the fluid, and between the phenocrysts and the 

fluid. 

 

3. Direct deposition – direct deposition in channels and other cavities records processes 

affecting the circulating fluids on local scales. Despite the complex textures the space-fill 

mineralogy is simple and similar to that of the wall rock.  
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These styles of alteration give hints on how the fluid moves in a geothermal system. 

Replacement takes places as the fluid moves through intergranular spaces and 

exchanging mass on micro scale with primary minerals. Dissolution, too, takes places as 

the fluid moves pervasively into the rocks; in this case the fluid takes the constituents 

from primary minerals without replacing them creating voids. Direct deposition is 

produced by fluids circulating through open spaces.  Therefore recognition of different 

styles of alteration is important in fluid flow in a geothermal system.  

 

3.7.2. Independence of hydrothermal mineralogy from the initial rock composition 

At Lahendong the alteration mineralogy of both the host rock and the veins is independent of 

the initial rock composition, as is true in the Taupo Volcanic Zone, New Zealand, where the 

geothermal reservoirs are mainly hosted by rhyolitic and andesitic rocks (Browne, 1989). 

 

3.7.3. Hydrothermal alteration mineralogy as clues to changes in the Lahendong 
geothermal system 

 

At Lahendong the hydrothermal minerals formed in wall rock include calc-silicates, 

secondary feldspars, silica minerals, clays (including chlorite), carbonates, sulfate, and 

oxides. The hydrothermal assemblages deposited in open spaces are generally similar to 

those replacing the primary phases in the wall rock, suggesting that they were formed from 

fluids of similar compositions.  

 

The identity and the distribution of the hydrothermal minerals at Lahendong described in this 

chapter herald several clues to the changes in the hydrology of the system including: 

1. Changes in temperature, as indicated by the presence of hydrothermal mineral 

geothermometers of different thermal stability in the wall rock and veins, compared with 

measured well temperatures (Figure 3.31). 

2. Changes in permeability and fluid flow pattern. The first is characterized by sealing and 

re-opening of channels, as well as cross-cutting veins. The second is indicated by the 

different space-fill textures and mineralogy. 

3. Change in the extent of activity as indicated by the presence of altered subsurface rocks 

in the areas which are now cold and impermeable.  

4. Changes in fluid compositions. The presence calc-silicates indicate that the altering 

fluids in the deep reservoir were of near neutral-pH alkali chloride type; however, subtle 

changes in CO2 content but episodic influx of sulfate-rich or oxygen-rich fluids are 

indicated. The absence of pyrrhotite indicate low the H2/H2S ratio in the reservoir fluids 

(Hedenquist, 1990), perhaps throughout the life of the system. The fact that a primary 
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mineral is often replaced by more than one secondary mineral indicates that multiple 

fluid – mineral reactions have taken place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.30. Cross-section showing the shallowest appearance of the some replacement calc-

silicates and the present-day thermal profiles. 
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Figure 3.31. Distribution of mineral geothermometers in terms of their temperature of occurrence at 

Lahendong. The measured temperatures where garnet and wollastonite occur are 
taken from Hasibuan (1987). The minerals’ stable temperatures are taken from 
literature sources (see text). 
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Chapter Four 
 

FLUID – MINERAL INTERACTIONS AND CUMULATIVE 
EFFECTS OF MASS TRANSFER  

 

 
 

4.1. Introduction 

Three styles of alteration are recognised at the Lahendong system, namely leaching, 

replacement, and direct deposition (Chapter Three). The first two result from interactions 

between the primary phases and the circulating fluids. Fluid-mineral interaction is a very 

interesting phenomenon. It helps reveal the mass exchanges (on an elemental level) between 

the primary phases and the altering fluids which can change the rocks physically and 

mineralogically. Furthermore, it has provoked many previous workers to quantify the amounts of 

fluid circulating in geothermal systems during their lifetimes.  This chapter therefore, aims to: 

1. Report the response of the primary phases to their interactions with fluids and use it to 

understand the elemental mass exchanges between them. 

2. Review the commonly used qualitative mass transfer assessment methods. 

3. Assess the cumulative effects of mass transfer between the wall rock and the circulating 

fluids, and use them to evaluate the applicability of the mass transfer models proposed 

by Giggenbach (1984, 1988) in predicting mass transfer trends in geothermal systems 

hosted by andesitic rocks. 

4. Review the models of water-rock interactions used by previous workers to estimate the 

water/rock ratios in geothermal systems.  

 

Primary phases in the igneous rocks are stable at high temperature and under anhydrous 

conditions but, with some exception, they are unstable in a hydrothermal environment.  

Therefore, the primary phases will form assemblages of new minerals which are stable under 

the new conditions.  Hydrothermal alteration resulting from interactions between rock and 

geothermal fluids takes place not between the rock as a whole but between the individual 

primary phases on a micro scale and various ions present in the fluid (Steiner, 1977).  

 

In the context of hydrothermal alteration, mass transfer or mass exchange is a measure of the 

amount of a constituent that is lost or gained during the alteration process. It can be expressed 

as changes in the amount of constituent moved per unit volume or mass of rock relative to its 

initial value. In Lahendong it is evident from petrography that the system has undergone several 

stages of mineralization (Chapter Five). However, since the altered rocks studied are the end 

products of series of alteration events the estimated mass transfer is their cumulative results.  
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4.2. Response of primary phases in fluid-mineral interactions 
 
Hydrothermal mineral assemblages replacing the primary phases (plus those dispersed) in each 

studied well are listed side by side with the directly deposited mineral assemblages and their 

paragenesis (Figure 4.1 to 4.9) – but the later are discussed in Chapter Five. Note that the 

selected depths listed are those having both the replacement and directly deposited 

hydrothermal minerals.  

 

Although reactions between the primary phases and the thermal fluids do not always reach 

equilibrium it is important to recognise the direction of the reactions and this can be done by 

examining replacement textures in the thin sections as they are evidences of the reactions 

frozen in progress. Replacement can not be described by stoichiometric chemical reactions, but 

they better represented by volume-preserving reaction equations (Browne, 1998, Merino and 

Dewers, 1998). At Lahendong the textural relationship of the replacement minerals are 

complex, i.e., a primary phase can be replaced by more than one mineral, and that the 

sequence of replacement observed in thin sections are commonly ambiguous. Therefore, based 

on the replacement mineral assemblages (Figures 4.1 to 4.9) the fluid – mineral interactions at 

Lahendong are, for convenience, described according to the following structure: 

1. Response of plagioclase 

2. Response of pyroxene 

3. Response of glass 

4. Response of other primary phases 

 

The chemical compositions of the primary phases (excluding glass) and some of the 

replacement minerals were obtained by EMP (Chapters Two and Three, respectively). None of 

the analysed minerals have stoichiometric compositions. However, they enable deductions to 

be made of element mobility during their formation.  

 
 
4.2.1. Response of plagioclase 
 
4.2.1.1. Complete removal of plagioclase (leaching) 

Complete removal of plagioclase (and other primary phases) is common in the surface rocks 

from the thermal manifestation area where the altering fluid is acid sulfate type. This produces a 

dissolution texture. The most visible example is the outcrop on the bank of Linau Lake (Figure 

3.5). Complete removal of plagioclase in microscopic scale is evident in one subsurface sample, 

i.e., rhyolite lava from LHD-3/600 m (Figure 3.6A), where there is no thermal activity at present. 

Interaction between plagioclase and the acid fluids removes Si, Al, Ca, Na into the solution but 

the silica-saturated fluids then re-deposited silica as amorphous silica micro-spheres into the 

dissolution voids (Figure 3.6B). 
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4.2.1.2. Unaltered plagioclase 

Microlith plagioclase in lavas is often fresh although the accompanying phenocrysts are altered. 

This is because the former has less developed cleavages (Chapter Three). Although rare 

however, phenocrysts plagioclase can be fresh, e.g., as in LHD-3/700 m (Figure 4.2) and LHD-

8/1505 m (Figure 4.7). 

 

4.2.1.3. Alteration of plagioclase to alkali silicates assemblage (examples in Figure 4.10A 
            and B)  

The alkali silicates replacing plagioclase are albite and adularia. Alteration of plagioclase to 

albite requires removal of Ca2+, also changes in Al3+ and Si4+, and addition of Na+ from the fluid 

(R.4.1).  Replacement of plagioclase by adularia requires removal of both Na+ and Ca2+ and 

addition of potassium from the fluid (R.4.2). Alteration of plagioclase in this assemblage is 

seldom complete. Quartz and illite in places join the albite  adularia assemblage, although they 

are likely to form through different reactions (R.4.12). 

 

(Ca,Na)plagioclase + Si4+ + Na+  albite + quartz +Ca2+ + Al3+    (R.4.1) 

(Ca,Na)plagioclase + Si4+ + K+  adularia + quartz + Na+ + Ca2+ + Al3+   (R.4.2) 

 

4.2.1.4. Alteration of plagioclase to calc-silicate assemblages (examples in Figure 4.11.A – 
             D) 

Plagioclase altered partially to epidote or incipient epidote, clinozoisite, wairakite, prehnite, 

pumpellyite, actinolite, titanite, and very rarely, tourmaline. Replacement of plagioclase to calc-

silicates requires addition of water and various proportions of calcium and other cations from the 

fluids. Iron must be gained to form epidote, prehnite, pumpellyite, actinolite, and perhaps 

tourmaline (R.4.3 – 4.7). Addition of magnesium is needed for actinolite to form (R.4.5), and 

possibly pumpellyite (R.4.5) and tourmaline (R.4.7). Boron and aluminium must be added to 

form tourmaline (R.4.7). Titanium is added to form titanite (R.4.8). Addition of fluorine may have 

taken place to form titanite, actinolite, and tourmaline (R.4.6 - 4.8). Replacement was 

accompanied by release of silicon, aluminium, and sodium to form titanite (R.4.8). Replacement 

by wairakite suggested addition of water and release of aluminium and sodium to the fluid 

(R.4.9).  

(Ca, Na)-plagioclase + water + Ca2+ + Fe3+
 epidote + Na+ + H+    (R.4.3) 

(Ca, Na)-plagioclase + water + Ca2+  prehnite + Na+ + H+     (R.4.4) 

(Ca, Na)-plagioclase + water + Ca2+ + Fe2+ + Fe3+ + Mg2+  pumpellyite + Na+ + H+  (R.4.5) 

(Ca, Na)-plagioclase + water + Ca2+ + Mg+ + Fe2+ + F actinolite + Na+ + H+  (R.4.6) 

(Ca, Na)-plagioclase + water + Ca2+ + Al3+ + Mg2+ + Fe2+ + Fe3+ + B + F   

tourmaline + Na+ + H+   (R.4.7) 

(Ca, Na)-plagioclase + water + Ca2+ + Ti+ + F  titanite + SiO2 + Al + Na+   (R.4.8) 

(Ca, Na)-plagioclase + water  wairakite + Al + Na+     (R.4.9) 
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Figure 4.1. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-1. 

Refer to Figure 3.9 for abbreviation of mineral names. Note for space-fill paragenesis: mineral names in regular and italic fonts indicates mineral 
deposition in vein and vug, respectively; wiggled line = fracturing event; wiggled line with triangles = vein brecciation event. Refer to Figure 3.7 for 
symbols of deposition textures. See text for explanation. 
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Figure 4.2. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-3. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.3. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-4. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.4. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-5. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.5. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-6. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.6. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-7. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.7. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-8. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.8. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-10. See 

Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.9. Summary of replacement and dispersed hydrothermal mineral assemblage (Left) and space-fill minerals and their paragenesis (Right) in LHD-13. 

See Figure 4.1 caption for notes, and text for explanation. 
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Figure 4.10. A.Photomicrograph of plagioclase replaced by adularia which is spatially associated with 

calcite and quartz (LHD-3/1620 m). Here calcite and quartz may have formed earlier than 
adularia. 
B.Photomicrograph of plagioclase replaced by adularia and albite which are spatially 
associated with calcite and wairakite (LHD-1/1850 m). Calcite may have formed later than 
adularia and albite although this is not conclusive from the thin sections. 
 

 

 
Figure 4.11. Photomicrograph of plagioclase partially replaced by epidote (A), pumpellyite (B), prehnite 

(C), and actinolite (D).  
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4.2.1.5. Alteration of plagioclase to clays including chlorite (example in Figure 4.12A and B) 

To replace plagioclase with clays – including chlorite, water must be added. To form of Ca-

smectite Na and Si must have been removed (R.4.10). During the formation of Fe-Mg chlorite 

Fe and Mg must have been taken from solution (R.4.11). Addition of K and removal of Na and 

Ca took place during the formation of illite (R.4.12.). 

 

(Ca,Na)-plagioclase + water  (Ca,Na)smectite + SiO2    (R.4.10) 

(Ca,Na)-plagioclase + water + Mg2+ + Fe  (Mg,Fe)chlorite + Ca2+ + H+ + Al3+ (R.4.11) 

(Ca,Na)-plagioclase + water + K+  illite + quartz + Na+ + Ca2+   (R.4.12) 

 

 

 
Figure 4.12. Photomicrograph of plagioclase partially replaced by chlorite in LHD-10/375 m (A), and by 

illite in LHD-10/1242 m (B). 

 

4.2.1.6. Alteration of plagioclase to anhydrite (example in Figure 4.13) 

Addition of sulfate and removal of sodium, aluminium and silicon must have taken place to 

replace plagioclase with by anhydrite (R.4.13).   

 

(Ca,Na)- plagioclase + SO4
2-  Anhydrite + SiO2 + Al3+ + Na+  (R.4.13) 

 

4.2.1.7. Alteration of plagioclase to hematite (example in Figure 4.14)  

Hematite partially replaced plagioclase from fractures (example from LHD-4/650 m in Figure 

4.J). Alteration of plagioclase to hematite is common in the southern parts of the system (cluster 

LHD-4, and LHD-13). The altering fluid was probably cool, oxygen-rich groundwater. Since 

plagioclase contains insignificant amount of iron (i.e., Fetotal ~1 wt%, see Table 2.2) Fe3+ must 

have been taken from the fluids (R.4.14). 

 

(Ca,Na)- plagioclase + Fe3+  Hematite + SiO2 + Al3+ + Na+ + H+ (R.4.14) 
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Figure 4.13. Partial replacement of plagioclase (Lower,Right) by anhydrite (LHD-1/902 m). 

 

 

 

 
Figure 4.14. Partial replacement of plagioclase by hematite (LHD-4/650 m). 

 
 
4.2.2. Response of pyroxene  

Pyroxenes alter more readily than plagioclase (Chapter Three) but the assemblages formed are 

less diverse (Figures 4.1 – 4.9, left). The most common products of alteration of pyroxene are 

chlorite  calcite (Figure 4.15A) and chlorite  calc-silicates (Figure 4.15B), and less commonly 

anhydrite (Figure 4. 13) and hematite.  
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4.2.2.1. Alteration of augite to chlorite  calcite (example in Figure 4.15A). 

Augite readily alters to chlorite that is often spatially associated with calcite. This requires 

addition of water, aluminium, silicon and CO2 (R.4.16).   

 

Augite + water + Al3+ + SiO2 + CO2   (Fe,Mg)chlorite + calcite   (R.4.16) 

 

 

Figure 4.15. Photomicrographs of augite partially replaced by chlorite and calcite in LHD-4/650 m (A) 
and  hypersthene completely replaced of by chlorite that is spatially associated with calcite 
and incipient epidote in LHD-4/1350 m (B). 

 

4.2.2.2. Alteration of augite to anhydrite  
 
Alteration of pyroxene to anhydrite (example in Figure 4.13, left) involved addition of sulfate 

from the fluid and removal of aluminium, silicon, iron and magnesium (R.4.17). In places 

anhydrite is spatially associated with calcite (e.g. in LHD-1, Figure 4.1 Left), but alteration of 

augite to calcite is likely to take place through a different reaction (R.4.18).  

 

Augite + SO4
2-  anhydrite + Al3+ + SiO2 + Fe2+ + Fe3+ + Mg2+  (R.4.17) 

Augite + CO2  calcite + Al3+ + SiO2 + Fe2+ + Fe3+ + Mg2+   (R.4.18) 

 

4.2.2.3. Alteration of hypersthene to chlorite 

Alteration of hypersthene to chlorite requires addition of water, aluminium, silicon, iron and 

magnesium (R.4.19). 

 

Hypersthene + water + Al3+ + SiO2  (Fe,Mg)chlorite    (R.4.19) 

 

4.2.2.4. Alteration of pyroxene to calc-silicates  

Cal-silicates that commonly replace pyroxene are epidote (or incipient epidote in Figure 4.15 B) 

and titanite, and less commonly actinolite. The formation of calc-silicates to replace pyroxene 
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requires that water is added. Addition of calcium, silicon and aluminium must have taken place 

during alteration of hypersthene to form epidote (R.4.20). Magnesium and Fe2+ must have been 

removed, but Fe3+ was added to alter augite to epidote (R.4.21). Addition of silicon and fluorine 

but removal of magnesium must have taken place to alter augite to actinolite (R.4.22). 

Additional titanium and fluorine, but removal of aluminium, iron, and magnesium are necessary 

to form titanite (R.23). 

 

Hypersthene + water + Ca2+ + Al  epidote + Mg2+   (R.4.20) 

Augite + water + Fe3+   epidote + Fe2+ + Mg2+   (R.4.21) 

Augite + water + SiO2 + F+  actinolite + Mg2+   (R.4.22) 

Augite + water + Ti + F+  titanite + Al + Fe2+ + Fe3+ + Mg2+ (R.4.23) 

 

4.2.2.5. Alteration of hypersthene to hematite  

Alteration of pyroxene to hematite needs addition of Fe3+ from the fluid and release of 

magnesium and silicon (R.4.24). 

 

Hypersthene + Fe3+
 hematite + Mg2+ + Si    (R.4.24) 

 
4.2.3. Response of glass 
 
4.2.3.1. Unaltered glass 

A glassy groundmass is often unaltered regardless of the overall alteration intensity of the whole 

rock. The low alteration susceptibility in glass is controlled by a kinetic affect (e.g. Helgeson et 

al., 1984). Penetration of fluid into glass through diffusion is much slower than into minerals with 

cleavages (Chapter Three).   

 
 
4.2.3.2. Alteration of glass to clays 

Alteration of glass to clays requires addition of water, and aluminium from the fluid. Addition of 

calcium, iron plus magnesium, and potassium is essential to produce Ca-smectite, Fe-Mg 

chlorite, and illite, respectively (R.4.25 to 27). Alteration of glass to chlorite or smectite is often 

complete, but alteration of glass to illite is always incomplete. When chlorite and illite are 

coexist, chlorite is the dominant phase. Photomicrograph of glass altered to smectite, and to 

chlorite is given in Figure 4.16A and B, respectively.  

 

SiO2 + water + Al3+ + Ca2+  Ca-smectite    (R.4.25) 

SiO2 + water + Al3+ + Fe2+ + Fe3+ + Mg+  (Fe,Mg) chlorite  (R.4.26) 

SiO2 + water + Al3+ + K+  illite     (R.4.27) 
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Figure 4.16. Photomicrograph of glass replaced by smectite in LHD-7/1568 m (A) and by chlorite in 

LHD-7/1754 m (B).  

 

4.2.3.3. Alteration of glass to hematite 

Alteration of glass to hematite involves complete removal of SiO2 by the fluid, and reaction 

between oxygen from the fluid with Fe3+ in glass (R.4.28). Alteration of a glassy groundmass in 

the matrix to hematite is always incomplete and patchy.  

 

2Fe3+ + 3O2  2hematite     (R.4.28) 

 

4.2.3.4. Recrystallisation of glass to micro-crystalline quartz (example in Figure 4.16B) 

Hydration of glass formed micro-crystalline quartz which then recrystallised to larger grained 

aggregates with mosaic patterns.  

 
4.2.4. Response of other primary phases 

Other primary phases present are quartz (in rhyolite only), apatite, ilmenite, and magnetite. 

Quartz and apatite remain unaltered. Ilmenite possibly altered to titanite through removal of iron 

and addition of water, silicon, calcium and fluoride (R.4.29). Alteration of ilmenite to leucoxene 

requires removal of iron to water (R.4.30). Ilmenite may also alter to pyrite through addition of S 

and removal of titanium and oxygen (R.4.31). Magnetite alters to pyrite though reacting with H2S 

(R.4.32). 

 

Ilmenite + water + SiO2 + Ca2+ + F  Titanite  (R.4.29)  

Ilmenite  Leucoxene + Fe     (R.4.30) 

Ilmenite + S  Pyrite + Ti + O2    (R.4.31) 

Magnetite + H2S  Pyrite + H+    (R.4.32)
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4.3. Cumulative effects of mass transfer during hydrothermal alteration 

 

4.3.1. Introduction 
 
Gresens (1967) formulated a method of quantifying gains and losses that take place in 

metasomatic alteration on the basis of composition – volume relations. Grant (1986) proposed 

an isocon - a graphical solution method for Gresens equation, and Appleyard (1990) proposed a 

mathematical solution and developed SOMA1 and SOMA2 programs to make the necessary 

calculations. Helgeson (1969) evaluated the irreversible reactions in geochemical processes 

involving minerals and aqueous solutions and gave an account on their geologic implications, 

including hydrothermal alteration processes. Helgeson (1971) discussed the kinetics of mass 

transfer among silicates and aqueous solutions using theoretical and empirical approaches. 

 

More specific thermodynamic predictions of mass transfer for hydrothermal system have been 

given by several workers, e.g., Helgeson (1979) and Giggenbach (1984, 1988). Estimates of the 

extent of mass transfer have been made for many New Zealand fields, e.g., on Kawerau 

(Christenson, 1987; Reyes and Vickridge, 1996), Broadlands (Bogie and Browne,1981), 

Waiotapu (Hedenquist,1983), Tauhara (Kakimoto and Browne ,1986), Ohakuri (Henneberger 

and Browne, 1988), Orakeikorako – Te Kopia (Bignall, 1994) and Broadlands-Ohaaki 

(MacIntosh and Simmons, 2002), as well as on the Golden Cross Au-Ag epithermal deposit 

(Simpson et al., 2001). Warren (2005) evaluated the mass transfer in the El P                

Au-Ag deposit in northern Chile.   

 

Mos  of       c    wo k o    ss     sf      g o        sys   s (1990’s o w  ds)       d 

G  s  s’ o  G    ’s     ods o         od f c   o s. T  s c       co     s bo       ods, 

w    by G  s  s’     od  s fo  ow d us  g     A    y  d’s          c   so u  o ,   d G    ’s 

isocon method is applied using the modified graphical presentation proposed by Reyes and 

Vickridge (1996).  

 

Despite several examples of applications   s w    ,  o      u  o ’s k ow  dg  qu  tification of 

mass transfer has been applied only in two Indonesian geothermal systems i.e., Ulumbu, Flores 

(Kasbani, 1996), and Kamojang, West Java (Utami, 1998). In this present work, mass transfer 

c  cu    o s us  g G  s  s’     c    s       d  fo      Lahendong system to understand the 

hydrothermal alteration processes. The result is compared with the conceptual model of mass 

transfer in hydrothermal system developed by Giggenbach (1984 and 1988), and is used to 

evaluate the calculations of water/rock ratios commonly applied to active and extinct 

hydrothermal systems. Parts of this mass transfer study were published in the 28th New Zealand 

Geothermal Workshop 2006 (Appendix J.3).  
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4.3.2. Conceptual Model of Mass Transfer in Hydrothermal System 

Giggenbach (1984) predicted mass transfer processes in hydrothermal that systems involved 

initially magmatic fluids through intermediate to silicic crustal rocks on the basis of the 

thermodynamic stability of hydrothermal minerals. He mentioned that, in a fluid-dominated 

system, replacement of rock components by a fluid component involves 3 major types of 

metasomatism, i.e., 

1. Potassium metasomatism accompanied by silicification in or close to the major fluid 

upflow zones. Rocks here are characterised by the formation of K-feldspar, biotite, or K-

rich clays. 

2. Hydrogen metasomatism caused by attack of CO2 on Ca-aluminium silicates, taking 

place due to rapid conductive cooling or dilution in places adjacent to major upflow 

zones. It is characterised by the formation of Al-rich minerals (micas and other clays) 

and calcite.   

3. Sodium, magnesium, calcium metasomatism associated with descending and heating of 

solutions, taking place in the recharge zone at the perimeter of a hydrothermal system. 

This is characterised by the formation of assemblages containing albite, chlorite, and 

epidote. 

 

Based on this conceptual model of mass transfer (Giggenbach, 1984), Giggenbach (1988) 

developed a theoretical model of a hydrothermal system and the distribution of alteration zones 

(Figure 5.1), assuming full attainment of thermodynamic mineral-fluid equilibrium and uniform 

and isotropic permeability. Giggenbach (1997) explained the occurrence of the basic set of 

hydrothermal minerals in the dynamic systems, where preferential addition and removal of 

components by circulating water and vapor occur. Giggenbach (1997) acknowledged that the 

type of permeability and mixing among fluids travelling different paths influences the distribution 

of hydrothermal minerals, as suggested by Steefel and Lasaga (1992). These were not explicitly 

included in his conceptual model developed in 1988, however. 

 

I  G gg  b c ’s (1988) co c   u    od     d g ss  g   g    s  ssu  d  o occu     d    s of 

about 8-9 km. The isotherms were drawn assuming uniform and isotropic permeability and a 

geothermal gradient of 50oC/km outside the thermal system. Fluids produced by a magma body 

mainly consist of water vapor containing CO2, SO2, H2S, HCl, and HF. As this fluid rises, the 

gases are absorbed and cooled by deeply circulating groundwaters, forming highly reactive, Cl 

and SO4 -rich solutions capable of leaching the wall rocks. The alteration zones produced in this 

strong acid environment is characterised by silicification and advanced argillic alteration.  
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Figure 4. 17. Schematic cross-section of a hydrothermal system with close volcanic-magmatic 
association showing major alteration processes and products identified through 
investigations of mass transfer processes (simplified from Giggenbach, 1988).  

 

 

The fluid then rises further, passing a zone of primary neutralisation by reactions with the host 

rock. It gains Na, K, Mg and Ca in proportions close to those of original rock and converts SO2 

and H2S to pyrite at depth, or alunite and anhydrite at shallower levels. Fluids emerging from the 

zone of primary neutralisation, i.e., NaCl-KCl brines still contain much magmatic H2S and CO2. 

Their low Mg and Ca contents are possibly due to the formation of Mg and Ca-rich alteration 

products such as amphibole, biotite, chlorite, anhydrite and fluorite within the primary 

neutralisation zone (Giggenbach, 1988).  

 

Further rising of the fluid causes minor hydrogen metasomatism, due to secondary 

neutralisation of CO2, and potassium metasomatism (Giggenbach, 1988). The very slow cooling 

(as the fluid ascends) over the deeper central parts of the major upflow zones allows near 

isochemical internal re-equilibration of the rock components, and the attainment of fluid-rock 

equilibrium. Here the fluid will tend to deposit K-minerals at the expense of Na, K, and Ca 

phases, and establish the potassic alteration assemblage. Quartz increases in solubility up to 
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335oC, therefore the K-metasomatism can be accompanied by silicification. At the recharge 

zone surrounding the thermal upflow, heated descending fluids dissolve the K-phases and form 

propylitic alteration assemblage of Na, Mg, and Ca-rich minerals, including albite, chlorite, and 

epidote (Giggenbach, 1997).  

 

Near the surface or the margin of the major upflow zones the temperature gradients are much 

steeper, causing the rapid increase in CO2 reactivity with respect to hydrogen metasomatism 

(Giggenbach, 1988 and 1997). The bicarbonate-rich fluids, form as the steam condenses into 

ground water below the vadose zone where the exsolved CO2 oxidized into bicarbonate. At the 

surface the oxidation of H2S provides source of acidity and environment for intense rock 

leaching (Ellis and Mahon, 1977).  As the solutions cool too fast conductively or through mixing 

with cooler waters the fluid-rock interaction process may not sufficiently neutralise the acidity of 

hotter fluid. Therefore surrounding the major upflow zones at the shallow parts of system the 

potassic alteration is likely accompanied by hydrogen metasomatism or acid alteration. Phyllic 

to argillic alteration zones are established there (Giggenbach, 1997).  

 

4.3.3. Review of the quantitative mass transfer assessment methods 

T   qu        v    ss     sf    ss ss         od us d       s s udy  s b s c   y     G  s  s’ 

composition – volume relations (Gresens, 1967) solved using SOMA programs written by 

Appleyard (1991), and the isocon diagram of Grant (1986) modified by Reyes and Vickridge 

(1991). T   G  s  s’ co  os   o  – volume relations and the solutions by the above mentioned 

authors are reviewed here.  

 

4.3.3.1. Composition – volume relations (Gresens, 1967) 

Considering composition-volume relations in metasomatic alteration Gresens (1967) proposed a 

method of analysis of gains and losses of components that has been applied in many studies of 

hydrothermal alteration.  The basic formula is 

 


















 A

n

B

n

A

B
vn cc

g

g
faX   (Eq. 4-1) 

 

where Xn = total amount of the component n gained or lost; a = starting mass of the component 

in the original mineral (or rock), conveniently set as 100 g because chemical analyses add to 

100 wt%; fv = volume factor, gA and gB = specific gravities of the original mineral (or rock) A and 

alteration mineral (or altered rock) B, respectively; 
A

nc  and 
B

nc  are concentrations of component 

n in minerals (or rocks) A and B, respectively.   
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The volume factor (fv) is unknown, and to solve the equation Gresens (1967) postulated that in 

an alteration process, there is one element or a group of elements that is, or are, relatively 

immobile. This can be tested by a graphical solution. In the diagram of fv versus gains and 

losses (g/100 g of parent rock) these elements simultaneously cross the gain-loss zero line at fv 

values close to 1 (Gresens, 1967).  

 

B s d o  G  s  s’  os u    , A    y  d (1991) proposed a so u  o  by   w     g G  s  s’ 

equation into: 

A

n

B

nAA

BB

n XX
gV

gV
ΔX 













   (Eq. 4-2), 

where nΔX  is the difference in composition between the parent and its altered equivalent, V 

and g represent the volume and the particle density of “      ” (A) and its altered equivalent (B), 

respectively.  
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    (Eq. 4-3), 

and set nΔX = 0 for the immobile element n so that: 

B

n

A

n

B

A
0

v
X

X

g

g
f      (Eq.4-4) 

 

Now fv is renamed as fv
0 to indicate that no net mobility of the element n. The equation (Eq.4-4) 

becomes the basis of the SOMA1 program (Appleyard, 1991) which is used to calculate zero 

elemental mass changes and recognise the group immobile elements in this study. Immobile 

elements will have similar fv
o values close to zero.  

 

In addition, another output of the SOMA1 program is the conversion of the component 

concentrations into elemental concentrations expressed according to the selected mode; in this 

work g/100 cm3 for major and g/m3 for trace elements, respectively.  

 

The compositional change values (gain and loss systematics) are calculated based on equation 

(Eq. 4-3) using the immobile elements as constraints. In this study it is calculated by using 

SOMA2 program (Appleyard, 1991).  

 

4.3.3.2. Isocon diagram (Grant, 1986)  

Grant (1986) considered that the fictitious fv value corresponding to zero compositional change 

may be mathematically correct bu  obscu  s          v  u  of     G  s  ’s     od. H  

proposed a more direct method as follows.  
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i

O

i

A

i ΔMMM      (Eq. 4-5a), if re-w       us  g G  s  ’s  o    o s 

becomes: 

n

A

n

B

n ΔXXX      (Eq. 4-5b) 

meaning that the mass of component n after alteration equals the original (unaltered) mass plus 

any change in mass of that component. Dividing (Eq. 4-5b) by the mass of an unaltered sample 

to get a concentration unit: 
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X
     (Eq. 4-6) 

and relating the final concentration 
B

B

n

X

X
 to the original by multiplying (Eq. 4-6) by 

B

A

X

X
: 













A

n

A

A

n

B

A

B

B

n

X

ΔX

X

X

X

X

X

X
   (Eq. 4-7) 

Using concentration unit: 
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    (Eq. 4-9) 

If the immobile component is identified, i.e., 0ΔCn  , therefore: 
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     (Eq. 4-10); 

this can be re-written as a general equation of isocon (a line of equal concentration): 
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A
B C

X

X
C 








     (Eq. 4-11) 

When the analytical data 
A

nC are plotted against 
B

nC , the immobile components plot along a 

straight line through the origin with slope XA
/X

B. If it is assumed that the mass of a component 

does not change after the alteration process, then CB
 = C

A
. 

 

G    ’s so u  o  fo  G  s  ’s  qu   o  does not ignore the importance of specific gravity (g), 

because if one needs to assume constant volume then C
B
 can be expressed as (g

A
/g

B
)C

A. 

However, it is more practical, especially when no realistic specific gravity data can be obtained, 

for example, due to the disintegration of the samples during their saturation in liquid.  
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4.3.3.3. Modified isocon diagram (Reyes & Vickridge, 1996)  

Reyes and Vickridge (1996)  od fy     g     c      s      o  of       su  s f o  G    ’s  soco  

method by converti g G    ’s  soco  fo  u a (Eq. 4-11) into a logarithmic form: 

 

logCB = logC
A + log(X

A
/X

B
)   (Eq. 4-12) 

 

An isocon of slope 1 (CA
 = C

B, so that log (XA
/X

B
) = 0) is drawn through the origin of the diagram 

of logC. The relatively immobile components plot at, or very close to, this line.  Lines showing 

relative gains and losses (i.e., the C
B
/C

A ratios) are drawn parallel to this isocon line, allowing 

graphical assessment of the magnitude of enrichment or depletion of components.  

 

4.3.4. Sampling and analytical techniques 

 

Thirty altered (intensity of alteration or I.A.  0.4 – 0.8) and f v     s        d (I.A ≤ 0.2) cores 

were selected as representatives of the subsurface lithology and variations in hydrothermal 

alteration. These are from LHD-1, 3, 4, 5, 7, and 10. The shallowest available sample is from 

LHD-1 (300 m depth). In addition, one fresh surface andesite lava, and two altered rocks from 

thermal areas were also analysed.  

 

Ideally, in order to assess the extent of mass transfer, an altered rock is best compared to its 

precursor or original counterpart, i.e., fresh rocks from the same flow. But since this ideal 

situation does not exist at Lahendong the altered rocks are compared to a least altered rock (I.A 

~0.1) of similar primary mineralogy, which is considered to represent the precursor. Same 

precursor –       d  ock     s w    us d    bo       A    y  d’s   d      od f  d  soco  

solution methods. In the case of the Pre-Tondano andesite and the Diorite intrusion units, which 

do not have available precursor rocks with the least altered criteria, the altered rocks were 

compared with andesite lava (I.A ~0.1) from the Post-Tondano andesite unit (LHD-1/300 m) that 

has similar primary mineralogy.  

 

To asses the mass transfer in the surficial parts of the system two altered surface rocks from 

Lahendong and Kasuratan thermal areas were analysed. They likely belong to the 

Pangolombian andesite, the Kasuratan andesite units, respectively. Since no fresh (unaltered 

and unweathered) samples from their units were available, the fresh andesite lava from the 

Linau andesite unit was selected to represent their precursor rock composition. 

 

The mineralogy was determined by petrography and X-ray diffraction (XRD; mainly for clays). 

Electron microprobe (EMP) was used to determine the chemical compositions of minerals of 

some of the subsurface rocks.  As fluid-rock interactions are recorded by the replacement 
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mineralogy, the rocks were carefully split to avoid veins (as best could be done) so that only wall 

rocks were analysed. 

 

The rocks were crushed using tungsten carbide mill. X-ray fluorescence (XRF) techniques were 

applied to quantitatively determine the concentrations of trace and major elements in the 

samples. Major elements were determined on glass fusion discs prepared from oven-dried rock 

powder mixed with Norrish-Hutton flux. The trace elements were analysed in pressed powder 

briquettes prepared from the rock powder backed with methyl cellulose glue (modified from 

Parker et al., 1993). T    ock      c   d  s  y v  u s,   qu   d fo  A    y  d’s solution, were 

calculated from the bulk, the wet and the dry densities measured using the buoyancy method 

(Appendix F). Since the surface samples disintegrated easily, no density measurements were 

made of them. The results of the analyses are summarised in Tables 4.1 and 4.2. The inference 

of the minerals hosting the major and the trace elements were based on Deer et al. (1978, 

1982, 1986, 1992, and 2004), Bailey (1988), and Goldschmidt (1958).  

 

4.3.5. Subsurface rock chemistry 

 

The compositions of the rocks are given in Tables 4.1 (major elements, expressed as oxides) 

and 4.2 (trace elements). The whole rock chemistry records the initial composition of the rocks 

and the effects of hydrothermal alteration. However, although most of the cores are moderately 

to intensively altered (I.A 0.4 – 0.8) plots in Harker bivariate diagrams (following Gill, 1981; 

Wilson, 1993) show that most oxides (Al2O3, Fe2O3, MnO, MgO, CaO, and TiO2) correlate 

negatively with silica contents, and K2O increases progressively with increasing silica (Figure 

4.18). In sympathy with an increase of K2O, Rb and Ba increases, whereas Sr decreases 

(Figure 4.19).  

 

The compatible group (Ni, Cr, V and Sc) and the chalcophile group (Cu and Zn) correlate 

negatively with silica (Figure 4.20). Sc correlates positively with Al2O3 (Figure 4.21). These 

results mean that the alteration processes in the subsurface at Lahendong still retain the 

characteristics of the island arc igneous host rocks.  
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Table 4.1. Intensities of alteration (I.A), particle densities (rp), major elements and minerals in Lahendong rock samples 

Lab Code Well M.D Rock I.A rp SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O LOI (%) Total

(m) POST-TONDANO ANDESITE (g/cc) % % % % % % % % % % % % Plg Opx Cpx Qtz Bio Glass Qtz Alb Adu Epi Amp Act Pum Pre Tit Wai Cal Sid Hem Pyr Anh Chl Sme Ill

PW-13 LHD-1 300 Pyroxene andesite lava <0.1 2.73 58.46 16.38 7.54 0.14 3.17 6.76 3.24 1.38 0.75 0.16 1.16 0.72 99.86 X X X X

PW-5 LHD-4 350 Pyroxene andesite lava <0.1 2.74 58.50 16.13 7.36 0.15 3.23 6.91 3.15 1.27 0.70 0.14 0.81 1.12 99.47 X X X X X

PW-7 LHD-5 500 Andesite lava 0.2 2.69 56.38 16.62 8.03 0.16 3.33 7.27 3.00 1.42 0.78 0.19 0.36 2.21 99.75 X X X X X X X

PW-25 LHD-7 560 Altered pyrox. andesite lava 0.4 2.70 58.92 16.65 7.07 0.13 2.78 6.81 3.38 1.43 0.72 0.16 0.50 0.76 99.31 X X X X X X? X

PW-34 LHD-7 902 Altr. vesicular andesite lava 0.3 2.74 48.45 17.01 10.02 0.20 5.91 10.64 2.10 0.15 0.73 0.11 2.92 1.65 99.90 X X X X

TONDANO RHYOLITE

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff 0.75 2.69 44.94 16.45 8.09 0.19 2.35 12.59 2.52 1.08 0.69 0.15 0.70 10.10 99.85 X X? X? X X X X

PW-29 LHD-3 500 Altered volcanic breccia 0.5 2.47 59.36 16.06 6.81 0.11 2.19 5.70 3.55 1.34 0.72 0.15 2.30 0.98 99.26

PW-4 LHD-3 700 Pumiceous rhyolitic lava <0.1 2.00 77.00 11.52 0.89 0.02 0.05 0.70 3.64 3.70 0.12 0.02 1.07 0.64 99.36 X X X X X?

PW-21 LHD-4 652 Altered tuff breccia 0.8 2.54 60.48 15.82 5.96 0.12 2.53 6.58 2.19 0.87 0.73 0.18 1.89 2.21 99.56 X X? X? X X

PW-26 LHD-7 1754 Altered welded rhyolitic tuff 0.7 2.64 67.90 14.93 3.33 0.08 0.82 2.87 3.75 2.69 0.35 0.08 0.17 2.45 99.41 X X? X? X X X X X? X

PW-35 LHD-7 2052 Altered welded rhyolitic tuff 0.7 2.67 69.39 14.90 3.02 0.07 0.79 2.83 3.62 2.71 0.33 0.07 0.41 1.63 99.77 X X X X X X X

PRE-TONDANO ANDESITE

PW-1 LHD-1 650 Altered tuff 0.6 2.65 46.55 19.59 9.63 0.18 4.37 9.99 2.42 0.09 0.82 0.17 0.15 5.82 99.78 X X X X X X X

PW-14 LHD-1 801 Altered tuff breccia 0.75 2.67 67.95 14.10 5.47 0.07 2.36 2.43 2.08 1.10 0.55 0.11 0.49 2.78 99.49 X X? X? X X X X X

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff 0.75 2.69 44.94 16.45 8.09 0.19 2.35 12.59 2.52 1.08 0.69 0.15 0.70 10.10 99.85 X X? X? X X X X

PW-16 LHD-1 902 Altered tuff breccia 0.4 2.72 51.24 18.95 8.20 0.10 4.85 5.94 4.27 0.36 0.68 0.10 0.42 3.61 98.72 X X X X X X

PW-2 LHD-1 1150 Altered andesite lava 0.5 2.60 61.01 17.03 5.63 0.13 1.52 4.86 4.45 1.82 0.75 0.24 0.12 1.91 99.47 X X X X X X

PW-17 LHD-1 1152 Altered tuffaceous siltstone 0.8 (?) 2.69 46.47 10.55 5.18 0.18 2.26 16.93 2.80 1.30 0.49 0.12 0.21 13.05 99.55 X X? X? X X X X

PW-18 LHD-1 1450 Altered tuff breccia 0.6 2.79 46.24 18.17 11.25 0.18 6.88 10.09 2.58 0.44 0.74 0.10 0.74 2.53 99.93 X X X X X X X X

PW-19 LHD-1 1650 Altered water-laid tuff 0.2 (?) 2.74 50.55 17.68 8.85 0.19 5.04 5.76 5.49 0.53 0.85 0.10 0.39 3.83 99.26 X X X X

PW-20 LHD-1 1851 Altered andesite lava 0.3 2.81 49.21 18.54 10.60 0.18 4.90 8.66 3.87 0.66 0.90 0.18 0.29 1.48 99.47 X X X X

PW-3 LHD-1 2101 Altered vol-deriv.siltstone 0.5 2.58 45.73 18.77 10.48 0.20 4.60 11.37 0.91 0.12 0.98 0.11 0.12 6.79 100.18 X X X X X

PW-30 LHD-3 1001 Fossiliferous siltstone 0.1 (?) 2.69 24.59 5.09 2.64 0.15 0.83 33.94 0.18 0.89 0.21 0.09 1.99 29.05 99.64 X X X

PW-31 LHD-3 1201 Altered volcanic breccia 0.6 2.65 67.54 14.04 3.34 0.11 1.12 3.11 3.42 1.99 0.36 0.08 0.75 2.80 98.66 X X X X X X

PW-32 LHD-3 1620 Altr. Tuff with lava fragment 0.7 2.71 44.92 16.71 9.18 0.18 5.89 10.47 2.51 0.45 0.64 0.07 3.58 5.41 100.01 X X X X X X X X X X

PW-33 LHD-4 850 Altr. Pyroxene andesite lava 0.6 2.70 58.42 16.81 7.47 0.09 2.35 6.21 3.30 1.51 0.74 0.17 1.48 1.20 99.73 X X X X X X

PW-22 LHD-4 1002 Altered volcanic breccia 0.5 2.67 24.72 5.16 2.68 0.16 0.85 34.41 0.16 0.97 0.20 0.09 1.45 29.10 99.96 X X? X? X X X X X

PW-6 LHD-4 1350 Altered andesite lava 0.8 2.64 59.82 15.14 6.63 0.13 2.97 6.40 2.90 1.23 0.65 0.13 0.18 3.37 99.57 X X X X X X X X

PW-23 LHD-4 2304 Altered andesite lava 0.6 2.66 58.02 15.88 7.00 0.13 3.07 6.75 2.78 1.66 0.67 0.13 0.19 3.38 99.66 X X X X X X X X

PW-24 LHD-5 650 Altered volcanic breccia 0.75 2.65 56.35 18.47 8.52 0.12 2.69 6.19 2.03 0.37 0.80 0.12 0.28 3.58 99.53 X X X X? X? X X

PW-11 LHD-5 1330 Altered andesite lava 0.5 2.62 53.31 17.85 8.09 0.15 3.33 8.92 3.05 0.84 0.92 0.18 0.02 2.52 99.18 X X? X? X X X? X X X X

PW-27 LHD-10 2187 Altered volcanic breccia 0.8 2.57 69.03 14.01 4.20 0.08 1.18 3.20 3.66 2.18 0.46 0.10 0.11 1.10 99.31 X X? X? X X X X? X

DIORITE INTRUSION

PW-8 LHD-5 750 Altered diorite 0.7 2.76 46.34 18.93 9.75 0.22 4.87 10.94 2.33 0.34 0.83 0.14 0.95 4.44 100.07 X X? X? X X X X X

PW-9 LHD-5 1101 Altered diorite 0.6 2.74 54.41 17.17 7.98 0.18 3.16 8.38 2.56 0.18 0.74 0.16 0.12 3.50 98.56 X X? X? X X X X X

PW-10 LHD-5 1893 Altered diorite 0.5 2.78 64.36 15.30 4.62 0.08 1.59 4.06 3.52 2.29 0.53 0.14 0.47 1.81 98.77 X X? X? X X X X X

Unit Location SURFACE ROCKS Hem Leu ASi

LINAU-1 Linau Linau Andesite lava 0 n.a 60.28 16.27 7.24 0.14 2.94 6.54 3.28 1.43 0.69 0.14 0.31 0.46 99.73 X X X X X

PANGO-1 Pangolombian Lahendong Altered tuff ~0.9 n.a 58.55 17.30 2.26 0.02 0.45 0.27 0.00 0.18 0.69 0.10 10.01 9.70 99.55 X X

KASUR-2 Kasuratan Kasuratan Altered lava (?) ~1 n.a 86.90 2.70 0.27 0.00 0.02 0.11 0.08 0.14 1.18 0.05 3.06 5.29 99.80 X X (?) X (?) X (?) X X

Possible hosts Primary Qtz Ca-Plg Opx Opx Ca-Plg Na-Plg Glass Apa Abbreviations:

Silicates Opx Cpx Cpx Cpx Glass Act : actinolite Ill : illite

Glass Cpx Glass Adu : adularia Lau : laumontite

Glass Alb : albite Leu : leucoxene

Amp : amphibole Na-plg : Na-plagioclase

Second. Qtz & Adu Act Mn-Cal Act Epi Na-Sme Adu Tit ASi : amorphous silica Na-sme: Na-smectite

ASi Epi Epi Ill Pum Tit Alb Ill Anh : anhydrite Opx : ortho-pyroxene

Silicates Wai Pum Chl Wai Wai Apa : apatite Plg : plagioclase

Lau (FeO & Fe2O3) Sme Act Bio : biotite Pre : prehnite

Pum Hem Pum Ca-plg : Ca-plagioclase Pum : pumpellyite

Alb Chl Ca Cal : calcite Qtz : quartz

Sme Sme Anh Chl : chlorite Sid : siderite

Chl Sid (FeO) Chl Cpx : clino-oyroxene Sme : smectite

Ill Ca-Sme Epi : epidote Tit : titanite

Hem : hematite Wai : wairakite

Primary constituents Replacement minerals 
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 Table 4.2. Trace elements and minerals in Lahendong rock samples

Lab Code Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y Zr Nb Ba La Ce Pb Th U As

(m) POST-TONDANO ANDESITE ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

PW-13 LHD-1 300 Pyroxene andesite lava 23 179 28 10 44 60 16 34 257 28 123 4 220 8 21 7 3 2 7

PW-5 LHD-4 350 Pyroxene andesite lava 28 196 21 10 64 53 16 28 196 21 10 64 53 16 20 6 3 3 9

PW-7 LHD-5 500 Andesite lava 28 201 26 11 57 67 17 31 274 28 106 4 186 9 28 6 1 2 n.a

PW-25 LHD-7 560 Altered pyroxene andesite lava 24 182 22 9 97 55 17 35 277 27 124 4 214 6 28 5 3 1 7

PW-34 LHD-7 902 Altr. Vesicular andesite lava 40 301 216 23 93 69 17 2 295 17 37 2 80 4 6 4 0 2 n.a

TONDANO RHYOLITE

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff 42 203 19 11 41 75 17 18 367 20 45 1 185 3 9 5 0 2 8

PW-29 LHD-3 500 Altered volcanic breccia 24 147 65 6 41 56 16 32 258 28 111 3 277 5 25 9 4 3 7

PW-4 LHD-3 700 Pumiceous rhyolitic lava 4 5 3 0 5 15 11 92 51 30 105 5 423 15 36 15 6 3 10

PW-21 LHD-4 652 Altered tuff breccia 30 189 22 8 46 46 16 32 264 26 100 3 171 6 24 9 3 1 26

PW-26 LHD-7 1754 Altered welded rhyolitic tuff 8 56 7 4 18 39 13 63 200 23 160 4 372 10 25 12 5 2 n.a

PW-35 LHD-7 2052 Altered welded rhyolitic tuff 7 49 19 3 17 33 13 75 176 23 157 4 350 7 20 13 6 2 n.a

PRE-TONDANO ANDESITE

PW-1 LHD-1 650 Altered tuff 41 286 79 22 100 78 18 1 298 20 53 2 45 7 16 4 0 1 8

PW-14 LHD-1 801 Altered tuff breccia 24 154 9 6 47 65 14 22 351 19 98 3 268 6 18 7 2 2 9

PW-16 LHD-1 902 Altered tuff breccia 30 202 13 9 24 68 17 3 451 21 101 2 117 5 19 5 0 2 n.a

PW-2 LHD-1 1150 Altered andesite lava 22 90 4 2 24 64 17 38 351 36 143 4 268 9 26 9 2 2 n.a

PW-17 LHD-1 1152 Altered tuffaceous siltstone 18 119 37 22 37 77 13 35 303 21 79 4 396 11 21 11 4 2 n.a

PW-18 LHD-1 1450 Altered tuff breccia 37 296 42 27 70 69 17 9 312 16 30 1 71 3 14 3 0 3 n.a

PW-19 LHD-1 1650 Altered water-laid tuff 31 293 53 29 99 87 19 7 690 21 77 2 128 10 24 6 1 2 n.a

PW-20 LHD-1 1851 Altered andesite lava 37 353 20 21 91 84 18 6 781 23 71 2 271 5 18 5 0 2 n.a

PW-3 LHD-1 2101 Altered vol-deriv.siltstone 25 305 23 12 41 69 19 4 171 18 66 2 33 3 16 6 1 3 n.a

PW-30 LHD-3 1001 Fossiliferous siltstone 12 54 28 20 28 34 7 45 682 15 39 3 163 13 18 9 3 2 n.a

PW-31 LHD-3 1201 Altered volcanic breccia 7 47 17 2 11 41 13 48 181 25 157 4 317 10 24 9 4 2 n.a

PW-32 LHD-3 1620 Altr. Tuff with lava fragment 44 204 154 37 52 62 16 7 293 15 44 1 35 2 13 6 1 1 n.a

PW-33 LHD-4 850 Altr. Pyroxene andesite lava 33 189 35 11 24 48 17 37 280 29 130 4 217 11 30 7 3 2 9

PW-22 LHD-4 1002 Altered volcanic breccia 11 53 25 16 26 48 6 46 682 15 38 3 178 13 17 10 4 3 n.a

PW-6 LHD-4 1350 Altered andesite lava 24 162 32 10 50 52 15 27 242 25 122 3 190 8 25 8 2 2 n.a

PW-23 LHD-4 2304 Altered andesite lava 25 168 30 11 58 53 16 35 253 25 128 4 212 7 25 7 2 3 n.a

PW-24 LHD-5 650 Altered volcanic breccia 35 270 58 16 84 70 17 10 235 20 71 2 91 2 15 4 2 2 10

PW-11 LHD-5 1330 Altered andesite lava 18 94 8 4 24 35 15 53 230 28 165 5 314 12 34 8 3 2 n.a

PW-27 LHD-10 2187 Altered volcanic breccia 13 71 15 5 35 43 13 48 172 29 150 4 336 9 26 9 3 2 n.a

DIORITE INTRUSION

PW-8 LHD-5 750 Altered diorite 42 268 69 28 99 67 18 9 336 19 37 2 67 2 15 4 1 1 7

PW-9 LHD-5 1101 Altered diorite 33 224 34 11 63 76 17 3 259 23 96 3 81 4 24 3 1 2 n.a

PW-10 LHD-5 1893 Altered diorite 36 288 16 8 108 71 18 19 301 25 78 3 146 6 22 4 2 2 n.a

Unit Location SURFACE ROCKS

LINAU-1 Linau Linau Andesite lava 27 178 25 7 66 61 16 34 227 31 128 4 229 11 25 7 3 2

PANGO-1 Pangolombian Lahendong Altered tuff/Pangolombian 15 107 6 1 4 25 18 42 36 54 195 6 190 17 35 7 3 2

KASUR-2 Kasuratan Kasuratan Altered lava (?) 3 39 5 0 8 2 4 19 7 6 202 6 184 3 9 6 2 3

Posible host Px Tita Px Px Pyr Px Px Plg Plg Apa Zir Epi Px Plg Apa Apa Apa Tita Iron pyr

Pum Pum Epi Epi Pum Amp Pum Bio Apa Cal Tita Tit Plg Apa Anh Cal Cal Zir Arsenopyr(?)

Chl Pum Pum Epi Pum Epi Anh Pum Pum Bio Cal Pum Tita

Chl Chl Chl Epi Wai Epi Epi Apa Epi Epi Zir

Sme Chl Anh Anh Tita Pyr

Cal Cal

Pyr Wai  
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Figure 4.18.  

Harker bivariate diagram between oxides and 
silica contents of the Lahendong subsurface 
rocks.  

Key: blue dot = Post-Tondano andesite; green 
triangle = Tondano rhyolite; pink dot = Pre-
Tondano andesite; brown box = diorite.  
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Figure 4.19. 
  
Harker bivariate diagram between K2O and Rb, Ba, and Sr contents of 
the Lahendong subsurface rocks. Key as in Figure 4.18. 
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Figure 4.20. Harker bivariate diagram between the compatible (Ni, Cr, V, and C), the chalcophile (Cu 

and Zn) groups and silica contents of the Lahendong subsurface rocks.  Key as in 
Figure 4.18.  
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Figure 4.21. Harker bivariate diagram Sc and Al2O3 contents of the Lahendong subsurface rocks. 

Key as in Figure 4.18.  

 
 
4.3.6. Identification of immobile elements 
 
Rock compositions calculated using SOMA1 program, where the concentrations of elements 

are expressed in g/100 cm3 (major) and g/m3 (trace), are given in Table 4.3. Identification of 

relatively immobile element(s) is a pre-requisite in assessing the mass transfer using the 

A    y  d’s so u  o  fo  G  s  s’     od. The relative mobility of elements throughout all 

precursor-altered rock pairs, as the output of the SOMA1 program (Table 4.4), are 

graphically portrayed in histograms (Figures 4.22 – 4.25). A cluster of elements whose fv
o 

values tend to be very similar constitutes a group of possibly immobile elements. In the 

Lahendong samples most of the elements have varying degree of mobility, and each rock 

unit has its specific group of possibly immobile elements.  

 

In the Post-Tondano andesites Al and Ti tend to cluster at log fv
o of 0 to (-0.03) giving a 

narrow range of FVo values of 1 to 0.93.  In the Tondano rhyolites Y and U cluster at log fv
o of 

-0.03 to 0.03 (FVo = 0.93 to 1.07), or at -0.12 to -0.09 (FVo = 0.76 to 0.81).  In the Pre-

Tondano andesites, Al and Ti mostly cluster at log FVo of -0.06 to -0.03 (FVo = 0.87 to 1.07), 

at -0.18 to -0.12 (FVo = 0.66 – 0.75), but in some cases no distinct grouping of elements is 

recognised. Comparison of the altered diorite intrusion samples with the fresh andesite lava 

from the Post-Tondano andesite yields clusters of Al, U and Ti at log FVo of 0.09 to 0.06 (FVo 

=1.23 to 1.15), and at 0 to -0.03 (FVo = 0. 93 to 1).  



Chapter Four: Fluid – Mineral Interactions and Cumulative Effects of Mass Transfer  167 
 

 

Table 4.3. Rock composition in g/100 cm
3
 for major and g/m

3
 for trace elements (summarised from the output of the SOMA1 program). 

UNIT

Altered rock from LHD-1 (300 m) LHD-4 (350 m) LHD-5 (500 m) LHD-7 (560 m) LHD-7 (902 m) LHD-1 (852 m) LHD-3 (500 m) LHD-3 (700 m) LHD-4 (652 m) LHD-7 (1754 m) LHD-7 (2052 m) LHD-1(1150 m) LHD-1 (1450 m) LHD-1 (1650 m) LHD-1 (1851 m) LHD-1 (2101 m) LHD-3 (1201 m) LHD-3 (1620 m) LHD-4 (850) LHD-4 (1002 m) LHD-4 (1350) LHD-5 (650 m) LHD-5 (1330 m)

Rock name Andesite lava Andesite lava Andesite lava Andesite lava Vesic.ands.lava Rhyo.lapilli tuff Volc. breccia Rhyolite lava Tuff breccia Weld.rhyo.tuff Weld.rhyo.tuff Andesite lava Tuff breccia Water-laid tuff Andesite lava Volc.der.siltstone Volc. breccia Tuff Andesite lava Volc. breccia Andesite lava Volc. breccia Andesite lava

Intensity of alteration ~0.1 ~0.1 0.2 0.4 0.3 0.75 0.5 ~0.1 0.8 0.7 0.7 0.5 0.6 0.2 0.3 0.5 0.6 0.7 0.6 0.5 0.8 0.75 0.5

Si 75 75 71 74 62 57 69 72 75 84 72 74 60 65 65 55 84 57 74 31 73 70 65

Ti 1 1 1 1 1 1 1 0 1 1 1 1 1 1 2 2 1 1 1 0 1 1 1

Al 24 23 24 24 25 23 21 12 22 21 22 23 27 26 28 26 20 24 24 7 21 26 25

Fe+3 14 14 15 13 19 17 12 1 11 6 13 10 22 17 21 19 6 17 14 5 12 16 15

Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Mg 5 5 5 5 10 4 3 0 4 1 5 2 12 8 8 7 2 10 4 1 5 4 5

Ca 13 14 14 13 21 24 10 1 12 5 13 9 20 11 17 21 6 20 12 66 12 12 17

Na 7 6 6 7 4 5 7 5 4 7 6 9 5 11 8 2 7 5 7 0 6 4 6

K 3 3 3 3 0 2 3 6 2 6 4 4 1 1 2 0 4 1 3 2 3 1 2

P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

O 125 125 121 124 118 108 112 97 120 124 120 120 121 119 124 109 123 111 123 72 119 120 117

Sc 63 77 75 65 110 113 59 8 79 21 67 57 103 85 104 65 19 119 89 29 63 93 47

V 489 537 541 491 825 546 363 10 499 148 449 234 826 803 992 787 125 553 510 142 424 716 246

Cr 76 58 70 59 592 51 161 6 58 19 80 10 117 145 56 59 45 417 95 67 84 154 21

Ni 27 27 30 24 63 30 15 0 21 11 29 5 75 80 59 31 5 100 30 43 26 42 11

Cu 120 175 153 262 255 110 101 10 121 48 155 62 195 271 256 106 29 141 65 69 131 223 63

Zn 164 145 180 149 189 202 138 30 121 103 142 166 193 238 236 178 109 168 130 128 136 186 92

Ga 44 44 46 46 47 46 40 22 42 34 43 44 47 52 51 49 35 43 46 16 39 45 39

As 19 25 0 19 5 22 17 20 69 0 0 0 0 0 0 0 0 0 24 0 0 27 0

Rb 93 77 83 95 808 48 79 184 85 166 94 99 25 19 17 10 127 19 100 123 71 27 139

Sr 702 537 737 748 47 990 637 102 697 528 676 913 870 1890 2190 441 480 794 756 1820 634 623 603

Y 76 58 75 73 101 54 69 60 69 61 67 94 45 58 65 46 66 41 78 40 66 53 73

Zr 336 27 285 335 5 121 274 210 264 422 342 372 84 211 200 170 416 119 351 101 320 188 432

Nb 11 175 11 11 219 3 7 10 8 11 11 10 3 5 6 5 11 3 11 8 8 5 13

Ba 601 145 500 578 11 498 684 846 451 982 566 697 198 351 762 85 840 95 586 475 498 241 823

La 22 44 24 16 16 8 12 30 16 26 19 23 8 27 14 8 27 5 30 35 21 5 31

Ce 57 55 75 76 11 24 62 72 63 66 67 68 39 66 51 41 64 35 81 45 66 40 89

Pb 19 16 16 14 0 14 22 30 24 32 19 23 8 16 14 16 24 16 19 27 21 11 21

Th 8 8 3 8 5 0 10 12 8 13 5 5 0 3 0 3 11 3 8 11 5 5 8

U 5 8 5 3 0 5 7 6 3 5 8 5 8 5 6 8 5 3 5 8 5 5 5

POST-TONDANO ANDESITE TONDANO RHYOLITE PRE-TONDANO ANDESITE
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Table 4.4. The relative mobility of elements throughout all precursor-altered rock pairs at the output of the SOMA1 program. 

UNIT

Altered rock from LHD-4 (350 m) LHD-5 (500 m) LHD-7 (560 m) LHD-7 (902 m) LHD-1 (852 m) LHD-3 (500 m) LHD-4 (652 m) LHD-7 (1754 m) LHD-7 (2052 m) LHD-1(1150 m) LHD-1 (1450 m) LHD-1 (1650 m) LHD-1 (1851 m) LHD-1 (2101 m) LHD-3 (1201 m) LHD-3 (1620 m) LHD-4 (850) LHD-4 (1002 m) LHD-4 (1350) LHD-5 (650 m) LHD-5 (1330 m) LHD-10 (2187 m) LHD-5 (750 m) LHD-5 (1001m )

Rock name Andesite lava Andesite lava Andesite lava Vesic.ands.lava Rhyo.lapilli tuff Volc. breccia Tuff breccia Weld.rhyo.tuff Weld.rhyo.tuff Andesite lava Tuff breccia Water-laid tuff Andesite lava Volc.der.siltstone Volc. breccia Tuff Andesite lava Volc. breccia Andesite lava Volc. breccia Andesite lava Volc. breccia Diorite Diorite

Intensity of alteration ~0.1 0.2 0.4 0.3 0.75 0.5 0.8 0.7 0.7 0.5 0.6 0.2 0.3 0.5 0.6 0.7 0.6 0.5 0.8 0.75 0.5 0.8 0.7 0.6

Derived from LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m)

Rock name and I.A

Si 1.00 1.05 1.00 1.20 1.27 1.05 0.97 0.86 0.99 1.01 1.24 1.15 1.15 1.35 0.89 1.31 1.01 2.42 1.02 1.07 1.14 0.91 1.25 1.07

Ti 1.07 0.98 1.05 1.02 0.13 0.14 0.13 0.26 0.13 1.05 0.99 0.88 0.81 0.81 2.15 1.18 1.02 3.83 1.20 0.97 0.85 1.73 0.89 1.01

Al 1.01 1.00 1.00 0.96 0.52 0.58 0.55 0.59 0.54 1.01 0.88 0.92 0.86 0.92 1.20 0.99 0.99 3.25 1.13 0.91 0.96 1.24 0.86 0.95

Fe+3 1.02 0.95 1.08 0.75 0.07 0.11 0.11 0.20 0.10 1.41 0.66 0.85 0.69 0.76 2.33 0.83 1.02 2.88 1.19 0.91 0.97 1.91 0.77 0.94

Mn 0.93 0.89 1.09 0.70 0.08 0.15 0.13 0.19 0.12 1.13 0.76 0.73 0.76 0.74 1.31 0.78 1.57 0.90 1.12 1.20 0.97 1.86 0.63 0.78

Mg 0.98 0.97 1.15 0.53 0.02 0.02 0.02 0.05 0.01 2.19 0.45 0.63 0.63 0.73 2.92 0.54 1.36 3.81 1.11 1.21 0.99 2.85 0.64 1.00

Ca 0.98 0.94 1.00 0.63 0.04 0.10 0.08 0.19 0.08 1.46 0.66 1.17 0.76 0.63 2.24 0.65 1.10 0.20 1.10 1.13 0.79 2.24 0.61 0.80

Na 1.02 1.10 0.97 1.54 1.07 0.83 1.26 0.74 0.98 0.76 1.23 0.59 0.81 3.77 0.98 1.30 0.99 20.70 1.16 1.64 1.11 0.94 1.38 1.26

K 1.08 0.99 0.98 9.17 2.55 2.24 3.22 1.04 1.67 0.80 3.07 2.59 2.03 12.20 0.71 3.09 0.92 1.45 1.17 3.84 1.71 0.67 4.01 7.64

P 1.14 0.86 1.01 1.45 0.10 0.11 0.08 0.19 0.12 0.70 1.57 1.59 0.86 1.54 2.06 2.30 0.95 1.82 1.28 1.37 0.93 1.70 1.13 1.00

O 1.00 1.03 1.01 1.06 0.90 0.87 0.81 0.78 0.81 1.04 1.03 1.05 1.01 1.15 1.02 1.13 1.02 1.74 1.05 1.05 1.07 1.03 1.06 1.03

Sc 0.82 0.83 0.97 0.57 0.07 0.14 0.10 0.38 0.12 1.10 0.61 0.74 0.60 0.97 3.38 0.53 0.71 2.14 1.00 0.68 1.33 1.88 0.54 0.69

V 0.91 0.90 0.99 0.59 0.02 0.03 0.02 0.07 0.02 2.09 0.59 0.61 0.49 0.62 3.92 0.88 0.96 3.45 1.15 0.68 1.98 2.68 0.66 0.80

Cr 1.33 1.09 1.29 0.13 0.12 0.04 0.10 0.33 0.07 7.35 0.65 0.53 1.36 1.29 1.70 0.18 0.81 1.15 0.91 0.50 3.65 1.98 0.40 0.82

Ni 1.00 0.92 1.12 0.43 0.00 0.00 0.00 0.00 0.00 5.25 0.36 0.34 0.46 0.88 5.15 0.27 0.92 0.64 1.04 0.64 2.60 2.12 0.35 0.91

Cu 0.69 0.78 0.46 0.47 0.09 0.10 0.08 0.21 0.06 1.93 0.62 0.44 0.47 1.14 4.12 0.85 1.85 1.73 0.92 0.54 1.91 1.34 0.44 0.70

Zn 1.13 0.91 1.10 0.87 0.15 0.22 0.25 0.29 0.21 0.98 0.85 0.69 0.69 0.92 1.51 0.98 1.26 1.28 1.20 0.88 1.79 1.48 0.89 0.79

Ga 1.00 0.96 0.95 0.94 0.48 0.56 0.52 0.64 0.52 0.99 0.92 0.84 0.86 0.89 1.27 1.01 0.95 2.73 1.11 0.97 1.11 1.31 0.88 0.94

As 0.78 0.00 1.01 3.49 0.93 1.16 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.00 0.00 0.72 0.00 0.00 0.99 0.00

Rb 1.21 1.11 0.98 0.12 3.80 2.33 2.18 1.11 1.97 0.94 3.70 4.84 5.51 8.99 0.73 4.89 0.93 0.76 1.31 3.50 0.67 0.75 3.74 11.30

Sr 1.31 0.95 0.94 15.10 0.10 0.16 0.15 0.19 0.15 0.77 0.81 0.37 0.32 1.59 1.46 0.88 0.93 0.39 1.11 1.13 1.16 1.59 0.76 0.99

Y 1.33 1.01 1.05 0.75 1.12 0.87 0.87 0.99 0.90 0.82 1.71 1.33 1.18 1.65 1.15 1.88 0.98 1.91 1.17 1.44 1.04 1.03 1.46 1.21

Zr 12.30 1.18 1.00 61.30 1.73 0.77 0.80 0.50 0.61 0.90 4.01 1.59 1.68 1.97 0.81 2.82 0.96 3.31 1.05 1.78 0.78 0.87 3.29 1.28

Nb 0.06 1.01 1.01 0.05 3.72 1.35 1.26 0.95 0.94 1.05 3.91 1.99 1.94 2.12 1.03 4.03 1.01 1.36 1.39 2.06 0.83 1.06 1.98 1.33

Ba 4.14 1.20 1.04 54.80 1.70 1.24 1.87 0.86 1.49 0.86 3.03 1.71 0.79 7.05 0.72 6.33 1.03 1.26 1.21 2.49 0.73 0.70 3.25 2.71

La 0.50 0.90 1.35 1.33 3.72 2.43 1.89 1.14 1.61 0.93 2.61 0.80 1.55 2.82 0.82 4.03 0.74 0.63 1.04 4.12 0.70 0.94 3.96 1.99

Ce 1.05 0.76 0.76 5.23 2.97 1.17 1.14 1.09 1.08 0.85 1.47 0.87 1.13 1.39 0.90 1.63 0.71 1.26 0.88 1.44 0.64 0.86 1.38 0.87

Pb 1.16 1.18 1.42 0.00 2.23 1.35 1.26 0.95 1.61 0.82 2.28 1.16 1.36 1.23 0.80 1.18 1.01 0.72 0.91 1.80 0.91 0.83 1.73 2.32

Th 1.00 3.04 1.01 1.49 0.00 1.21 1.52 0.91 2.25 1.58 0.00 2.99 0.00 3.17 0.77 3.02 1.01 0.77 1.56 1.55 1.04 1.06 2.97 2.99

U 0.66 1.01 2.02 0.00 1.12 0.81 2.27 1.14 0.75 1.05 0.65 1.00 0.97 0.71 1.03 2.01 1.01 0.68 1.04 1.03 1.04 1.06 1.98 1.00

Andesite lava (I.A.~0.1) Rhyolite lava ( I.A. ~0.1) Andesite lava (I.A. ~0.1) Andesite lava (I.A. ~ 0.1)

POST-TONDANO ANDESITE TONDANO RHYOLITE PRE-TONDANO ANDESITE DIORITE INTRUSION
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Figure 4.22. Histograms showing element mobility in the Post-Tondano andesite as determined by using the SOMA1 program. Arrows pointing fv

0
 = 0.00. Al and Ti 

which tend to cluster at log fv
o
 of 0 to -0.03 (FV

o
 = 1 to 0.93) are possibly immobile during mass transfer.  
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Figure 4.23. 
  
Histograms showing element relative mobility 
in the Tondano rhyolite as determined by 
using the SOMA1 program. Arrows pointing 
fv

0
 = 0.00. Y and U positioning at log fv

o
 of -

0.03 to 0.03, (FV
o
 = 0.93 to 1.07) or at -0.12 

to -0.09 (FV
o
 = 0.76 to 0.81) are immobile. 
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Figure 4.24. Histograms showing element relative mobility in the Pre-Tondano andesite as determined by using the SOMA1 program. Arrows pointing fv

0
 = 0.00. Al 

and Ti mostly cluster at log FV
o
 of -0.06 to -0.03 (FV

o
 = 0.87 to 1.07) and at -0.18 to -0.12 (FV

o
 = 0.66 – 0.75) and are believed to be immobile 

although in some cases no distinct grouping of elements is recognized. Figure to be continued.  
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Figure 4.24 (continued). 
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Figure 4.24 (continued). 
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Figure 4.25.  
 
Histograms showing element relative mobility in the Diorite as 
determined by using the SOMA1 program. Arrows pointing fv

0
 = 

0.00. Al, U and Ti mostly cluster at log FV
o
 of 0.09 to 0.06 (FV

o
 

=1.23 to 1.15), and at 0 to -0.03 (FV
o
 = 0. 93 to 1) and are 

believed to be immobile. 
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4.3.7. The extent of mass transfer in subsurface stratigraphic units 

 

4.3.7.1. Introduction 

Compositional changes are gains and losses of constituents during alteration measured relative 

to the reference or precursor rock composition. In this study they were assessed by both the 

A    y  d’s (us  g     SOMA2   og   )   d      od f ed isocon methods. Since the two 

methods use different expressions to quantify the results, a classification of the behaviour of the 

elements for each method are compared. 

 

I      A    y  d’s so u  o      g   s   d  oss s of        s      x   ss d  s   ss exchange 

(ME), i.e., the amount of mass (in gram) moved per unit volume (100 cm3 for major and m3 for 

trace elements, respectively). The complete results of the ME calculation for each stratigraphic 

unit are given in Table 4.5, and portrayed in Figure 4.26. A positive ME value indicates gain or 

vice versa, and a zero value means no mass mobility. Constituents show a range of behaviour; 

these are classified in Table 4.6.  

 

In the modified isocon method the magnitude of enrichment or depletion is expressed as a ratio 

of concentrations (CR) of an element in the altered and the precursor rocks. Here the 

classification of the behavior of elements is given in Table 4.7. Since the concentrations of both 

major and trace elements are expressed in the same units (ppm), no distinction in their 

magnitudes of enrichment or depletion is applied. The results of the calculations are given in 

Appendix G and graphically illustrated in Figures 4.27 to 4.30. Some petrographic 

representations of mass transfer are given in Figure 4.31. 

 

4.3.7.2. Post-Tondano andesite 

The rocks selected for mass transfer assessment in this unit are andesite lavas. The samples 

have a relatively homogenous texture and low primary permeabilities. Their intensities of 

alteration range from 0.1 to 0.4.  

 

Si, Al, Fe, and Mg are relatively immobile or changed only slightly (ME = -13 to 7 g/cm3; CR = 

0.83 to 1.86) although in lava with I.A. 0.3 – 0.4 chlorite replaces augite and plagioclase. In 

places, calcite and titanite (e.g., LHD-5/500 m) replace plagioclase, and epidote replaces 

plagioclase and augite (e.g., in LHD-7/560 m), but Ca is immobile or slightly enriched.  Na and K 

are immobile and no secondary feldspars are present. Ti is relatively immobile although titanite 

is present in vugs in LHD-7/902 m. T   “ ob    y” of       jo         s          d s    w    low 

intensity of alteration therefore, expresses the difference of primary constituent abundance in 

the altered samples and the selected precursor rock.  
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Table 4.5. The results of mass exchange (ME) and net composition calculation for each stratigraphic unit.

UNIT

Altered rock from LHD-4 (350 m) LHD-5 (500 m) LHD-7 (560 m) LHD-7 (902 m) LHD-1 (852 m) LHD-3 (500 m) LHD-4 (652 m) LHD-7 (1754 m) LHD-7 (2052 m) LHD-1(1150 m) LHD-1 (1450 m) LHD-1 (1650 m) LHD-1 (1851 m) LHD-1 (2101 m) LHD-3 (1201 m) LHD-3 (1620 m) LHD-4 (850) LHD-4 (1002 m) LHD-4 (1350) LHD-5 (650 m) LHD-5 (1330 m) LHD-10 (2187 m)

Rock name Andesite lava Andesite lava Andesite lava Vesic.ands.lava Rhyo.lapilli tuff Volc. breccia Tuff breccia Weld.rhyo.tuff Weld.rhyo.tuff Andesite lava Tuff breccia Water-laid tuff Andesite lava Volc.der.siltstone Volc. breccia Tuff Andesite lava Volc. breccia Andesite lava Volc. breccia Andesite lava Volc. breccia

Intensity of alteration ~0.1 0.2 0.4 0.3 0.75 0.5 0.8 0.7 0.7 0.5 0.6 0.2 0.3 0.5 0.6 0.7 0.6 0.5 0.8 0.75 0.5 0.8

Derived from LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-3 (700 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m) LHD-1 (300 m)

Rock name and I.A

Immobile elements used Ti & Al Ti & Al Ti & Al Ti & Al Y & U Y & U Y & U Y & U Y & U Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti Al & Ti

Mean FV 1.04 0.99 1.02 0.99 1.12 0.84 1.41 1.06 0.82 1.03 0.94 0.90 0.83 0.87 1.61 1.08 1.00 3.53 0.59 0.94 0.90 1.47

Si 3.27 -4.540 1.51 -13.10 -8.97 -14.50 33.20 16.80 -12.60 1.75 -18.20 -16.30 -20.70 -26.90 59.80 -13.20 -0.52 34.20 10.70 -9.03 -15.80 45.30

Ti -0.03 0.015 -0.03 -0.04 1.10 0.75 1.48 0.44 0.74 -0.02 -0.07 0.03 0.04 0.08 -0.31 -0.11 -0.02 -0.10 -0.04 -0.03 0.07 -0.19

Al 0.64 -0.290 0.69 0.78 13.90 5.40 19.00 9.91 6.22 0.47 1.43 -0.57 -0.68 -1.50 7.96 2.21 0.47 2.06 0.77 0.67 -1.36 4.28

Fe+3 0.26 0.529 -0.73 4.63 17.80 8.62 14.30 5.27 9.48 -3.85 6.14 0.88 2.97 1.96 -4.45 4.39 -0.22 3.26 -0.25 0.44 -1.04 -3.33

Mn 0.03 0.033 -0.02 0.13 0.41 0.15 0.32 0.14 0.19 -0.03 0.07 0.07 0.03 0.05 0.07 0.11 -0.11 0.87 0.01 -0.06 -0.02 -0.06

Mg 0.33 0.118 -0.59 4.46 4.19 2.67 5.62 1.32 4.00 -2.77 5.61 2.28 1.70 0.97 -2.34 5.18 -1.37 -0.39 0.24 -1.18 -0.48 -2.54

Ca 0.87 0.619 0.26 7.46 26.00 7.43 16.50 4.74 9.57 -3.89 5.63 -3.03 1.31 4.94 -3.73 8.71 -1.15 218.00 0.76 -2.18 1.86 -4.57

Na 0.09 -0.647 0.37 -2.33 0.21 0.05 0.65 2.38 -0.88 2.28 -1.57 3.49 0.16 -5.06 4.24 -1.11 0.08 -5.44 0.00 -2.81 -1.22 3.67

K -0.13 0.005 0.15 -2.79 -3.45 -3.84 -3.46 0.10 -3.12 0.92 -2.17 -2.04 -1.84 -2.91 3.90 -2.03 0.27 4.46 -0.01 -2.36 -1.48 3.69

P -0.02 0.030 0.00 -0.06 0.18 0.12 0.28 0.08 0.11 0.09 -0.08 -0.08 -0.01 -0.08 -0.04 -0.10 0.01 0.18 -0.02 -0.06 -0.01 -0.03

O 4.95 -5.070 1.87 -7.78 23.40 -3.41 72.10 34.30 1.48 -1.54 -12.00 -17.60 -21.60 -30.90 72.30 -5.24 -1.58 129.00 13.20 -12.70 -19.90 52.30

Sc 16.90 11.600 3.54 45.80 118.00 41.70 104.00 14.40 46.80 -3.89 33.80 13.70 23.90 -7.01 -33.00 66.00 26.70 40.80 10.40 24.30 -20.30 -13.80

V 69.50 45.500 14.30 329.00 599.00 294.00 693.00 147.00 358.00 -248.00 284.00 235.00 338.00 192.00 -289.00 108.00 24.10 10.50 5.47 183.00 -267.00 -221.00

Cr -16.60 -7.340 -15.60 510.00 51.00 129.00 75.90 13.60 59.70 -65.70 33.20 54.40 -29.60 -25.10 -4.09 374.00 18.50 159.00 21.20 67.90 -57.60 -19.90

Ni 1.18 1.930 -2.43 35.20 33.00 12.40 29.80 11.20 24.10 -21.90 43.20 44.30 21.90 -0.53 -18.80 81.00 2.54 123.00 3.20 12.50 -17.90 -8.45

Cu 62.10 31.400 148.00 132.00 113.00 74.90 161.00 40.40 117.00 -55.90 62.50 124.00 93.00 -28.60 -73.30 32.00 -55.00 125.00 32.40 89.00 -63.50 11.80

Zn -12.90 14.300 -11.80 23.60 195.00 85.90 141.00 79.10 86.10 7.55 16.30 50.90 33.00 -9.86 10.70 17.60 -33.60 288.00 -5.19 10.40 -81.20 -1.72

Ga 1.88 1.500 3.30 2.48 29.00 11.10 37.50 14.40 13.10 1.84 0.68 3.22 -1.52 -1.29 11.60 3.14 2.44 12.80 2.07 -1.36 -8.26 5.32

As 6.52 -19.100 0.24 -13.70 4.00 -5.51 76.70 -20.00 -20.00 -19.10 -19.10 -19.10 -19.10 -19.10 -19.10 -19.10 5.31 -19.10 -19.10 5.78 -19.10 -19.10

Rb -13.10 -10.400 3.91 708.00 -130.00 -118.00 -64.90 -7.76 -107.00 8.92 -69.30 -75.50 -78.80 -83.90 111.00 -72.30 7.56 340.00 -10.50 -67.90 32.30 88.10

Sr -143.00 26.600 63.90 -655.00 1000.00 432.00 880.00 458.00 452.00 238.00 113.00 1000.00 1130.00 -320.00 68.80 156.00 58.00 5720.00 36.50 -117.00 -159.00 -53.30

Y -16.60 -2.030 -1.82 24.00 0.00 -2.03 36.70 4.34 -5.23 19.90 -34.70 -24.60 -22.60 -36.30 30.00 -32.60 2.24 64.80 -0.19 -26.70 -10.30 32.90

Zr -307.00 -54.100 6.90 -330.00 -75.00 19.80 162.00 238.00 70.40 47.10 -258.00 -146.00 -169.00 -189.00 332.00 -207.00 16.90 22.10 36.30 -159.00 53.80 230.00

Nb 171.00 -0.290 0.13 206.00 -7.00 -3.79 1.16 1.19 -1.24 -0.21 -8.31 -5.98 -6.24 -6.46 6.10 -7.99 -0.07 17.30 -1.77 -5.94 0.89 4.16

Ba -450.00 -106.000 -9.19 -590.00 -291.00 -273.00 -210.00 195.00 -382.00 117.00 -415.00 -285.00 34.20 -527.00 749.00 -498.00 -11.90 1080.00 -21.10 -374.00 141.00 666.00

La 23.70 2.080 -5.26 -5.55 -21.00 -19.60 -7.67 -2.02 -14.70 2.26 -14.00 2.84 -10.10 -15.10 20.70 -16.00 8.00 101.00 2.56 -16.90 6.49 12.10

Ce -0.38 17.100 20.10 -46.50 -45.00 -20.20 17.30 -2.06 -17.20 12.30 -20.80 1.91 -15.20 -21.60 44.80 -19.30 24.10 103.00 18.90 -20.00 23.00 40.70

Pb -2.02 -3.160 -5.29 -19.10 -15.00 -11.40 3.49 3.57 -14.70 4.99 -11.30 -4.30 -7.40 -5.72 19.20 -1.55 -0.12 75.10 5.29 -9.15 -0.22 14.80

Th 0.35 -5.530 0.10 -2.76 -12.00 -3.72 -0.84 1.99 -7.62 -2.84 -8.19 -5.72 -8.19 -5.96 8.83 -5.26 -0.05 29.50 -2.09 -3.21 -1.11 3.12

U 3.08 -0.145 -2.70 -5.46 0.00 0.21 -2.28 -0.41 0.57 -0.11 2.37 -0.52 -0.78 1.23 3.05 -2.53 -0.03 22.80 0.64 -0.48 -0.74 2.08

Si 77.90 70.00 76.10 61.50 63.00 57.40 105.00 88.80 59.40 76.40 56.40 58.30 53.90 47.70 134.00 61.40 74.10 109.00 85.30 65.60 58.80 120.00

Ti 1.20 1.24 1.19 1.19 1.24 0.89 1.63 0.59 0.88 1.20 1.16 1.26 1.26 1.31 0.92 1.12 1.20 1.13 1.19 1.19 1.30 1.04

Al 24.30 23.40 24.40 24.40 26.10 17.60 31.20 22.10 18.40 24.10 25.10 23.10 23.00 22.20 31.60 25.90 24.10 25.70 24.40 24.30 22.30 27.90

Fe+3 14.70 14.90 13.70 19.00 19.10 9.86 15.50 6.52 10.70 10.50 20.50 15.30 17.40 16.40 9.94 18.80 14.20 17.70 14.10 14.80 13.40 11.10

Mn 0.33 0.33 0.28 0.42 0.44 0.18 0.35 0.17 0.22 0.27 0.36 0.36 0.33 0.35 0.36 0.41 0.19 1.17 0.31 0.23 0.27 0.23

Mg 5.55 5.34 4.63 9.68 4.25 2.73 5.68 1.38 4.06 2.45 10.80 7.50 6.92 6.19 2.88 10.40 3.85 4.83 5.46 4.04 4.74 2.68

Ca 14.10 13.80 13.50 20.60 27.00 8.43 17.50 5.74 10.60 9.30 18.80 10.20 14.50 18.10 9.46 21.90 12.00 232.00 14.00 11.00 15.10 8.62

Na 6.65 5.91 6.93 4.23 5.61 5.45 6.04 7.78 4.52 8.84 4.99 10.10 6.72 1.51 10.80 5.45 6.64 1.12 6.56 3.75 5.34 10.20

K 3.00 3.13 3.28 0.34 2.69 2.30 2.69 6.25 3.02 4.04 0.95 1.09 1.28 0.22 7.03 1.09 3.40 7.58 3.11 0.77 1.65 6.82

P 0.17 0.22 0.19 0.13 0.20 0.14 0.29 0.10 0.12 0.28 0.11 0.11 0.18 0.11 0.15 0.09 0.20 0.37 0.17 0.13 0.19 0.16

O 130.00 120.00 127.00 117.00 121.00 93.70 169.00 131.00 98.60 123.00 113.00 107.00 103.00 94.10 197.00 120.00 123.00 254.00 138.00 112.00 105.00 177.00

Sc 79.70 74.40 66.30 109.00 126.00 49.70 112.00 22.40 54.80 58.90 96.60 76.50 86.70 55.80 29.80 129.00 89.50 104.00 73.20 87.10 42.50 49.00

V 558.00 534.00 503.00 817.00 609.00 304.00 703.00 157.00 368.00 241.00 772.00 723.00 827.00 680.00 200.00 597.00 513.00 499.00 494.00 672.00 222.00 268.00

Cr 59.80 69.10 60.80 587.00 57.00 135.00 81.90 19.60 65.70 10.70 110.00 131.00 46.80 51.30 72.40 451.00 95.00 235.00 97.60 144.00 18.90 56.50

Ni 28.50 29.20 24.90 62.50 33.00 12.40 29.80 11.20 24.10 5.35 70.50 71.60 49.20 26.80 8.51 108.00 29.80 151.00 30.50 39.80 9.44 18.80

Cu 182.00 151.00 268.00 253.00 123.00 84.90 171.00 50.40 127.00 64.30 183.00 244.00 213.00 91.50 46.80 152.00 65.10 245.00 153.00 209.00 56.70 132.00

Zn 151.00 178.00 152.00 187.00 225.00 116.00 171.00 109.00 116.00 171.00 180.00 215.00 197.00 154.00 175.00 181.00 130.00 452.00 159.00 174.00 82.60 162.00

Ga 45.60 45.20 47.00 46.20 51.00 33.10 59.50 36.40 35.10 45.50 44.40 46.90 42.20 42.40 55.30 46.80 46.10 56.50 45.80 42.30 35.40 49.00

As 25.60 0.00 19.30 5.43 24.00 14.50 96.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 24.40 0.00 0.00 24.90 0.00 0.00

Rb 79.70 82.40 96.70 801.00 54.00 66.20 119.00 176.00 76.70 102.00 23.50 17.30 14.10 8.92 204.00 20.50 100.00 433.00 82.40 24.90 125.00 181.00

Sr 558.00 728.00 766.00 46.20 1100.00 534.00 982.00 560.00 554.00 940.00 814.00 1700.00 1830.00 382.00 770.00 857.00 760.00 6420.00 738.00 585.00 543.00 648.00

Y 59.80 74.40 74.60 100.00 60.00 58.00 96.70 64.30 54.80 96.40 41.80 51.80 53.90 40.20 106.00 43.90 78.70 141.00 76.30 49.80 66.10 109.00

Zr 28.50 282.00 343.00 5.43 135.00 230.00 372.00 448.00 280.00 383.00 78.30 190.00 166.00 147.00 668.00 129.00 353.00 358.00 372.00 177.00 390.00 565.00

Nb 182.00 10.60 11.10 217.00 3.00 6.21 11.20 11.20 8.76 10.70 2.61 4.94 4.68 4.46 17.00 2.93 10.90 28.30 9.15 4.98 11.80 15.10

Ba 151.00 494.00 591.00 10.90 555.00 573.00 636.00 1040.00 464.00 718.00 185.00 316.00 635.00 73.60 1350.00 102.00 589.00 1680.00 580.00 227.00 741.00 1270.00

La 45.60 23.90 16.60 16.30 9.00 10.40 22.30 28.00 15.30 24.10 7.83 24.70 11.70 6.69 42.60 5.85 29.80 122.00 24.40 4.98 28.30 33.90

Ce 57.00 74.40 77.40 10.90 27.00 51.80 89.30 69.90 54.80 69.60 36.50 59.20 42.20 35.70 102.00 38.00 81.40 160.00 76.30 37.30 80.30 98.00

Pb 17.10 15.90 13.80 0.00 15.00 18.60 33.50 33.60 15.30 24.10 7.83 14.80 11.70 13.40 38.30 17.60 19.00 94.20 24.40 9.96 18.90 33.90

Th 8.54 2.66 8.29 5.43 0.00 8.28 11.20 14.00 4.38 5.35 0.00 2.47 0.00 2.23 17.00 2.93 8.14 37.70 6.10 4.98 7.08 11.30

U 8.54 5.32 2.76 0.00 6.00 6.21 3.72 5.60 6.57 5.35 7.83 4.94 4.68 6.69 8.51 2.93 5.43 28.30 6.10 4.98 4.72 7.54

Replacement mineral Calcite Calcite Epidote Chlorite Calcite Chlorite Calcite Calcite Calcite Calcite Epidote Quartz Epidote Calcite Calcite Albite Hematite Calcite Epidote Wairakite Illite Epidote

Illite Titanite Hematite Wairakite Calcite Chlorite Epidote Quartz Anhydrite Calcite Hematite Hematite Albite Adularia Chlorite Titanite Quartz Adularia Anhydrite Adularia

Hematite Chlorite Quartz Smectite Chlorite Hematite Chlorite Actinolite (?) Calcite Chlorite Adularia Calcite Quartz Adularia Illite Calcite Quartz

Chlorite Hematite Chlorite Pumpellyite (?) Albite Illite Hematite Chlorite Albite Quartz Chlorite Chlorite

Chlorite Chlorite Hematite Chlorite Calcite Titanite

Quartz Hematite

Chlorite Chlorite

Disseminated mineral or Pyrite Pyrite Calcite Chlorite Pyrite Calcite Pyrite Titanite Pyrite Pyrite Semi-opaque Opaque Calcite Calcite Pyrite Calcite Pyrite Chlorite Pyrite Titanite

inseparable cavity fill Semi-opaque Hematite Chlorite Calcite Hematite Quartz Titanite Opaque Semi-opaque Titanite Quartz Carbonate (?) Epidote (incip.) Quartz Titanite Chlorite

Calcite Quartz Epidote Chlorite Titanite Epidote Hematite Quartz

Chlorite Chlorite Opaque Quartz Calcite Anhydrite

NET COMPOSITION (g/cm
3
 for majors; g/m

3
 for traces)

Andesite lava (I.A.~0.1) Rhyolite lava ( I.A. ~0.1) Andesite lava (I.A. ~0.1)

POST-TONDANO ANDESITE TONDANO RHYOLITE PRE-TONDANO ANDESITE

MASS EXCHANGE (g/ cm
3
 for majors; g/ m

3
 for traces)
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Figure 4.26. Plots of compositional changes within each stratigraphic unit determined by using the 

SOMA2 program. Positive and negative values indicate enrichment or depletion, 
respectively. 
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Table 4.6. C  ss f c   o  of        ’s b   v ou  b s d o        ss  xc   g  (ME) v  u  c  cu    d 

us  g A    y  d’s method.  
 

Behavior (code) 
ME value 

Major element (g/100 cm3) Trace element (g/m3) 

Relatively immobile   

a. Very slightly enriched (I+) > 0 to < 5 > 0 to < 20 

b. Very slightly depleted (I-) < 0 to > (-5) < 0 to > (-20) 

Minor change   

a. Slightly enriched (M+) 5 to < 10 20 to < 40 

b. Slightly depleted (M-) > (-10) to (-5) > (-40) to (-20) 

Enriched (E)  10  40 

Depleted (D)  (-10)   (-40) 

 

 

 

Table 4.7. C  ss f c   o  of           ’s b   v o  b s d o          o of   s co c       o s (CR)        
altered and the precursor rocks. 

 

Behavior (code) CR 

Relatively Immobile   

a. Very slightly enriched (I+) > 1 to < 1.2 

b. Very slightly depleted (I-) > 0.8 to < 1 

Minor change  

a. Slightly enriched (M+) > 0.5 to 0.8 

b. Slightly depleted (M-) 1.2 to < 2 

Enriched (E)   2 

Depleted (D)   0.5 
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Figure 4.27. Plots of compositional changes in the Post-Tondano andesite determined by using the 

modified isocon method. Composition of the precursor rock is represented by the fresh 
andesite lava from LHD-1 (300 m). Altered rocks are portrayed on the Y-axis and the fresh 
rock equivalent is represented on the X-axis. 
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Trace elements are mostly immobile or only slightly changed except in the vesicular andesite 

lava (LHD-7, 902 m). Here Rb, Cr, and Cu are enriched; i.e., ME varies from 132 to 708 g/m3, 

corresponding to CR 2 to 8.  Slight changes of Rb may be due to variations in glass abundance 

(i.e., difference in glass abundances between this sample and the selected precursor rock). The 

enrichment of Cr and Cu, and slight increase of Ni (ME = 35 or CR = 2.35) is probably 

accommodated with chlorite. Nb is enriched about 20 times (corresponding to ME = 206) 

probably allotted to titanite in vugs. Sr and Ba depletion may be due to variation of plagioclase 

abundance but Sr enrichment may be caused by the occurrence of calcite as replacement of 

plagioclase and/or as space-fill. Zr is depleted regardless of the occurrence of titanite in vugs, 

and is immobile/very slightly enriched when epidote replaces plagioclase and fills cavities. Ni 

and Zn show very slight enrichment and Cu has slight enrichment due to the occurrence of 

dispersed pyrite. 

 

4.3.7.3. Tondano rhyolite 

The rocks selected to represent the mass transfer characteristics in this unit are welded (I.A 

0.70) and unwelded rhyolitic tuffs (I.A 0.75 – 0.80), and breccia (I.A 0.50). The welded rhyolitic 

tuffs have low primary permeabilities. Others have some intergranular porosity and are 

presumably more permeable. The sample considered to be the best available representation of 

the precursor rock is the pumiceous rhyolite lava (LHD-3/700 m) with an I.A 0.30.  

 

In this unit, most of major elements are enriched, or at least slightly increased. Si shows dual 

behaviour, i.e., either enriched or depleted. In welded rhyolitic tuff (LHD-7/1754 m) no 

replacement quartz is present but very thin quartz veins were inadvertently included in the 

    ys s. A    y  d’s so u  o  s ows Si enrichment of up to 17 g/100 cm3, but the modified 

isocon method suggests that it is immobile (very slightly depleted to about 0.9 times of its 

original amount).  Surprisingly, Si depletion (ME about -13 g/100 cm3 or depleted to about 0.9 of 

its original amount) occurs in places, e.g., in the welded rhyolitic tuff from LHD-7/2052 m, where 

the glass matrix is partially replaced by quartz (Figure 4.31A). A    y  d’s so u  o  sugg s s 

that Al, Fe, and Mg are relatively immobile or only slightly enriched regardless of the partial 

replacement of plagioclase by chlorite and epidote; pyroxene by chlorite, or the glass matrix by 

hematite. However, this mineralogical evidence agrees with the enrichment of these elements 

indicated by the modified isocon method. The enrichments of Fe (up to about 9 times) and Mg 

(up to about 50 times) are consistent with the abundance of chlorite as a replacement mineral 

and/ or vug fill. Fe enrichment is also consistent with the occurrence of hematite replacing the 

glass matrix in unwelded rhyolitic tuff from LHD-1/852 m, tuff breccia from LHD-4/625 m, and 

welded rhyolitic tuffs from LHD-7 (1754 and 2052 m). 
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Figure 4.28.  
 
Plots of compositional changes in the 
Tondano rhyolite determined by using 
the modified isocon method. Composition 
of the precursor rock is represented by 
the fresh pumiceous rhyolite lava from 
LHD-3 (700 m). Altered rocks are 
portrayed on the Y-axis and the fresh 
rock equivalent is represented on the X-
axis. 
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Ca is only slightly enriched although calcium bearing minerals are common. In tuff breccia from 

LHD 4/652 m enrichment to >15 g/100 cm3 (corresponding to CR = > 9) is not reflected in the 

observed secondary mineralogy. Therefore this is actually caused by the difference in 

plagioclase abundances in this sample and in the selected precursor rock.  The greatest 

enrichment (~25 g/100 cm3, or by 18 times) occurs in unwelded rhyolitic tuff from LHD-1/852 m 

where epidote, calcite and anhydrite replace plagioclase; but more importantly, calcite occurs in 

small veins and vugs (Figure 4.31B). Ca and Fe enrichments are accommodated by epidote 

(LHD-1/852 m, LHD-7/2052 m). Ca enrichment accompanied Ti enrichment up to about 8 times 

forms dispersed titanite in this unit. Na is either immobile or only slightly changed. K is 

commonly depleted or slightly depleted, even where adularia replaces plagioclase in LHD-

7/2056 m (here K is depleted by about 3 g/cm3, or left to about 0.7 of its original).  

 

The textural difference between the selected precursor rock (i.e.,crystalline) and the altered 

counterparts (i.e.,fragmental) contributes to the difference in primary constituents abundance, 

and may in turn, result in the inconsistency between the major element behaviour and the 

presence/absence of replacement minerals in Lahendong rocks. 

 

Trace elements are also mostly enriched. Enrichments of Cu, Ni, V, and Cr - up to about 10 to 

35 times suggested by the modified isocon method are probably accommodated by chlorite. 

When chlorite is absent (LHD7/2052 m) Cu, Cr, Ni, and Zn enrichment are allotted to epidote. V 

may also be taken up by titanite; Sr and Mn by calcite. Others are either slightly changed or 

immobile.  

 

4.3.7.4. Pre-Tondano andesite 

The rocks selected for mass transfer assessment in this unit are andesite lavas and 

pyroclastics, and a volcanic-derived siltstone; these reflect the inhomogeneity of the primary 

permeability in this unit. The intensity of alteration varies from 0.2 to 0.8, and seems to be 

independent of the rock texture. Compared with other units the Pre-Tondano andesite has more 

diverse replacement mineralogy (Chapter Three). Plagioclase is replaced by one or more of the 

following minerals: quartz, calcite, epidote, actinolite, prehnite, pumpellyite, albite, adularia, and 

wairakite. Pyroxene is replaced by chlorite, or quartz, or chlorite plus epidote. The glass matrix 

or groundmass is replaced by chlorite and, in places, by hematite, but pyrite is dispersed with no 

obvious precursor phase.  

 

Mass changes in this unit are not always consistent with the mineralogy. Si exhibits mixed 

behaviour here. The Si depletion, albeit very slight, is often indicated where plagioclase is partly 

replaced either by quartz alone i.e., in the water-laid tuff from LHD-1/1650 m or by quartz and 
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other secondary silicates e.g., in andesite lavas from LHD-1/1851 m, LHD-4/1350 m, and LHD-

5/1339m, and in volcanic-derived siltstone from LHD-1/2101 m. Si enrichment in andesite tuff 

(LHD-3/1620 m) up to about 60 g/100 cm3 (or considered immobile/very slightly increased when 

calculated using the modified isocon method) was accompanied by the replacement of primary 

phases by quartz (Figure 4.31C). A    y  d’s so u  o  s ows      S   s     c  d about 30 g/100 

cm3 in andesite breccia (LHD-4/1002 m) where quartz occurs in patches, but the modified 

isocon method suggests that here Si is depleted to about 0.4 of its original amount.   

 

Regardless of the occurrence of the secondary phases bearing them Al, Fe, and Mg are 

co s d   d    ob    by     A    y  d’s so u  o      os  s     s. How v  ,      od f  d 

isocon method recognises a minor increase, or even enrichment, of Mg where chlorite replaces 

the primary phases. Partial replacements of plagioclase by actinolite and pumpellyite and augite 

by epidote resulted in slight enrichment of Fe and Ca in tuff breccia from LHD-1/4150 m 

calculated by the modified isocon method, i.e., to about 1.5 of their initial amounts. The slight 

increase of Fe accompanied by the enrichment of Mg to > 2 times agree with the replacement of 

glass matrix and augite by chlorite.  

 

Ca is generally immobile, or has only slightly changed, except in volcanic breccia from LHD-

4/1002 m, where it is enriched to > 200 g/100 cm3 (or up to 5 times of its original amount when 

calculated by the modified isocon method); here calcite and titanite fill vugs that could not be 

avoided in sampling. On the other hand, both methods suggest that Ca is depleted, or very 

slightly depleted, in volcanic breccias from LHD-3/1201 m and LHD-10/2187 m where calcite 

occurs.  

 

Both methods suggests that Na and K are slightly increased (ME is about 4 g/cm3 for both 

elements, or CR is 1.06 for Na and 1.44 for K) in volcanic breccia from LHD-3/1201 m where 

albite, adularia, and illite partially replaced plagioclase. In water-laid tuff from LHD-1/1650 m, a 

slight increase of Na (ME = 3.5 g/cm3 or CR = 1.69) coincides with the presence of albite in 

vugs. By contrast, in the volcanic derived siltstone from LHD-1/2101 m they are slightly or very 

slightly depleted regardless of the replacement of plagioclase by albite and adularia. Ti, Mn and 

P are immobile or only slightly changed. 

 

In this unit enrichments of V, Cr, Ni, and Cu are probably accommodated by chlorite, although V 

may also be accommodated by pumpellyite, and trace Cr by epidote. Sr, Zr, Ba are depleted, or 

slightly depleted by both methods regardless of the presence of their common host minerals, 

i.e., calcite and other carbonates (Sr, Zr, and Ba), titanite and epidote (Zr). 
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4.3.7.5. Diorite 

This unit is encountered by well LHD-5. The diorite has an interstitial texture, and hence low 

primary permeability. Most of major elements in this unit are immobile or only slightly changed, 

although the intensities of alteration range from 0.5 – 0.7.  

 

Si in places is regarded as immobile or slightly changed albeit quartz replaces pyroxene (750 

and 1101 m). At deeper levels (~1900 m depth) Si is enriched by about 20 g/cm3, but 

immobile/very slightly increased when calculated by the modified isocon method. Here 

plagioclase and pyroxene were replaced by chlorite and epidote.  

 

As in other units Al, Fe, and Mg are also immobile or only slightly changed, although chlorite 

and epidote are common. Ca is slightly or very slightly depleted in the deepest part where 

epidote and anhydrite replaced plagioclase and calcite replaced pyroxene, but was slightly 

added i.e., to ~ 12 g/100 m3 at 750 m where pyroxene is partly replaced by anhydrite, or totally 

by chlorite (Figure 4.31D).  

 

Na is immobile and albite is absent. K depletion is inconsistent with the occurrence of adularia 

and illite as partial replacements of plagioclase at 750 and 1101 m). At 1893 m K has increased 

to more than 1.5 times its initial amount although adularia and illite are absent.  

 

Trace element mobility is more significant at shallow depths (750 m) than in the deeper parts. At 

shallow depths Cu and Cr are enriched about two-fold, and Ni to about three times their original 

amounts. V is slightly enriched. These trace elements are probably incorporated into chlorite. 

Other elements are immobile or else depleted. With a few exception trace elements in the 

deeper parts (1101 and 1893 m) are mostly immobile. Rb, Ba, La, Pb, Th are depleted in 1101 

m. Cu is enriched in all diorite samples and is probably hosted by chlorite and epidote.  
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Figure 4.29. Plots of compositional changes in the Pre-Tondano andesite determined by using the 
modified isocon method. Composition of the precursor rock is represented by the fresh 
andesite lava from LHD-1 (300 m). Altered rocks are portrayed on the Y-axis and the fresh 
rock equivalent is represented on the X-axis. 
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Figure 4.29 (continued). 
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Figure 4.29 
(continued) 

 



 Chapter Four: Fluid – Mineral Interactions and Cumulative Effects of Mass Transfer   188 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 4.30. 
 
Plots of compositional changes in the 
Pre-Tondano andesite determined by 
using the modified isocon method. 
Composition of the precursor rock is 
represented by the fresh andesite lava 
from LHD-1 (300 m) which has similar 
mineralogy. Altered rocks are portrayed 
on the Y-axis and the fresh rock 
equivalent is represented on the X-axis. 
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Figure 4.31. Examples of petrographic evidence of mass transfer between rock and fluid in Lahendong.  

A. Glass mold in welded rhyolitic tuff (LHD-7/ ~2050 m) altered to microcrystalline quartz, and 
chlorite (enrichment of Al, Fe, and Mg). Plagioclase almost totally altered to calcite (removal 
of Na, Al, Si, but enrichment of Ca). 

B. Plagioclase in rhyolitic tuff (LHD-1/~1850 m) totally replaced by epidote (removal of Na but 
enrichment of Ca and Fe), calcite (removal of Na, Al, Si, but enrichment of Ca) and anhydrite 
(removal of Na, Al, Si but enrichment of S). Calcite also occurs as cavity fill.  

C. Plagioclase in andesite lava (LHD-3/1620 m) partly replaced by microcrystalline quartz 
(removal of Na, Ca, Al) or calcite (removal of Na, Al, Si, but enrichment of Ca).  

D. Pyroxene in diorite (LHD-5/750 m) partly replaced by anhydrite (removal of Fe, Mg, Al, Si, but 
enrichment of S) or totally by chlorite (enrichment of Al and Si, O, and H). 

 
 

4.3.8. Elemental mass exchanges and the distribution of subsurface 
hydrothermal minerals 

 

The magnitudes of K, Si, Al, Na, Ca, Mg and Fe mass transfer calculated using Appleyard 

method are plotted in cross-sections. These are superimposed upon a plot of the distribution of 

their corresponding hydrothermal minerals, mainly the replacement (as described and illustrated 

in Chapter Three). However, despite their common occurrence as replacement minerals, quartz, 

A B 

C D 
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calcite and hematite also commonly occur as space fill, and small veins and amygdules 

inadvertently included in the sample selection may have a small effect on the result. 

To    ow co     so  w    G gg  b c ’s 1988  od   of   ss     sf  ,   d    c    s    s 

applicability for the Lahendong system in recognising the upflow zones, the relation between the 

mass exchange of each element and its corresponding hydrothermal mineral is addressed with 

respect to the presently active and inactive thermal areas. For this purpose the present-day 

thermal profiles are superimposed upon the mass exchange and mineral distribution profiles. 

The mass transfer at the Lahendong – Linau active thermal area is represented by LHD-1 and 

5, and that at Kasuratan by LHD-4 and 10. The mass transfer outside these active thermal 

areas are represented by wells LHD 3 and 7.  

 
4.3.8.1. K mass exchanges and the distribution of adularia and illite (Figure 4.32) 
 

Presently active thermal area  

At Lahendong – Linau mass exchange is dominated by the very slight depletion of K at the 

zones where illite and/or adularia occur; the measured temperatures are  250oC. At Kasuratan 

the very slight to slight enrichment of K coincides with the zones where adularia or illite occurs; 

the measured temperatures range from 250 to 300oC. 

 

Presently inactive thermal area 

At LHD-3 and 7 slight enrichment of K occurs at > 1000 m, where adularia is present. The 

temperatures there are now low, i.e., < 150oC at LHD-3 and < 100oC at LHD-7.  

 

4.3.8.2. Si mass exchanges and the distribution of quartz and fresh/partially altered glass 
(Figure 4.33) 

 

Presently active thermal area 

Si mass exchange at Lahendong - Linau is dominated by Si depletion, regardless of the 

occurrence of quartz in the wall rocks and in spaces and the presence of the fresh/partially 

altered glass. I interpret that the Si was leached from primary phases other than glass but only a 

small proportion of it was then allotted to form quartz in wall rock and open spaces. On the 

contrary, rocks at Kasuratan (LHD-4 and 10) are mostly enriched in Si. This occurs where glass 

is fresh/partially altered so fluids must have moved via channels, and here Si enrichment is 

more likely due to quartz deposition.  

 

Presently inactive thermal area 

In LHD-3 and 7, Si exhibits dual behaviour, i.e., either enriched or depleted regardless of the 

presence of quartz in the wall rocks and veins. In LHD-3 this behaviour is not related to the 

presence or absence of fresh/partially altered glass. However, the depletion of Si at 700 m in 
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LHD-3 result from leaching as evident in rhyolite lava cuttings from 600 m examined by SEM 

(Figure 3.6 in Chapter Three) although the re-deposition of silica into cavities may only require 

small portion of Si removed from the rocks. At shallower parts of LHD-7 the altering fluids must 

have flowed through open spaces, as the Si slight enrichment there coincides with the 

occurrence of quartz veins and fresh/partially altered glass. 

 

 

 
Figure 4.32. K mass exchange and the distribution of adularia and illite. Red curves are isotherms (

o
C) 

based on measured temperature data. 
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4.3.8.3. Al mass exchanges and the distribution of clays (Figure 4.34) 
 

Presently active thermal area  

At Lahendong – Linau, Al is relatively immobile, i.e., it is very slightly depleted or very slightly 

enriched. At LHD-1, Al enrichment however, coincides with the occurrence of both chlorite and 

illite (LHD-1). At LHD-5 Al slight enrichment coincides with occurrence of chlorite, illite, and 

(relict?) chlorite/smectite. Very slight depletion occurs in the deeper parts of LHD-1 and 5 

(measured temperatures ≥ 250oC), regardless of the presence of clay. At Kasuratan, Al is 

predominantly immobile or very slightly enriched but the largest enrichment coincides with the 

occurrence of smectite, chlorite, and relict illite, i.e, where the measured temperature is about 

100oC.  

 

Presently inactive thermal area  

Very slight – slight enrichment of Al takes place at LHD-3 and 7. In LHD-3, Al enrichment 

coincides with the occurrence of smectite and in the shallower parts with the relict illite, within a 

temperature range of < 50 to 150oC.  In LHD-7 Al is very slightly enriched in the shallower parts 

but more enriched in the deeper parts. In this well smectite and chlorite are present from the 

near surface down and to about 500 m, and 1900 m, respectively. The present-day 

temperatures in this well are low, i.e., less than 100 oC at the bottom of the well. 

 

4.3.8.4. Ca mass exchanges and the distribution Ca-smectite, calcite and epidote (Figure     
4.35) 

 

Presently active thermal area 

Lahendong – Linau is dominated by slight and very slight enrichment of Ca, and with some 

exception, this commonly coincides with the occurrence of replacement and/or space fill calcite, 

and epidote. At Kasuratan Ca enrichment occurs at shallow depths where Ca-smectite, 

replacement and space fill calcite and relict epidote are present. In deeper parts Ca enrichment 

coincides with the presence of these Ca-bearing hydrothermal minerals, except Ca smectite.  

 

Presently inactive thermal area 

At LHD-3 slight enrichment of Ca coincides with the occurrence of Ca-smectite and space-fill 

epidote. However, there is an exception where Ca-smectiite occurs but here Ca is slightly 

depleted. At LHD-7 slight enrichment of Ca match perfectly with the occurrence of smectite, 

and/or replacement and space-fill calcite and relict epidote. 
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Figure 4.33. Si mass exchange and the distribution of quartz and fresh or partially altered glass. Red 

curves are isotherms (
o
C) based on measured temperature data. 
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Figure 4.34. Al mass exchange and the distribution of clays. Red curves are isotherms (
o
C) based on 

measured temperature data. 
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4.3.8.5. Na mass exchanges and the distribution of albite and fresh/partially altered glass 
(Figure 4.36) 

 

Presently active thermal area 

To interpret the Na mass exchange I plot the distribution of albite and the fresh or partially 

altered glass. Andesites glass may contain 4 – 5 wt% of Na2O (Platz, et al., 2007). The values 

of N  “    c     ” (LHD-1)   d o  “d      o ” (LHD-5) do not reflect the mass transfer between 

the wall rocks and the fluid, but is simply due to differences in the concentration of sodium (in 

glass) between the selected fresh rock sample and the altered counterparts. The Na slight 

depletion at the bottom of LHD-1 however, coincides with the occurrence of albite.       

 

In the shallow parts of Kasuratan thermal area slight enrichment of Na does not corresponds to 

either the presence of albite or the occurrence of fresh/partially altered glass. In the deeper 

parts, slight Na enrichment coincides with a zone where albite and fresh/partially altered glass 

occur. The largest Na depletion also occurs in this zone. I interpret that although Na mass 

exchange occur in this zone the fluids mostly moved through channels leaving the glass matrix 

in the wall rocks fresh. 

 

Presently inactive thermal area 

At LHD-3 in the zone where albite occurs, Na is both enriched and depleted. In places, 

however, the Na mass exchange does not correspond to the presence or absence of albite. At 

the shallow part of LHD-7 the slight enrichment of Na may be due to the presence of 

fresh/partially altered glass. 
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Figure 4.35. Ca mass exchange and the distributions of calcite, Ca-smectite and epidote. Red curves 

are isotherms (
o
C) based on measured temperature data. 
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Figure 4.36. Na mass exchanges and the distribution of albite and fresh or partially altered glass. Red 

curves are isotherms (
o
C) based on measured temperature data. 
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4.3.8.6. Mg mass exchanges and the distribution of Mg-rich chlorite, Fe-Mg-rich      
carbonate (Figure 4.37) 

 
  
Presently active thermal area 

In LHD-1, where Mg-rich (type-A) chlorite occurs, Mg is predominantly slightly enriched and this 

coincides with the presence of fresh/partially altered pyroxene. In LHD-5 Mg exhibits dual 

behaviour (but dominantly slight depletion) despite the occurrence of Mg-rich chlorite and 

fresh/partially altered pyroxene. Therefore, most of the Mg taken from the rocks was removed 

into solution. At Kasuratan Mg enrichment coincides with the occurrence of Mg-chlorite and the 

presence of fresh/partially altered pyroxene. Mg depletions surprisingly occur even where Mg-

chlorite and/or Fe-Mg-rich carbonate, as well as fresh/partially altered pyroxene are present. I 

interpret that the altering fluid moved through channels, in such a way that it was not able to 

completely alter pyroxene and only a small portion of the Mg taken from the nearby wall rocks 

was then allotted to form Mg-rich chlorite and Mg-Fe-rich carbonate.  

 

Presently inactive thermal area 

In the shallow part LHD-3 Mg slight enrichment occurs where there is no Mg-rich hydrothermal 

mineral and fresh or partially altered pyroxene is absent. In the deeper part, slight depletion of 

Mg occurs where Mg-rich chlorite is present but Mg enrichment coincides with the presence of 

both Mg-rich chlorite and fresh/partially altered pyroxene. In the shallower parts of LHD-7 the 

depletion of Mg occurs where both Mg-rich chlorite and fresh/partially altered pyroxene occur. I 

interpret that here fluid mostly moved through channels and only a small portion of Mg taken 

was used to the form Mg-rich chlorite.  

 

4.3.8.7. Fe mass exchanges and the distribution of hematite and Fe-Mg-rich carbonate 
(Figure 4.38) 

 

Presently active thermal area 

In Lahendong – Linau most of the Fe mass exchanges do not coincide with the occurrence of 

hematite or Fe-Mg-rich carbonate but they possibly relate to the formation of other Fe-bearing 

hydrothermal minerals. At Kasuratan, Fe is generally immobile but Fe enrichment coincides with 

the occurrence of hematite as both replacement and space-fill in LHD-4/650 m.  

 

Presently inactive thermal area 

At LHD-3 very slight and slight enrichments of Fe coincide with the occurrence of replacement 

hematite. In the shallower parts of LHD-7 Fe is relatively immobile (very slightly enriched or very 

slightly depleted), however in the deeper part a slight enrichment of Fe coincides with the 

occurrence of hematite in wall rock and spaces.   
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Figure 4.37. Mg mass exchange and the distributions of Mg-chlorite, Mg-Fe-rich carbonate, and fresh or 

partially altered pyroxene. Red curves are isotherms (
o
C) based on measured temperature 

data. 
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Figure 4.38. Fe mass exchange and the distributions of hematite and Mg-Fe-rich carbonate. Red 

curves are isotherms (
o
C) based on measured temperature data. 
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4.3.9. Mass transfer at the surface 

The mass transfer at the surface is assessed by comparing the altered rocks from Lahendong 

and Kasuratan thermal areas with one fresh andesite lava from Linau. The altering fluid is of 

acid-sulfate type (Chapter Two). Mass transfer calculations using the modified isocon method 

demonstrate that interactions with acid sulfate water caused loss of Na, Ca, K, Mg, Fe, and Al, 

Si and Ti remained immobile. Most of the trace elements were removed, too (Figure 4.39). The 

primary minerals were totally, or almost totally, altered to leucoxene and opal-A. These minerals 

possibly formed due to the redistribution of Ti and Si, respectively, leached from the rocks.  

 

 

 
Figure 4.39. Plots of compositional changes in the altered surface rocks taken from the Lahendong 

(Left) and Kasuratan (Right) thermal manifestation areas determined by using the modified 
isocon method. The compositions of the precursor rock is represented by the fresh Linau 
andesite lava. Altered rocks are portrayed on the Y-axis and the fresh rock equivalent is 
represented on the X-axis. 

 
 

4.4. Review of water-rock interaction models for water/rock ratio calculations 
 

Enormous efforts have been made by previous workers to calculate the water/rock ratios (W/R) 

in both active and fossil hydrothermal systems, and most were based on the studies of oxygen 

isotope mass transfer between rock and water. Oxygen isotope chemistry was chosen because 

it is a major and structurally essential part of rocks as well as the most important component of 

lithospheric fluids.  

 

The W/R calculations are based on the concept that as the meteoric water passes through a 

hydrothermal system there is a change of isotopic composition in both water and rock, i.e., 

during the water-rock interactions the rocks become progressively depleted in 18O while the 
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f u ds         c  d   o o   o    y          so o  . T         v    ou   of     “ so o  c s  f ”  s 

determined by the relative proportions of rock and water, and finally the total amount of water 

having exchanged with the rock. The magnitude of W/R is therefore determined by the 

conceptual model of the water-rock interaction (WRI).  I do not attempt to examine the W/R 

formulas and calculations here but instead I review some of the famous W/R conceptual 

models, particularly the way the developers perceive fluid movements in geothermal systems.  

 

1. Zero-dimensional WRI model – Clayton et al., (1968) 

Clayton et al., (1968) proposed a zero-dimensional (0-D) WRI model assuming that there is no 

spatial variation of properties and parameters in the system. This assumption is oversimplifying 

natural conditions where the stratigraphy and structure, and hence the permeability and 

hydrology, are complex. The model was applied by Clayton and Steiner (1975) to calculate the 

W/R in Wairakei geothermal field. They concluded that the small isotope shift in the waters 

accompanied by extensive exchange of the rock implies that the system is near steady state, a 

condition which requires a large W/R ratio. In this case, the role of fracture permeability in the 

Wairakei (which undoubtedly exists) in accommodating the large amount of fluid was not taken 

into account.  

 

2. WRI in “close” and “open” system models - Taylor (1977, 1979), Criss and Taylor 

(1986)  

Taylor (1977, 1979) proposed c  cu    o s of W/R us  g     “c os d”   d “o   ” sys    

models, which were then elaborated in Criss and Taylor (1986). I      “c os d’ sys     od   

water in the system reacts and exchanges isotopic composition with the rock and does not 

escape. In this type of system the value of water/rock ratios is integrated over the lifetime of the 

system assuming continuous re-circulations and re-equilibration of water with the host rock. 

This of course is not true for a convective geothermal system because the heated water may be 

lost at the surface, and the system maintains its circulation by receiving recharge water. In the 

“o   ” sys     od  s   c  b  c  of w      qu   b    s w         os   ock   d       ov s  w y 

from the system.  The W/R obtained reflects the cumulative effect of interactions between the 

rock and the water whereby each batch of water makes only single pass through the system. In 

reality the fluid that has moved away from the reservoir can return to it e.g., through down-flow 

or re-circulation.  

 

Bo   “c os d”   d “o   ”  od  s g v  o  y      u  v  u s of W/R because a significant 

amount of water may move through fractures in the rock without exchanging (i.e. after the wall 

rocks close to the fractures have become markedly depleted in 18O).  W/R b s d o  T y o ’s 

models were widely applied, for example by Sheppard and Taylor (1974) on the Border 

batholith and Butte ore deposits (Montana), Taylor (1977) on the altered Inner Hebrides and 
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Red Hills granitic batholiths (Scotland), Williams and Elders (1984) on the Cerro Prieto 

geothermal system (Mexico), and Petrucci et al., (1993) on the Larderello geothermal system 

(Italy).  

 

3. Effective and true W/R – Ohmoto and Rye (1974) 

In an attempt to model the formation of the Kuroko deposits (Japan) using hydrogen and 

oxygen isotopic compositions of fluid inclusions, Ohmoto and Rye (1974) calculated the 

effective water/rock ratio for a unit mass of water and the effective water/rock ratio for a unit 

mass of rock as well as the true water/rock ratio. Hydrogen isotopes were used because it is 

one of the earliest signals of infiltrating fluids to imprint itself. They mentioned that circulation of 

water through rock causes the effective W/R of a unit mass of water to decrease and the 

effective W/R of a unit mass of rock to increase, even if the true W/R remains constant. Their 

calculations, however, assumed that the fluids moved through the pores of the volcanic rocks 

(i.e. rhyolite and dacite flows and breccias) although mineralization is known to occur also along 

fractures. They also assumed that the porosity of all the rocks is the same. 

 

4. Instantaneous WRI in one-dimensional model – Spooner et al., (1977) 

Spooner et al., (1977) showed that in a hydrothermal flow system the integrated W/R ratio 

depends on the volume and cross-sectional area of rock relative to which the ratio is quoted. 

They distinguished between the volumetric W/R ratio for the whole column of rock with a certain 

cross-sectional area and that of the integrated volumetric W/R ratio from a smaller volume 

element of the same cross-sectional area in a simple unidirectional parallel flow. The resulting 

W/R is called the instantaneous W/R, i.e., it is the relative proportion of water to rock at an 

instant time, which they assumed depends on the porosity of the rock. Although it is called 

instantaneous, however, no estimate of the time required to reach equilibrium was made to 

constraint the calculation.  

 

Spooner et al., (1977) applied their W/R ratio formula to calculate the W/R ratio during 

interaction between sea water and basaltic pillow lavas in East Liguria, Italy. Nonetheless, they 

acknowledged that W/R ratios of any type are simply a way of expressing the total amount of 

hydrothermal fluid flow, and do not mean that in reality each part of the reservoir, either 

chemically or isotopically, interacted with exactly the same amount of fluid, as the permeability 

across a reservoir is inhomogeneous.  

 

5. WRI based on transport theory and kinetically constrained – Norton and Taylor 

(1979) 

In simulating fossil hydrothermal systems associated with the Skaergaard intrusion (East 

Greenland) based on the heat and mass transport theory by using oxygen isotope data Norton 
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and Taylor (1979) incorporated calculations of the relative quantities of fluid to rock integrated 

over the entire cooling history of the system. They took into account the different values of 

porosity and permeability within it. They made separate W/R calculations for different parts of 

the system as well as for the entire domain. The W/R therefore, depends on the permeability 

values used for the simulations.  

 

They noted that an igneous intrusion which fractures into relatively large blocks tends to be 

chemically altered along the walls of the fractures but their interior portions show only minor 

alteration. Therefore, although the permeability is high, and hence large volumes of 

hydrothermal fluid might circulate through the intrusive, the alteration effect can be small. On 

the other hand, intrusive with many very closely-spaced, narrow flow channels (e.g., 

interconnected joints) can be more altered although the total volume of reactive fluid is smaller. 

However, although continuous fractures are known to occur in crystalline rocks involved 

(gneiss, basalt, and gabbro) and that their abundances vary, the simulation for allowed only 

uniform permeability within each rock unit.  

 

6. WRI in “mixed” model – Blattner (1980)  

As g o        sys   s c      d y b  c  ss f  d    o      wo “ x     ”  od  s (c os d o  o    

model), Blattner (1980) develop d     “  x d”  od l where interaction of recharge water with 

the reservoir rock is depicted as a succession of batches of water reaching a reaction zone, 

mixing and exchanging isotope with the rock, and then being discharged. Blattner (1981 and 

1982) then us d      od    o d v  o  W/R fo  u  s by g v  g “d g    of o     ss” f o  1 ( . ., 

the system is completely closed) to  (i.e., the system is completely open, with the water flowing 

through once only). However, although not explicitly mentioned, Blattner’s WRI  od   

accommodates only fluid movement through intergranular pores.  

 

T  s “  x d  od  ”   d   s co   s o d  g W/R fo  u  s   v  b          d by B        (1985)  o 

estimate the W/R ratios in several geothermal systems e.g., Tongonan, Philippines (and later by 

Scott and Blattner, 1986), Wairakei, Kawerau and Ngawha (New Zealand), Salton Sea, 

(California) and Cerro Prieto (Mexico).  

 

4.5. Conclusions 
 
4.5.1. Comparison of the output of mass transfer assessment for the Lahendong 

geothermal system 

The magnitudes of mass exchange calculated using the methods of Appleyard (1994) and the 

 od f  d G    ’s  soco  of Reyes and Vickridge (1996) are compared. With only few exceptions, 

their conclusions agree. This is illustrated in Figure 4.40 using the Si and Sc changes in the 
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precursor – rock pair of fresh andesite lava (LHD-1/300 m) and altered andesite lava (LHD-

4/350 m) from the Post-Tondano andesite unit. The two elements are used to demonstrate the 

similarity of the results of both methods and their consistency when applied for two elements 

that correlate negatively to each other, Si is a major element, abundant and mobile whereas Sc 

is a trace element and traditionally known to be immobile. However, my mass transfer study at 

Lahendong shows that to the contrary to what it is usually accepted Sc is immobile.  

 

To compare further estimates of mass transfer by both methods, the ratios were calculated from 

the elemental compositions of the rocks determined by using the SOMA1 program. They are 

then compared with the ratios determined by the modified isocon method.  An example is given 

for the results from precursor – rock pair of fresh andesite lava (LHD-1/300 m) and altered 

andesite lava (LHD-4/350 m) from the Post-Tondano andesite unit (Table 4.5). Although the 

    ods us d d ff      co c       o  u   s ( . .,   ss     u    vo u      A    y  d’s so u  o  

and ppm in modified isocon method) the direction of changes indicated by both methods are the 

same.   

 

 

 

Figure 4.40.  Illustration of the mass changes showing that the directions of changes determined by both 
    A    y  d’s so u  o    d      od f  d  soco      ods         s   . T    x   les 
given are for changes of Si and Sc in the rock pairs of fresh (LHD-1/300 m) and altered 
andesite lavas (LHD-4/350 m); both are from the Post-Tondano andesite unit. See Table 
5.5 and text for details.  

 

G  s  s’ equation takes into account the whole rock densities. From a practical point of view, 

      oc du   fo  so v  g G  s  s’  qu   o  us  g A    y  d’s     od  s  ot so simple as it 

requires measuring rock densities which is difficult if the altered samples easily disintegrate.  On 
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    o        d, G    ’s  soco      od   d   s  od f c   o  by R y s   d V ck  dg  (1996) off   

a more direct solution in an absence of rock density data. 

 

4.5.2. Mass transfer model of the Lahendong geothermal system 

 

The model of mass transfer and distribution of hydrothermal minerals developed by Giggenbach 

(1984, 1988) differs at Lahendong. The following discussion will explain the reason for it.  

 

Giggenbach (1984, 1988) modelled the New Zealand-type geothermal system set in a low-relief 

terrain, with an emphasis on chemical processes. The model assumed isotropic permeability 

and accomplishment of thermodynamic mineral-fluid equilibrium. The Lahendong system is 

located in high-relief terrain and is hosted by rocks of different physical properties, and has 

open channels. These have implications on the way a fluid moves and hence, the hydrological 

characteristics of the system. Within a single stratigraphic unit the rock types differ vertically and 

laterally and hence the permeability is not isotropic. Channel-type permeability (faults and 

fractures) focuses the ascending hydrothermal fluids and the locations of the descending cooler 

groundwater.  

 

K-metasomatism, which indicates that an upflow zone, once existed in the northern part of the 

field (LHD-3). The relict illite and/or adularia associated with the K-enrichment in LHD-3 shows 

its location (Figure 4.27). However, this interpretation is not consistent with the pattern of the 

shallowest occurrence of hydrothermal mineral geothermometers (Chapter Three).  

 

The present-day upflow, as indicated by the measured temperatures, occurs beneath the 

Lahendong – Linau (LHD-1 and 5) and Kasuratan areas (LHD-4/10 and 13, but note that LHD-

13 is not involved in this mass transfer analyses). At Lahendong – Linau however, the 

occurrence of K-rich minerals here is inconsistent with the local very slight depletion of K. 

Quartz is also associated with adularia and illite but Si is mostly depleted. On the contrary, at 

Kasuratan, K and Si enrichments are consistent with the occurrence of K-rich minerals (adularia 

and illite), and quartz, respectively.  

 

The Lahendong – Linau upflow zone is spatially associated with anhydrite, both replacement 

and space-fill, i.e., in LHD-1 and 5 (Chapter Three). The formation of space-fill anhydrite in 

shallow levels was probably due to either heating up and/or neutralisation of descending 

sulfate-rich steam heated water (Reyes, 1991). Replacement anhydrite at the deeper levels 

may have derived from the neutralization by the rocks of ascending magmatic-derived fluids rich 

in SO2 and H2S (Giggenbach, 1988).  Anhydrite is absent at the Kasuratan area, but is present 

sporadically at LHD-3, the suspected location of a paleo-upflow. At LHD-3 the presence of 
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highly reactive fluid at shallow levels (~600 m) in the past is recorded by the leaching texture of 

rocks there.    

 

Na, Ca, and Mg-metasomatism producing albite, epidote, and chlorite, respectively are 

modelled by Giggenbach (1984, 1988) to occur at the recharge zone or on the perimeter of a 

geothermal system. At Lahendong Na, Ca and Mg metasomatism occurs in both the upflow and 

on the margin of the present-day system however, Ca enrichment is most consistent with the 

mineralogy.  

 

The zone of descending fluids, is marked by the formation of calcite and other carbonates in the 

shallower parts of LHD-4, in agreement with the enrichment of Ca there. The isothermal pattern 

in this part of the system shows thermal upflow associated with a thermal inversion. Leaching 

dominates mass transfer at the surface where rocks react with acidic steam-heated fluids. 

 

In general, the mass exchange values in all subsurface stratigraphic units in Lahendong are 

low. There is no distinguishable pattern of mass transfer in andesites and rhyolites. Most of the 

elements are rarely depleted by half or more, nor enriched by twice their original amounts 

despite their moderate to strong intensities of alteration. This demonstrates that during fluid-rock 

interaction processes in the deeper parts of the Lahendong system constituents were simply 

“reshuffled”, w    perhaps only small amounts of some constituents removed in solution or fixed 

into the rocks in the replacement minerals. This mode of mass transfer, therefore, may not 

change or only slightly change the net compositions (absolute concentration of each element 

after alteration) of the rocks.   

 

4.5.3. Mineralogical and mass transfer features at Lahendong VS water-rock interaction 

models  

The way fluid moves in a geothermal system and the nature of water-rock interactions are 

recorded by the rocks and these can be best observed by petrography. At Lahendong the 

altered rocks show the following features: 

a) Hydrothermal alteration took place as both replacement of primary minerals and direct 

deposition. This clearly indicates that fluid moves through both intergranular pores and 

along open fractures and cavities.  

b) Incomplete replacement of primary minerals is common. This suggests that equilibrium 

between rock and fluid is seldom achieved. 

c) The ground mass is often less altered than the accompanying phenocrysts, which can 

be due to micro-scale porosity differences between them groundmass thus, causing 

different rates of reactions between groundmass and fluid on one hand and phenocrysts 

with fluid on the other. 
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d) Wall rocks next to veins does not always have greater intensity of alteration (in places it 

is even fresh) than that away from vein. This indicates that some portions of fluids pass 

through a channel without exchanging mass with the wall rocks as deposition on the 

channel walls prevents further reactions. 

e) Small amounts of constituents were derived from hydrothermal fluids and are expressed 

as enrichment. However, significant element gains mostly occur where space-fill 

minerals were inevitably included in the rock analyses. It follows that channel 

permeability was indeed more effective than intergranular-type permeability in moving 

elements and providing an environment to form hydrothermal minerals. Calculations of 

water/rock ratios using the principal of mass exchanges in the wall rocks are therefore 

unrealistic since fluid moves almost entirely within channels.  



Chapter Five: Space-fill Mineralogy and the Nature of the Past Fluids Moving in Channels  209 
 

Chapter Five 
 

SPACE–FILL MINERALOGY AND THE NATURE OF  
THE PAST FLUIDS MOVING IN CHANNELS  

 

 
 
 
5.1. Introduction 
 
Minerals deposited into open spaces (fractures, vugs, and other cavities) form in different 

ways from those replacing primary phases in the wall rocks, i.e., they develop through 

processes affecting the circulating fluids. This chapter describes detailed observation of the 

space-fill minerals and interprets their paragenesis, and utilises them to deduce the nature of 

the fluids moving in channels as well as processes affecting them, such as boiling, mixing, 

cooling, and pH changes. The results of fluid inclusion studies made on crystals deposited by 

the circulating fluids are incorporated here as these also help characterise the temperatures, 

phases, and the apparent salinity of the fluids. 

 

5.2. Space-fill mineral paragenesis  
 

Sixty cores from 9 wells were examined and their vein and cavity mineral paragenesis 

determined and interpreted. The shallowest core is from 300 m depth (LHD-1). It was quite 

difficult to determine the space-fill mineral paragenesis in cutting; and this mainly due to the 

small size of the cutting chips (diameter 2 – 10 mm) so that vein extent or cross-cutting 

relations are not always preserved, and veins wider than 10 mm are unlikely to be 

recognised. Also, the depths of the origin of the cuttings may not be accurate, but I assume 

that depths indicated by the labels in the cutting bags are likely to be the maximum depths of 

the recovered cuttings. However, where suitable, space-fill mineral paragenesis in cuttings 

from wells LHD-6, 8, 10 and 13 are reported and interpreted.  

 

Based on the sequence of minerals and crosscutting relationship in the veins at least 5 

stages of mineralisation can be recognised in each studied well. The term “stage” is used 

here for convenience, although the deposition process may or may not have occurred 

continuously. Each stage is characterised by the appearance of a certain mineral or mineral 

assemblage. It is expressed by a number followed by a subscript. The number denotes the 

assigned stage and the subscript indicates the well number, e.g. stage 11 means stage 1 in 

well LHD-1; however, this particular deposition event may not have occurred at the same 

time as, for example, stage 1 in well LHD-3 (13). That is, the stages are not necessarily field-

wide. The duration of a stage in a well is not known, and is not necessarily the same as that 
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of corresponding stage in other wells. Note also that the reported paragenesis below are of 

microscopic scales (millimetre to centimetre), and so record the local chemical and/or 

physical conditions of the moving fluids. 

 

Due to lateral and vertical discontinuity of the sample availability the paragenesis are 

incomplete records of hydrothermal events at the Lahendong system. Nonetheless, some 

trends appear to be as follows: 

1. Simple veins are usually older or else, younger than those of complex texture. 

2. Chlorite is present field-wide, and commonly was the first deposited mineral. 

3. Calc-silicates tend to occur in veins with complex textures, which often cut the simpler 

veins, therefore they may have been formed after the simpler veins. 

4. Brecciated veins (recorded only in some wells) seem to be the youngest veins. 

 

The types of space-fill minerals are given in Chapter Three (see Figure 3.7). The space-fill 

mineral paragenetic sequences in all wells studied are given in this chapter.  

 

Suitable transparent minerals in veins were sampled and doubly polished for fluid inclusion 

petrography and microthermometry studies. Their positions in the paragenesis are 

interpreted and, despite the limited number of the inclusions, the results reported here infer 

the phases, temperatures, and apparent salinities of the fluid trapped while passing the 

channels. The fluid inclusion sample preparation followed Shepherd et al., (1985). Criteria for 

determining the inclusion shape, origin, and liquid/vapor ratio as well as the interpretation of 

the processes after their entrapment are based on Roedder (1984) and Shepherd et al., 

(1985). The fluid inclusion measurement methodology and the results, as well as the 

apparent salinity calculations are given in Appendix D.  

 

5.2.1. Well LHD-1 (Figure 5.1) 

The first stage (11) of mineralisation began with the deposition of chlorite into fractures and 

cavities, mostly monomineralic (e.g., at 650 m, Figure 5.2), but in places chlorite forms a 

mosaic space-fill with pyrite.  

 

Stage 21 is characterised by calcite although chlorite is a minor phase in places. The 

appearance of quartz indicates stage 31. At some depths, calcite continued to form veins of 

mosaic quartz ± calcite, for example at ~900 m, indicating that both may have deposited 

contemporaneously. Fluid inclusion microthermometry measurements were made on the 

calcite and quartz crystals of different stages (in Section 5.3.2). 
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Stage 41 is marked by the occurrence of calc-silicates such as epidote, prehnite and 

wairakite, plus adularia. These space-fill minerals mostly occur in mono-mineralic veins or 

amygdules but at some depths postdate chlorite or calcite, forming mirror veins or 

concentrically zoned amygdules, or else cut by the last stage veins. This assemblage occurs 

sporadically from 650 m down to the bottom of the well (example in Figure 5.3A).  

 

Stage 51 is represented by hematite, mostly at shallow depths, and anhydrite at deeper 

levels. At 651 m depth, a hematite vein cuts earlier veins, and at 801 m hematite fills spaces 

in a brecciated vein. Quartz, pyrite, and anhydrite, mostly occur in the deeper levels. 

Anhydrite forms segmental veins with calcite and quartz, (example in Figure 5B). Late stage 

quartz from 1450 m depth has undulose extinction, and it was deposited after wairakite. Fluid 

inclusion microthermometry measurements were made on the stage 51 quartz crystal 

sampled from this depth.  

 

 
Figure 5.1. Summary of space-fill mineral paragenesis in LHD-1. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  
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Figure 5.2. Scanning Electron Microscopy (SEM) image of well-crystallised, hexagonal chlorite 

platelets as the first deposited mineral filling vugs at LHD-1/1650 m. Red curve is the 
result of the Energy Dispersive X-ray Spectroscopy (EDS) analysis at site (X).  

 
 

 

 
Figure 5.3. Photomicrographs of examples of space-fill mineral paragenesis at LHD-1.  

A. Vug of epidote and prehnite from 2201 m assigned to stage 41, post-dated by stage 51 

quartz. 
B. Segmental vein of anhydrite-qtz-calcite at LHD-1/1150 m assigned to stage 51. Note that 

the wall rock has an assemblage similar to that of the vein. 

 

5.2.2. Well LHD-3 (Figure 5.4) 

Here stage 13 is characterised by chlorite. Calcite possibly formed in stage 23 but this 

relationship is not well established as calcite usually forms mono-mineralic amygdules or 

veins. Quartz with minor calcite or chlorite (and possibly titanite?) is assigned to stage 33. 
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Incipient epidote (Figure 5.5A) possibly started to form at this stage too. Wairakite (in places 

is segmental veins with calcite, Figure 5.5B), albite and adularia, mark stage 43. Their 

deposition was then followed by a fracturing event (at a deeper level, vein brecciation) and 

deposition of stage 53 with quartz, calcite and adularia. A vein brecciation recorded in thin 

section of a core from the bottom of the drillhole (2201 m, Figure 5.5C), but at 1620 and 1001 

m, the stage 53 is marked by hematite and anhydrite, respectively 

 

 

 
Figure 5.4. Summary of space-fill mineral paragenesis in LHD-3. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  

 

 

Figure 5.5. Photomicrographs of examples of space-fill mineral paragenesis at LHD-3. 
A. Incipient epidote assigned to stage 33 post-dated by comb quartz of stage 43 - 53 at LHD-

3/1621 m.  
B. Segmental wairakite-calcite vein cut by a calcite vein at LHD-3/2201 m. Both veins 

represent stage 43.  
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Figure 5.5. (continued) 

C. Photomicrograph of brecciated vein postdated by quartz ± adularia ± calcite at LHD-3/2201 m 
assigned to stage 53.  

 
 

5.2.3. Well LHD-4 (Figure 5.6)  

Stage 1 in LHD-4 started with deposition of chlorite into amygdules and veins. At 650 – 850 it 

occurs with hematite forming veins of chlorite ± hematite. Calcite occurring from shallow 

levels down to about 1000m is interpreted to have developed during stage 24, and quartz 

during stage 34, or else calcite and quartz have formed contemporaneously through stages 

24 to 34.  They form parts of concentric amygdules of chlorite → hematite → calcite → quartz, 

or veins of chlorite → hematite → calcite ± quartz which cut earlier veins of chlorite ± 

hematite (e.g. at 652 m, in Figure 5.7A). At 850 m depth, dolomite and magnesite formed in 

stage 34 (Figure 5.7B). Stages 44 and 54 are marked by incipient epidote, epidote, late quartz 

and late calcite forming vugs of incipient epidote (or else epidote)  calcite (Figure 5.7C), or 

mosaic veins of quartz ± epidote ± calcite (Figure 5.7D). Stages 44 and 55 are well developed 

below about 1000 m. Late chlorites of stages 44 and 54), appear at 850 m depth and well 

bottom (2306 m), respectively.   
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Figure 5.6. Summary of space-fill mineral paragenesis in LHD-4. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  
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Figure 5.7. Photomicrographs of examples of space-fill mineral paragenesis at LHD-4. 

A. Stage 14 chlorite ± hematite cutting vein chlorite  → hematite → calcite ± quartz at LHD-
4/652 m, where calcite and quartz formed contemporaneously during stages 24 and 34, 
respectively.  

B. Hematitechloritecalcite-1dolomite ± magnesite chloritecalcite-2 vein at LHD-
4/850 m. Hematite and chlorite represent stage 41. Calcite-1 is assigned to stage 42. 
Dolomite and magnesite are assigned to stage 34, predating late chlorite and calcite-2 
(stage 54).  

C. Incipient epidote  calcite vug at LHD-4/1002 m assigned to stages 44 to 54. 
D. Quartz ± epidote ± calcite vein at LHD4/1350 m assigned to stages 44 to 54. 

 

 

5.2.4. Well LHD-5 (Figure 5.8) 

Chlorite marks stage 15.  Hematite, commonly deposited at about 500 m, is interpreted to 

have started to develop in this stage as well, since some thin mono-mineralic hematite veins 

are cut by other veins. Stage 25 is characterised by segmental veins of calcite ± quartz ± 

chlorite ± hematite (e.g., at 500 Figure 5.9A) or concentric amygdules or mirror veins of early 

chlorite → calcite (e.g at 652 m). 
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Figure 5.8. Summary of space-fill mineral paragenesis in LHD-5. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  

 

Quartz marks stage 35 where calcite and chlorite occur as minor phases. Stage 45 is marked 

by the appearance of adularia, epidote, and clinozoisite (example in Figure 5.9B), usually 

followed by late calcite or quartz. 

 

Stage 55 is marked by deposition of late calcite or quartz or anhydrite but at 750 m this stage 

is characterized by botryoidal chalcedony in re-opened veins, for example re-opened mirror 

vein of stage 15 – 45 (?) chlorite  calcite at 750 m (Figure 5.9C). At around 1300 m depth 

stage 55 is characterised by brecciated veins (Figure 5.9D) consisting of quartz, pyrite, 

chlorite, calcite, titanite, epidote, adularia, and illite (which also formed at earlier stages) 

embedded in mosaic quartz. 
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Figure 5.9. Photomicrographs of examples of space-fill mineral paragenesis at LHD-5. 
A. Segmental vein of hematite-quartz-calcite formed not earlier than stage 15 (i.e., 25 or 

later) at 500 m. 
B. Clinozoisite in vug encapsulated by quartz at 1102 m assigned to stage 45. 

C. Botryoidal chalcedony assigned to stage 55 at 750 m develop after the chlorite  calcite 
vein re-opened.  

D. Brecciated vein characterising stage 55 at 1301 m, consisting of micro crystalline quartz 
trapping epidote, titanite and pyrite which formed at earlier.  

 

 

5.2.5. Well LHD-6 (cuttings only, Figure 5.10) 

Despite the difficulties of judging the mineral paragenesis in cuttings I report my observations 

and the interpretations by analogy with  common trends in cores from other wells as follows. 

 

The shallowest amygdules at 850 m drilled depth are composed of chlorite, or mordenite, or 

else mordenite which deposited after chlorite. Here chlorite is assigned to stage 16 and 

mordenite to stage 26 or 56 at the latest. Micro-crystalline quartz occurs in patches and veins 

from about 900 m down to the bottom of the well (2146 m measured depth). Microcrystalline 
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quartz deposited after chlorite, so it is assigned to stage 26. At 928 m microcrystalline quartz 

is postdated by mordenite that is assigned to stage 36 (Figure 5.11A).  Calcite is present as 

mono-mineralic amydules from ~1600 to 1900 m measured depths. Its assignment to stage 

36 in this well is therefore unconstrained. Epidote may have formed at stage 46. Wairakite is 

assigned to stage 46 (Figure 5.11B). A chip of space-fill (may be from an amydule or part of a 

vein) of epidote and  wairakite, postdated by late stage quartz occurs in cuttings from the 

bottom of the well (Figure 5.11C). Patches of hematite (mono-mineralic) are most common at 

1700 – 1900 m,, in places cutting patches of earlier stage quartz or calcite. Hematite is 

therefore assigned to stage 56. 

 

 

 

 
Figure 5.10. Summary of space-fill mineral paragenesis in LHD-6. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  
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Figure 5.11. 
 
Photomicrographs of examples of space-fill 
mineral paragenesis at LHD-6. 

A. Concentric amygdule of quartz  
mordenite assigned from stage 26 to 56 in 
a cutting chip from 928 m.  

B. Wairakite deposited after epidote (both 
assigned to stage 45) as part of space-fill 
in a cutting chip from 2146 m. 

C. Wairakite deposited after epidote (both 
assigned to stage 46) postdated by quartz 
as part of space-fill in a cutting chip from 
2146 m.  

 
 

 

5.2.6. Well LHD-7 (Figure 5.12) 

Stage 17 is dominated by at least two generations of chlorite at depths down to about 900 m. 

Calcite, in places with quartz at deeper levels (e.g., at 1755 m, Figure 5.13) or with other 

carbonate at shallow levels (e.g. at 902 m, Figure 5.14 A and B), marks stage 27. Stage 37 

started with the deposition of quartz, which in some places was predated by the deformation 

of calcite veins deposited in stage 27. At 1754 m veinlets of illite (assigned to stage 37 or 

earlier?) are cut by a vein of micro crystalline quartz and two generations of calcite (Figure 

5.14 E). Epidote occurs at 560 m depth, postdating calcite in veins, but in places it forms 

segmental veins of calcite – epidote, cutting segmental veins of quartz – epidote. These 

segmental veins are assigned to stage 37 – 47.  Titanite probably developed at this stage too 

but its position in the paragenesis is not well constrained. Wairakite appears from 1567 m 

together with pyrite (Figure 5.14 D) and they deposited after calcite ± epidote postdates 

quartz at around 1750 m. Stage 57 is marked by the occurrence of pyrite and hematite locally 

with late calcite. The veins from 1570 m and 1755 m depths are only partly filled.  
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Figure 5.12. Summary of space-fill mineral paragenesis in LHD-7. Refer to Figure 3.18 for abbreviation 

of mineral names. Mineral names in regular and italic fonts indicates mineral deposition in 
veins and vugs, respectively; wiggled line = fracturing event; wiggled line with triangles = 
vein brecciation event. Refer to Figure 3.4 for symbols of deposition textures. 

 

 

 
 
Figure 5.13.SEM  image of calcite (C) and euhedral quartz (Q) contemporaneously deposited in a vein 

at LHD-7/1755 m. X1 and X2 indicate the locations of the EDS analysis spots of quartz and 
calcite, respectively.   
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Figure 5.14.  
Photomicrographs of examples of space-fill mineral 
paragenesis at LHD-7. 
A. Concentric amygdule of two generations of 

chlorite post-dated by calcite at 902 m. Smaller 
amygdules contain chlorites only. Chlorites are 
assigned to stage 17 and calcite 27. 

B. Vein of calcite post-dating other carbonate at 
902 m assigned to stage 27, Note that the 
vesicles are filled by chlorite of stage 17.  

C. Segmental vein of quartz – epidote cut by 
segmental vein of calcite – epidote at 560 m. 
Both veins are assigened to stage 37 – 47.  

D. Mosaic vein of calcite ± wairakite ± pyrite 
assigned to stage 47. 

E. Veinlets of illite assigned to stage 37 cut by a 

mirror vein of micro crystalline quartz  

calcite-1  calcite-2 assigned to stages 47 – 
57. 
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5.2.7. Well LHD-8 (cuttings only Figure 5.15) 

Thin sections were made of cuttings so it is difficult to judge the mineral paragenesis. 

Chlorite patches appear from ~140 to 650 m measured depth and at about 200 m they are 

spatially associated with hematite patches. Both minerals were the first deposited in the 

cavities. Calcite occurs in patches and possibly veins (?) sporadically from 1000 – 1300 m, 

where some crystals have bent cleavages. Quartz was deposited after chlorite in vesicles at 

1112 m depth.  Epidote occurs in mono-mineralic patches at the bottom of the well (1505 m).  

 

Here chlorite represents stage 18 as when present it is usually the first mineral deposited 

(Figure 5.16A). An exception occurs at 1122 m where chlorite deposited after 

microcrystalline quartz in vugs (example in Figure 5.16B). Quartz and micro-crystalline 

quartz deposited after chlorite but before hematite, possibly at stage 28 or even later, but 

here it is assigned to stage 23. Assignment of calcite to stage 38 and epidote to stage 48 is 

unconstrained since they occur in a mono-mineralic veins. Vein calcite at 1173 m however, 

has bent cleavages, indicating that deformation took place after its deposition. Hematite 

which deposited after microcrystalline quartz (e.g., at 1000 m) marks the last stage (58) of 

alteration here.  

 

 

 
Figure 5.15. Summary of space-fill mineral paragenesis in LHD-8. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  
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Figure 5.16. Photomicrographs of examples of space-fill mineral paragenesis at LHD-8. 

A. Asymmetric vein of chlorite and hematite at 200 m. Chlorite is assigned to stage 18. 
Hematite may have formed at stage 28 or later.  

B. Concentric amygdule of micro crystalline quartz  chlorite in a cutting chip from 1122 m. 
Their paragenesis is uncertain.  

 

 

5.2.8. Well LHD-10 (Figure 5.17) 

This well yielded only one core (2187 m) so descriptions and interpretations of mineral 

paragenesis at other depths are based on thin sections made from cuttings.  

  

Chlorite is the first (and often the only) mineral deposited in veinlets and other cavities. 

Chlorite is assigned to stage 110, calcite to 210, micro-crystalline quartz to 210 or 310 and calc 

silicates (titanite, epidote and incipient epidote) to 410 and hematite to 510. Assignment of 

calcite and calc-silicates for stage 210 and 410, respectively is uncertain. At some depths 

micro-crystalline quartz deposited after chlorite in 210 or 310 although it may have formed 

contemporaneously with chlorite. Certainly chlorite formed earlier than heulandite or 

hematite. Heulandite at 102 m depth was the only mineral deposited in vugs here (Figure 

5.17A), so its paragenesis is unknown, but at 774 m heulandite postdates two generations of 

chlorite in the mirror vein sequence of micro-crystalline quartz  chlorite-1  chlorite-2  

heulandite (Figure 5.18B). Therefore, it may have formed at a later stage (i.e., 410 or 510 at 

the latest). Incipient epidote appears in places at 1305 m, but epidote occurs at greater 

depths e.g. at 2451 (Figure 5.18C). Their paragenesis is unknown, however, they are 

assigned to stage 410. Where present, hematite is the last mineral deposited and so is 

assigned to stage 510. 
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Figure 5.17. Summary of space-fill mineral paragenesis in LHD-10. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event. 

 

5.2.9. Well LHD-13 (Figure 5.19) 

This well provided only two cores (1182 and 2500 m) so descriptions and interpretations of 

mineral paragenesis at other depths are based on thin sections made from cuttings.  

 

Where present chlorite was always the first mineral deposited in veinlets or cavities (113). 

Calcite, quartz or microcrystalline quartz may have formed at stages 213 - 313. At shallow 

depths (145 – 237 m) heulandite was the last mineral deposited in concentrically zoned 

amygdules postdating chlorite. This event was either 213 or later. Incipient epidote formed at 

313 is encapsulated by later quartz. These are cut by late calcite vein. Epidote and actinolite 

in LHD-13 probably developed at stages 413 – 513 in the deeper parts, in places, followed by 

calcite (e.g., at 1481 m and 2500 m, Figure 15.20B and C). 
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Figure 5.18. Photomicrographs of examples of space-fill mineral paragenesis at LHD-10. 

A. Space-fill heulandite chip from cuttings at 102 m. Its paragenesis here is unconstrained 
but comparison with the occurrence of space fill heulandite in other sample (e.g. in 
Figure 5. 18B) suggested that it formed later than stage 110, i.e., 510 at the latest. 

B. Mirror vein of micro crystalline quartz  chlorite-1  chlorite-2  heulandite in cuttings 
from 774 m. Microcrystalline quartz and chlorite are assigned to stage 110 to 310, and 
heulandite to stage 410 or 510 at the latest.  

C. Space-fill epidote chip from cuttings at 2451 m. Its paragenesis here is unconstrained, 
but comparison with the occurrence of space-fill epidote in other wells suggested that it 
formed at stage 410.  
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Figure 5.19. Summary of space-fill mineral paragenesis in LHD-13. Refer to Figure 3.7 for symbols of 

deposition textures and to Figure 3.18 for abbreviation of mineral names. Mineral names 
in regular and italic fonts indicates mineral deposition in veins and vugs, respectively; 
wiggled line = fracturing event; wiggled line with triangles = vein brecciation event.  
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Figure 5.20. 
Photomicrographs of examples of space-fill 
mineral paragenesis at LHD-13. 
A. Incipient epidote encapsulated in 

microcrystalline quartz vein cut by 
calcite vein in cutting chips from 785 
m.Incipient epidote is assigned to stage 
413 or earlier (?). Calcite is assigned to 
stage 513.  

B. Chips of space fill epidote  calcite at 
1481 m. Epidote and calcite are 
assigned to stages 413 and 513, 
respectively. 

C. Actinolite (assigned to stage 413) 
encapsulated in calcite (assigned to 
stage 513) from 2500 m.   

 
 

5.3. The trapped fluids: temperature, phase and apparent salinities 
 
Information about the temperatures and apparent salinities of the fluids trapped while 

circulating during some alteration events were obtained from fluid inclusion studies. 

However, the temperatures at which liquid-rich inclusions homogenised are minimum 

estimates of fluids trapping temperatures (Shepherd et al., 1985). The phase of the fluid 

trapped was deduced by comparing the homogenisation temperatures with the boiling 

temperature of pure water. The apparent salinities of the fluid inclusions were calculated 

using the formula by Potter et al., (1978). This assumes that dissolved solutes controlling the 

freezing temperature are entirely Na+ and Cl- : 

 

Ws = (1.76958) – (4.2384 X 10-2 -2) + (5.2778 X 10-4 3)    0.028 (Eq. 5-1) 

Where Ws = weight% (equivalent) of NaCl in solution;  = 0 - Tm, and Tm is the last ice-

melting temperature. 
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The precisions of the homogenisation and the last ice-melting temperatures are 1oC and 

0.1oC, respectively (see Appendix D).  

 

Despite much effort in selecting representative crystals only a few usable ones were 

obtained, namely: 

1. A segmental vein of quartz ± calcite from LHD-1/900 m. 

2. Quartz as a part of a mirror vein of wairakite  quartz from LHD-1/1450 m. 

3. First generation calcite as part of chlorite calcite-1  chlorite  calcite-2  

botryoidal chalcedony vein from LHD-5/750 m.  

4. A vein of a euhedral quartz colony from LHD-5/900 m 

5. A Segmented vein of calcite ± quartz from LHD-7/1568 m 

All the fluid inclusion plates were kindly made by Mr. Andrés Arcilla (Geology Department, 

The University of Auckland).  

 

5.3.1. Well LHD-1 

 

A. Segmental vein of quartz ± calcite from 900 m 

The segmental vein (3 mm wide) of quartz ± calcite is assigned to stage 31. The vein cuts 

altered tuff breccia. The crystals contain few usable inclusions, however. A calcite crystal 

(Figure 5.21A) contains large ( 5 m), liquid-rich (10% vapor) primary and pseudosecondary 

fluid inclusions. Necked inclusions and those with inconsistent vapor to liquid ratios, were not 

measured. A quartz crystal (Figure 5.21B and C) hosts measurable primary, liquid-rich (10% 

vapor) inclusions, and trains of small (< 3 m), secondary liquid-rich fluid inclusions that 

could not be measured.  

  

The quartz-hosted liquid-rich primary fluid inclusions gave homogenisation temperatures 

ranging from 254 to 265  oC, and ice melting temperature of -0.1 to 0.3 oC which correspond 

to apparent of 0.18 to 0.53 wt% NaCl. Calcite-hosted fluid inclusions are liquid-rich (10% 

vapor), and homogenised in the range 255 to 265 oC. Their ice meting temperatures range 

from -0.1 to -0.3 oC corresponding to apparent salinities equivalent to 0.18 to 0.35 wt% NaCl.  

Their homogenisation temperatures and apparent salinities are higher than the present-day 

temperature (240 oC) and fluid salinity at 800 m, i.e., 0.20 wt% NaCl (calculated from fluid 

chemistry data in Table 2.5, Chapter Two) (Figure 5.22). However, the lower stable 

temperature and the closeness of the Th modes of the fluid inclusions from 900 m to the 

boiling temperature (in Figure 5.31A) suggests that part of the reservoir was hotter during the 

third stage of the alteration and the fluids trapped by the crystals were boiling, or nearly so.  
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Figure 5.21.  
 
Fluid inclusion photomicrographs of segmental 
quartz – calcite crystals from LHD-1/900 m 
assigned to stage 31. P = primary, PS = 
pseudo-secondary, M = multi-facet. 
A.   Calcite crystal containing large, liquid-rich  

primary inclusions, and pseudo-secondary 
inclusions. 

B and C. Quartz crystal hosting few measurable 
primary fluid inclusions and trains of 
minute, not measurable secondary liquid-
rich inclusions.  

 

 

 

 

 
 
Figure 5.22. Plot of Th, Tm, and apparent salinity of fluid inclusions in quartz and calcite of stage 31 from 

LHD-1/900 m. Red dot represents the present-day temperature and fluid salinity at 800 m.  

 

A 
 

B 

C 
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B. Mirror vein of wairakite  quartz from 1450 m 

 

The plate was made from a mirror vein of quartz deposited after wairakite (3 – 6 mm wide) 

cutting an altered tuff breccia. The visible fluid inclusions are hosted by quartz is assigned to 

stage 51. Two-phase (10 – 15% vapor) inclusions are rare (Figure 5.23.A and B) but some 

secondary inclusions are elongate and contain liquid only (Figure 5.23.C). 

 

  

 

Figure 5.23.  
 
Fluid inclusion photomicrographs of quartz from 

LHD-1/1450 m as part of wairakite  quartz 
sequence assigned to stage 51.  
P = primary, S = secondary, PS = pseudo-
secondary, U = unknown. 
 
A&C.   Rare,usable two-phase inclusions of primary 

origin. 
B.      Cluster of minute but measurable two-phase 

inclusions of unknown (B) origin. 
C.       Elongate liquid only inclusions of secondary 

or pseudo-secondary origin. Some primary, 
two-phase fluid inclusions are also present. 

 

The few usable liquid-rich primary inclusions have homogenisation temperatures ranging 

from 240 to 266 oC, and ice melting temperatures of -0.5 to -0.8 oC which correspond to 

apparent salinities of 0.90 to 1.40 wt% NaCl. The relative ages of the fluid inclusions are 

unknown however some of them homogenised at higher and the rest at lower temperatures 

than the present-day temperatures (Figure 5.24). Their Th modes coincide with the present 

day temperature (in Figure 5.31A), and possibly indicate that this part of the system has 

been relatively thermally stable since the last stage of alteration.  

 

 

 

A B 

C 
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Figure 5.24. Plot of Th, Tm and apparent salinity of fluid inclusions in quartz of stage 51 from LHD-
1/1450 m. Red line indicate the present-day temperature.   

 

 

5.3.2. Well LHD-5 

 

A. Vein of chlorite calcite-1  chlorite  calcite-2  botryoidal chalcedony from 750 m 

 

A plate was prepared from vein cutting an altered diorite core. The vein is of mirror type 

containing (from the wall inwards): chlorite →calcite (1)→chlorite→calcite (2) → botryoidal 

chalcedony. The observed fluid inclusions are those hosted by calcite (1), calcite (2), and 

botryoidal chalcedony. 

 

Calcite (1) – is assigned to stages 25 – 35 (?) and contains a group of very small inclusions 

and occasionally large, primary liquid-rich (10% vapor), multi-faceted inclusions (Figure 

5.25A). Calcite (2) – is assigned to stage 45. It contains groups of very small, but 

occasionally, large, isolated, oblate inclusions, possibly of primary origin (Figure 5.25B). 

Botryoidal chalcedony – is assigned to stage 55. It contains a cloudy group of very small (not 

measurable) inclusions arranged along the curvy growth zone, possibly of primary origin 

(Figure 5.25C).  

 

Fluid inclusions hosted by stages 25 – 35 calcite (1) homogenised from 255 to 265 oC and 

had a narrow range of ice melting temperatures, i.e., from -1.2 to -1.5 oC which correspond to 
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apparent salinities of 2.06 to 2.56 wt% NaCl. The relationship shown in a  plot of Th, Tm and 

apparent salinity (Figure 5.26) can not be interpreted as the relative ages of the inclusions 

are unknown. However their apparent salinities are higher than that of present-day fluid, i.e., 

0.1 wt% NaCl (data from Table 2.5, Chapter Two) (Figure 5.26). Fluid inclusions hosted by 

stage 45 calcite (2) homogenised from 244 to 247oC, but their ice melting temperatures could 

not be measured because of poor optical resolution. The modes of Th are lower than the 

boiling temperature but much higher than the measured temperature (Figure 5.31B). The 

botryoidal chacedony hosts minute liquid-rich inclusions but no usable data could be 

obtained. However, according to Fournier (1985), chalcedony forms at temperatures  180 

oC.   

 

 

 
 

 

Figure 5.25.  

Fluid inclusion photomicrographs two generation of 
calcite crystals and botyroidal chalcedony  from LHD-

5/750 m as part of a chlorite  calcite (1)  chlorite 

 calcite (2)  botryoidal chalcedony depositing.  P = 
primary, M = multi facet, L = liquid, V = vapor. 
 
A. Calcite (1) crystal assigned to stage 25 – 35 

containing a cluster of minute, immeasurable fluid 
inclusions and a large, multi facet, primary, liquid-
rich inclusion.  

B. Calcite (2) crystal assigned to stage 45 containing 
measurable primary liquid-rich inclusions. 

C. Chalcedony assigned to stage 55 containing trains 
of minute, immeasurable fluid inclusions and a 
large isolated, primary liquid-rich inclusion. 

 

A B 

C 
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Figure 5.26. Plot of Th, Tm and apparent salinity of fluid inclusions in calcite-1 assigned to stage 25 – 35 
from LHD-5/750 m. Red dot represents the present-day temperature and reservoir fluid 
salinity.  

 

 

B. Vein of euhedral quartz colony from LHD-5/900 m 

 

A plate was prepared from a vein (partially filled by quartz crystal colony assigned to stage 

55) cutting an altered diorite. The width of the colony is  5 mm. The earliest deposited 

crystals are cloudy, trapping mostly vapor-rich inclusions (Figure 5.27A), that could not be 

measured. The measurable fluid inclusions occur in the last deposited crystals. They are 

liquid rich of primary, secondary, and pseudo-secondary origins. The primary inclusions are 

mostly larger, isolated (5.27B), or occur along the growth boundaries that resemble the 

crystal faces. Arrays of pseudosecondary inclusions terminate abruptly within the crystal 

(5.27C and 5.27D). The secondary inclusions form arrays that grow along healed fractures 

that terminate at the crystal boundaries (5.27C). Many of the inclusions have necking, 

characterised by branching and variable vapor to liquid ratios within a group/array. These 

were not measured (5.27D).The usable fluid inclusions contain about 10% vapor and 90% 

liquid.  
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Figure 5.27. Fluid inclusion photomicrographs of quartz crystals from LHD-5/900 m assigned to stage 

55. 
P = primary, S = secondary, PS = pseudo-secondary, V = vapor, L = liquid.  

A. Vapor and vapor-rich inclusions trapped in the earliest deposited crystals. 
B. Measurable, primary, secondary and pseudo secondary liquid-rich inclusions in the last 

deposited crystal.   
C. Secondary inclusions form arrays that grow along a healed fracture that terminates at the 

crystal growth boundary. 
D. Fluid inclusions that have necked, characterised by branching form and variable vapor to 

liquid ratios within a group/array. 

 

Stage 55 doubly terminated quartz crystals from LHD-5/900 m hosts mostly liquid-rich 

inclusions with homogenisation temperatures ranging from 227 – 269 oC. Their ice melting 

temperatures range from -0.1 to -0.6 oC, corresponding to apparent salinities of 0.18 to 1.05 

wt% NaCl. The relative ages of the fluid inclusions are unknown however some of them 

homogenised at higher and the rest at lower temperatures than the present-day 

temperatures. Their apparent salinities are mostly higher than that of present-day fluid, i.e., 

0.1 wt% NaCl (data from Table 2.5, Chapter Two) (Figure 5.28). A close match between the 

homogenisation temperature range and the boiling temperature and the occurrence of some 

vapor-rich inclusions here suggests that the depositing fluid was boiling (in Figure 5.31B). 

 

A B 

C D 
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Figure 5.28. Plot of Th, Tm and apparent salinity of fluid inclusions in a quartz vein of stage 55 from 

LHD-5/900 m. Boiling is indicated by the presence of vapor-rich inclusions. Red dot 
represents the present-day temperature and reservoir fluid salinity.  

 

 

5.3.3. Well LHD-7 

 

Segmental vein of calcite ± quartz from LHD-7/1568 m 

 

A segmental vein of calcite  quartz (assigned to stage 37) cuts altered welded rhyolitic tuff. A 

calcite crystal contains many large, oblate – elongate primary liquid-rich inclusions (L:V ratio 

= 95:5), and trains of elongate secondary, liquid-rich  inclusions which are too small to 

measure (Figure 5.29A). A quartz crystal contains rare, isolated liquid-rich (5 – 10% vapor) 

inclusions of unknown origin (Figure 5.29B). 

 

Fluid inclusions hosted by the stage 37 calcite and quartz are liquid rich and have 

homogenisation temperatures ranging from 225 to 270 oC; their ice-melting temperatures of -

0.8 to -0.1 oC suggest that the fluid was dilute. Their apparent salinities range from 0.2 to 1.4 

wt% NaCl (Figure 5.30). Their modes of Th are much higher than the measured temperature 

of ~ 70 oC (Figure 5.33C), indicating that this part has been cooling by about 150 to 200 oC 

since the second stage of alteration.    
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Figure 5.29. Fluid inclusion photomicrographs hosted by calcite ± quartz LHD-5/900 m assigned to 

stage 55. P = primary, S = secondary, PS = pseudo-secondary, V = vapor, L = liquid.  
A. Oblate and elongate primary liquid-rich inclusions and trains of minute elongate 

secondary, liquid-rich  inclusions in calcite crystal. 
B. A rare, isolated liquid-rich inclusion of unknown origin. 

 
 

 

 
Figure 5.30. Plot of Th, Tm, and apparent salinity of fluid inclusions in quartz vein assigned to stage 37 

from LHD-7/1568 m. 

 

5.4. The circulating fluids 

 

5.4.1. Temperatures and phases 

To interpret the thermal history of the circulating fluids, the temperatures inferred from the 

space-fill calc-silicates are plotted on a temperature versus depth diagram. Where available, 

fluid inclusion homogenisation temperatures are incorporated. These are superimposed with 

B A 
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the measured temperature profile to compare with the present-day thermal regime, and with 

the boiling temperature profile for pure water. The discussion is addressed with respect to 

the presently active and inactive thermal areas and considers the evidence for boiling. 

 

Presently active thermal area  

 

The space-fill calc-silicate minerals at LHD-1 indicate that the fluid circulating in channels 

during the stage 4 at this part of the system had temperatures ranging from 220 – 250 oC. 

These are similar to the present-day temperature range of the wall rocks and their 

distribution pattern is consistent with that of the measured temperatures. The calc-silicates 

were formed from a liquid phase. Fluid in calcite and quartz from 900 m and assigned to an 

earlier stage (31) was trapped at a slightly higher temperature than that of stage 41 and than 

now measured. The trapped fluid was possibly boiling. The temperature at 1450 m has 

probably been stable since the latest stage of alteration there as is indicated by the 

homogenisation temperature of inclusions in stage 51 quartz (Figure 5.31A).  

 

At LHD-5, the homogenisation temperatures of the fluid inclusions in calcite from stage 25 – 

35 and 45 at 750 m are higher than the present-day temperatures here. The chalcedony 

deposited after these calcite crystals (henceforth assigned to stage 55) is thought to have 

precipitated directly from solution without going through amorphous silica phase (as there are 

no morphological features such as dehydration cracks, slump structures and gravity settling). 

Chalcedony forms and persists only at < 180 oC (Fournier, 1985). The measured 

temperature of 220oC at this depth is probably above the temperature at which the 

chalcedony formed. Chalcedony probably formed in a quite recent past and it survives the 

present-day temperature. The usual stability temperatures of the calc-silicate minerals 

occurring as space-fill in the interval of 1100 – 1400 m, (all assigned to stage 45) are similar 

to the measured temperatures. This suggests that this part of the reservoir has been 

thermally stable since the fluid channel blocked. The homogenisation temperatures of fluid 

trapped in quartz at 900 m during the last stage of alteration also formed at temperatures 

similar to those of the wall rocks there (Figure 5.31B). 

 

The temperatures of the fluids circulating during stages 44, 48 and 410 of alteration at LHD-4, 

8 and 10, respectively were, in general, lower than those measured. At LHD-13 the 

temperatures of the fluids forming stage 413 were higher than the measured temperatures. 

However, the deeper part of the well seems to have heated up since deposition of stage 413 

actinolite.  The fluid forming the calc-silicates in wells LHD-4, 8 and 10 were of liquid phase 

(and not boiling), as their stability temperatures are sub boiling at the depths where they 

occur.  
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Figure 5.31. Temperature versus depth diagram featuring the temperatures deduced from space-fill 
calc-silicates and fluid inclusion homogenisation temperatures at LHD-1 (A) and LHD-5 
(B) incorporating the present-day temperature (red curve) and the boiling temperature 
versus depth for pure water (blue curve) profiles. Epidote and clinozoisite are commonly 
stable at 250

o
C. The most common stable temperatures of prehnite and wairakite are 

220
o
C. Chalcedony indicates a deposition temperature of < 180

o
C.   

 

 

 

 

 

 

 

 

A B 
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Figure 5.32. Temperature versus depth diagram featuring the temperatures deduced from space-fill 
calc-silicates at LHD-4 (A), LHD-10 (B), LHD-8 (C) and LHD-13 (B) incorporating the 
present-day temperature (red curve) and the boiling temperature versus depth for pure 
water (blue curve) profiles. The most common stable temperatures of heulandite, incipient 
epidote, epidote and actinolite are ~100, ~250, 250

o
C, and 300

o
C, respectively. 

 

B A 

C D 
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Presently inactive thermal area 

 

At LHD-3 during the stage 43 alteration, the circulating fluid was hotter than temperature now 

measured, and formed wairakite and incipient epidote. The temperatures of the fluids in 

channels at the bottom of well LHD-6 during the stage 46 alteration were about 220 – 250oC, 

as indicated by the space-fill wairakite and epidote. Mordenite assigned to stage 56 indicate a 

temperature of about 150 oC at 850 and 928 m.  At shallow levels at LHD-7 the circulating 

fluid of stage 47 was much hotter than the temperatures measured today and so was the fluid 

trapped in calcite and quartz of stage 37. The fluid depositing the calc-silicate minerals was 

liquid as their stability temperatures are below the boiling temperatures at the depths where 

they occur. The stability temperature of epidote at 560 m however, plots above the present-

day boiling temperature, but probably the piezometric surface was likely much closer to 

ground surface in the past so that epidote here plotted within the liquid domain. 

 

 
 

 

Figure 5.33.  
 
Temperature versus depth diagram featuring 
the temperatures deduced from space-fill calc-
silicates at LHD-3 and 6 (A and B, respectively) 
and fluid inclusion homogenisation temperature 
at LHD-7 (C) incorporating the present-day 
temperature (red curve) and the boiling 
temperature versus depth for pure water 
profiles (past: green curve, present: blue curve).  
The most common stable temperatures of 
mordenite, incipient epidote, epidote, and 
wairakite are ~150, ~250, 250, and 220

o
C, 

respectively. 
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5.4.2. pH values 

 

5.4.2.1. Shallow – intermediate depths 

Acid sulfate thermal manifestations such as those at Lahendong, whether relict or not, are 

usually indicators of the presence of acid fluids (Reyes, 1991). Alunite and kaolinite occur in 

completely altered surface samples from thermal manifestations in Lahendong, Linau and 

Kasuratan, as recognised by XRD. Alunite and kaolinite commonly deposit from an acid 

steam condensate through separation of H2S from a deeper alkali chloride liquid which 

locally boiled. H2S dissolved in ground water and condensed steam and oxidised to sulfate.  

 

Reyes (2004) reported that assemblages formed by acid sulfate water occur at very shallow 

depths in geothermal fields of the Taupo Volcanic Zone (New Zealand). Alunite and kaolinite 

are not necessarily absent at the subsurface in Lahendong, although the sampling method 

(based on visual assessment of cuttings) may not have captured them. Sulfur ± pyrite ± 

hematite ± silica are present in cuttings from the near surface (~40 m) down to about 100 to 

500 m depth, although they may have come from shallower depths (Chapter Three). Pyrite, 

hematite, sulfur and cristobalite fill spaces in samples from all the wells studied except LHD-

6; there are no cuttings samples from  530 m in this well.  Sulfur ± alunite ± pyrite are 

indicators of the presence of “virulent” acid fluid (Reyes, 1991). The existence of acid sulfate 

fluids is recorded by dissolution texture in the wall rocks (e.g., at LHD-3/600 m, Figure 3.6 in 

Chapter Three). The occurrence of amorphous silica in the dissolution voids was not due to 

an influx of silica but to re-deposition silica leached from the rocks nearby (Fournier, 1985).  

 

Anhydrite occurs sporadically as space-fill from below the sulfur bearing rocks to 

intermediate levels (~650 m) in all the studied wells, and it is spatially (although perhaps not 

temporally) associated with pyrite, calcite, and/or quartz. Anhydrite and pyrite (along with 

kaolinite, dickite, pyrophyllite, diaspore, which are not known at Lahendong) are indicators of 

the presence of “deceptively benign” acid sulfate fluid (Reyes, 1991). Former virulent acid 

fluid at Lahendong may have therefore, been replaced by fluid of more benign composition.  

 

5.4.2.2. Deeper levels 

Chlorite is the surviving record of the early stage of hydrothermal alteration in the deeper 

parts (≥ 300 m) of the Lahendong system indicating that during this stage circulating fluids 

here were likely of neutral-pH or nearly so.  Regardless of the timing of deposition, the 

dominant mineral assemblages in veins and other cavities in deeper parts of the system 

contain secondary feldspars ± calc-silicates indicating that the circulating fluids forming them 

were of near neutral-pH.  
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Late stage space-fill anhydrite occurs at deep levels in LHD-1 (900 to 1150 m). However it is 

not obviously associated with the assemblages formed by magmatic fluids as at Telaga 

Bodas (Moore et al, 2004) and Alto Peak (Reyes et al., 1993) (Chapter Seven). This part of 

the system at Lahendong gives the mineralogical impression typical of mature hydrothermal 

systems, as suggested by Reyes and Giggenbach (1992) for some magmatic-hydrothermal 

systems in the Philippines.   

 

5.4.3. Ion activity ratios 

Assuming that the space-fill mineral assemblages were in equilibrium with the circulating 

fluids at the time they deposited, their fluid compositions (in term of ion activity ratios) can be 

inferred from activity diagram(s). An activity diagram represents equilibrium among minerals 

and aqueous solutions, and can be used to explain the consequences of fluid-mineral 

interactions (Bowers, et al., 1984). A plot showing fluid composition in a stability field of a 

mineral in an activity diagram does not indicate the quantity of the mineral present, but the 

diagram provides a convenient means of following the reasons for differing mineralogy at 

various levels and positions in the field (Browne and Ellis, 1970).   

 

The hydrothermal mineral assemblage in the near surface differs from those in the deeper 

parts of the system (Chapter Three). The former formed by the acid fluids and the later, near 

neutral-pH fluid. However, as no systematic, near surface space-fill mineral paragenesis was 

possible the discussion on the fluid composition, in terms of log activity ratios focuses on 

fluids deeper in the system.  

 

The mineral assemblage marking the “peak” of the hydrothermal activity at depth at both 

presently active and inactive thermal areas consist of mainly various proportions of calc-

silicates and alkali-feldspars. The composition of the fluid depositing them can therefore be 

inferred by using the activity diagrams for calcium – potassium minerals and sodium - 

potassium minerals. According to Ellis (1970) most hydrothermal fluids, with a given pH and 

CO2 content, are near to or at saturation with respect to calcite. Therefore the calcium activity 

and, in turn, the calc-silicate mineral assemblage formed is determined by the amount of CO2 

in the fluids.  Meanwhile, the pH of the fluid is also controlled by the amount of CO2. At depth, 

absorption of CO2 gas by a fluid causes acidity, and then the low pH fluid reacts with the 

rocks and becomes neutralised (Hemley and Jones, 1964). The activity diagram for calcium 

– potassium mineral used here is adapted from Youngman (1984) incorporating the values of 

estimated CO2 molality suggested by Henley (1985). The activity diagram for the sodium – 

potassium minerals is taken from Henley and Brown (1985). It is assumed that the calc-

silicates ± alkali feldspars assemblages were in equilibrium with the fluid in the channels at 

250oC (i.e., the past temperature that is most representative for those inferred from the 
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temperature of calc-silicate minerals and fluid inclusion common homogenisation), and that 

quartz was present.  

 

5.4.3.1. Presently active thermal areas 

 

LHD-1 (Figure 5.34) 

The deepest records of the fluid moving in channels during stage 41 alteration at LHD-1 are 

prehnite that deposited after epidote (at 2201 m). Its composition therefore, plots between 

the stability boundary of prehnite and epidote, i.e., log aCa
2+

/a
2
H

+
 9.5 and log aK

+
/aH

+
 

between 0.0 and 4.9. Prehnite is a highly sensitive indicator of the CO2 content of the 

hydrothermal liquid, more so than epidote, wairakite (Wheeler et al, 2001). Parry (1998) 

mentioned that prehnite never forms where the concentration of CO2 of the depositing fluid is 

greater than 0.01 moles even at temperatures higher than 250oC. The fluid depositing the 

epidote and prehnite at 2201 m therefore has a concentration of CO2 less than 0.01 moles. 

As it ascended its calcite saturation increased but fluctuated so its composition shifted to the 

stability field of wairakite (1450 and 752 m) and then epidote (650 m).  Hence, the log 

aCa
2+

/a
2
H

+ was not lower than 6.7.  

 

 

Figure 5.34. Activity diagram for calcium – potassium minerals showing the estimated log ion activity 
ratios of fluid circulating in channels at a specified stage of alteration (filled squares) in 
wells LHD-1 at 250

o
C, in the presence of quartz. Numbers in brackets indicate the 

depths of rock samples containing the respective mineral(s). 
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LHD-5 (Figure 5.35) 

Petrography suggests that illite deposited at an earlier stage (25?) than adularia and epidote. 

The fluid depositing illite (e.g., at 1102 m) therefore had log aK
+/aH

+ between 2.0 and 4.0. At 

the later stage (45) epidote formed at the deeper part of the well (1404 m), hence the fluid in 

the channel had a higher log aCa
2+/a2

H
+ but lower CO2 concentration than that depositing illite 

at stage 25. As the fluid moved upward the value of log aK
+/aH

+ increased and deposited 

epidote and adularia (1301 m). When reaching shallower depth its composition shifted back 

to the stability field of epidote, as it evident at 1101 – 1102 m.  

 

 

 

Figure 5.35. Activity diagram for calcium – potassium minerals showing the estimated log ion activity 
ratios of fluid circulating in channels at different stages of alteration (filled squares) in 
wells LHD-5 at 250

o
C, in the presence of quartz. Numbers in brackets indicate the 

depths of rock samples containing the respective mineral(s).  

 

LHD-4, 8,10 and 13 (Figure 5.36A,B,C and D) 

The occurrence of space-fill, stage 45 epidote in the deep part of LHD-5 (1002 – 1352 m) 

suggests that the fluid had a log aCa
2+/a2

H
+ between 8.0 and 9.5 and that its CO2 

concentration was higher than 0.01 (since prehnite is absent) but lower than 0.03 mole 
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(Figure 5.36A). No K-mineral formed, therefore, log aK
+/aH

+ was less than 4. Similarly at 

LHD-8 (Figure 5.36B) and 10 (Figure 5.36C) and at LHD-13. In LHD-8 the fluid deposited 

epidote at 1505 m, and in LHD-10 at 1305, 2187 and 2451 m; i.e. at stages 48 and 410, 

respectively. At LHD-13 (5.36D) epidote was deposited at shallower levels, i.e., at 750 m.  

 

  

  

 
Figure 5.36. Activity diagrams for calcium – potassium minerals showing the estimated log ion activity 

ratios of fluid circulating in channels at stage 4 of alteration (filled squares) in wells LHD-
4 (A), 8 (B), 10 (C), and 13 (D) at 250

o
C, in the presence of quartz. Numbers in brackets 

indicate the depths of rock samples with epidote.  

 

 

A B 

C D 
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5.4.3.2. Presently inactive thermal areas 

 

LHD-3 (Figure 5.37A and B) 

The deepest record of the composition of the fluid that moved in channels at LHD-3 at stage 

43 is wairakite. The fluid then had a log aCa
2+/a2

H
+ of between 6.7 to 8.0, and its CO2 

concentration was between 0.03 – 0.1 mole. As it ascended its composition shifted to higher 

log aCa
2+/a2

H
+ from loss of CO2 which reduced to less than 0.03, so that epidote was 

deposited at 1621 m (Figure 5.37A. This fluid also deposited albite and adularia, here 

therefore its log aK
+/aH

+ must been above 4.0 so that it plots at the stability boundary 

between albite and adularia (Figure 5.37B). The ratio remained so when it reached 1201 m. 

At a later stage, i.e., 53 the deeper fluid deposited adularia, so it had a higher log aK
+/aH

+ 

than the fluid depositing wairakite at this depth during stage 43 (Figure 5.37A).   

 

 

 
Figure 5.37. Activity diagram for calcium – potassium minerals (A) and sodium – potassium minerals 

(B) showing the estimated log ion activity ratios of fluid circulating in channels at different 
stages of alteration (filled squares) in well LHD-3 at 250

o
C, in the presence of quartz. 

Numbers in brackets indicate the depths of rock samples containing the respective 
mineral(s). 

 

LHD-6 (Figure 5.38) 

The fluid depositing the stage 46 calc-silicates at 2146 m depth had a composition that plots 

at the stability boundary between epidote and wairakite. So its log aCa
2+/a2

H
+ was about 8. 

Since prehnite did not form, the fluid must have had CO2 concentration higher than 0.01 

mole, but not high enough to suppress the formation of epidote and wairakite.  
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Figure 5.38. Activity diagram for calcium – potassium minerals showing the estimated log ion activity 
ratios of fluid circulating in channels at different stages of alteration (filled squares) in 
wells LHD-6 at 250

o
C, in the presence of quartz. Numbers in brackets indicate the 

depths of rock samples containing the respective mineral(s).  

 

LHD-7 (Figure 5.39) 

Illite assigned to the stage 27 – 37 was possibly the earliest record of the composition of the 

fluid moving in channels in the deeper parts of LHD-7.  It indicates that the depositing fluid 

had log aK
+/aH

+ of between 2 and 4. Since albite did not form, log aNa
+/aH

+ was lower than 

those permitting the deposition of albite. At a later stage (37 – 47) epidote formed at shallower 

depth (560 m); the depositing here fluid had a log aCa
2+/a2

H
+ of between 8.0 and 9.5, but its 

CO2 concentration is higher than 0.01 mole as prehnite did not form. At stage 47 the deep 

fluid has a composition that plot within the wairakite stability field, with CO2 concentration not 

higher than 0.1 mole as is recorded by the presence of wairakite deposited in vein after 

calcite. The absence of the Na- and K-bearing minerals shows that the fluid at the stage 47 

did not have a composition that fall within the stability field of albite, illite or adularia. Its log 

aNa
+/aH

+ was below 4.6 and its log aK
+/aH

+ less than 2.0.  
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Figure 5.39. Activity diagram for calcium – potassium minerals showing the estimated log ion activity 

ratios of fluid circulating in channels at different stages of alteration (filled squares) in 
wells LHD-7 at 250

o
C, in the presence of quartz. Numbers in brackets indicate the 

depths of rock samples containing the respective mineral(s).  

 

5.5. Concluding discussion 
 

5.5.1. Space-fill mineral paragenesis 
 
Despite awareness that a mineral deposition stage in one well does not necessarily correlate 

with that in other wells and that there are minerals unique to some stages in a particular well, 

patterns of deposition are recognisable, and summarised as follows.  

1. Stage 1 is characterised by deposition of chlorite, in mono-mineralic veins or 

amygdules but also as the first mineral deposited in multi-mineral veins. In LHD-4 

deposition of chlorite in the first stage is often followed, or else alternates, with 

hematite.   

2. Stage 2 is characterised by deposition of calcite, mostly sequentially after chlorite in 

veins or amydules, or in veins cutting chlorite veins. However, at LHD-4 (850 m), two 

generations of calcite, and other carbonates (dolomite and magnesite) developed, 

they are assigned for the stages-2 to 5.  

3. Stage 3 is characterised by deposition of quartz or micro-crystalline quartz, 

sequentially after calcite. In places, incipient epidote started to form. Locally, in well 

LHD-4, however carbonates other than calcite (dolomite and magnesite) developed. 
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4. Stage 4 is characterised by deposition of alkali silicates and high-temperature 

indicator calc-silicates. However, the alkali silicates mostly occur in either segmental 

or mono-mineralic veins but they are less common as space fill than the calc-

silicates. This stage is believed to be the “peak” of hydrothermal alteration activity in 

the parts of the system penetrated by the studied wells. 

5. Stage 5 is commonly characterised by late calcite, late quartz, and hematite.   

However, besides those minerals, anhydrite developed at this stage, but only in LHD-

1, 3 and 5. Anhydrite commonly forms segmental veins in association with late quartz 

and calcite. Brecciated veins characterised the last stage of LHD-1, 5 and 3. 

Chalcedony is the last mineral deposited, in a re-opened veins at LHD-5. Low 

temperature and hydrous zeolites, i.e., mordenite and heulandite, developed at 

shallow levels of LHD-6, and LHD-10 and 13, respectively. In LHD-4 and 10, chlorite 

re-appeared as a late stage mineral. In the deeper part of LHD-4 it postdates epidote. 

At shallow levels of LHD-10 two generations of chlorite deposited after 

microcrystalline quartz and they are post-dated by heulandite.  

 

5.5.2. The nature of the past deep fluids moving in channels 

 

The nature of the deep fluids that moved in channels (temperatures, phases, pHs and fluid 

compositions) within the presently active (represented by wells LHD-1, 5, 4, 8, 10 and 13) 

and inactive thermal areas (represented by wells LHD-3, 6, and 7) is reconstructed based on 

the information deduced from the space-fill minerals representative for each stage of 

alteration in every well and insights from fluid inclusion studies.  Here I again emphasize that, 

at the same time, the fluid in one well could have produced similar minerals to those 

produced by fluid in other wells, or the timing and perhaps the duration of alteration are not 

necessarily the same. The discussion below is focused on depths below about 300 m since 

sample availability is better than at shallower depths. 

 

5.5.2.1. Presently active thermal areas 

 

Stage 1 

Stage-1 in each well is characterized by deposition of chlorite. However, chlorite is not a 

sensitive mineral geothermometer. The past temperature of the fluid depositing chlorite in the 

channels may have ranged between ~100 to > 300oC (cf. Reyes, 1990; Cathelineau and 

Nieva, 1985) 
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At deeper levels, when chlorite started to deposit the circulating fluids were of near neutral-

pH alkali chloride type, and it probably remained of this composition through later stages 

although anhydrite (assigned to stage 5) does occur at deep levels.  

 

Stages 2 to 3 

Little is known about the temperature of the fluid moving along channels in these stages of 

alteration. However, very locally, the fluid trapped during the deposition of calcite ± quartz in 

stage 31 in wells LHD-1 (900 m) had homogenisation temperatures ranging from 255 – 265 

oC. A similar range of homogenisation temperatures were measured in fluid inclusions in 

calcite deposited in stage 25 – 35 in well LHD-5 (750 m). These temperatures are close to the 

boiling which may have occurred when they were trapped. Locally, in LHD-4 (850 m) stage 

34 dolomite and magnesite were deposited after the stage 24 calcite (850 m), possibly due to 

heating, or boiling of the fluid following a decompression event as suggested by Fournier 

(1985).  

 

The compositions of the fluids depositing the stage 2 and 3 minerals are inferred only from 

the fluid inclusions trapped in calcite ± quartz crystals in LHD 1 and 5. Fluid inclusions in 

stage 31 from 900 m in LHD-1 have low apparent salinities, i.e.,  0.53 wt% NaCl. The 

present-day fluid at 800 m is even more dilute. Its salinity is 0.2 wt% NaCl. Fluid inclusions in 

stage 25 to 35 calcite from 750 m in LHD-5 are more saline, i.e., their apparent salinities 

range from 2.06 to 2.56 wt%, but the present-day fluid has much lower salinity, i.e., 0.08 wt% 

NaCl.   

 

Stage 4 

Cal-silicate mineral geothermometers show that the past fluid locally moved in channels in 

the presently active thermal areas were generally cooler than those measured. Therefore, 

since the channels were sealed those parts of the system have been heating up. At LHD-5, 

however, the fluids depositing calc-silicates in the channels have temperatures similar to 

those measured, so the temperatures there remained stable since the deposition of the calc-

silicates in the stage 45. The fluids depositing the calc-silicates were not boiling, as their 

stability temperatures were lower than the boiling temperatures at their depths of occurrence. 

 

The circulating fluids at the stage 4 are of near neutral-pH alkali chloride compositions, they 

deposited adularia and calc-silicates ± quartz ± calcite. Their composition in term of ion 

activity ratios therefore varies within the stability fields of adularia, prehnite/epidote, and 

epidote. Their CO2 contents must have fluctuated, but were generally low so calc-silicate 

could develop. Space-fill prehnite, which is the most sensitive indicator for CO2 concentration 

in the fluid, deposited only at LHD-1, but is absent from the other wells in the presently active 
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thermal areas.  Therefore fluid with the lowest CO2 content circulated in LHD-1, possibly 

during the stage 41. 

 

Stage 5 

Locally (e.g., in deeper parts of LHD-1 and 5) this stage began with vein brecciation 

(hydraulic fracturing ?) involving the minerals deposited at the earlier stages. This probably 

led to boiling as the pressure dropped suddenly so that volatiles such as CO2 and H2S were 

lost and non-volatiles were concentrated in the liquid. These processes are evident from the 

presence of quartz or microcrystalline quartz, calcite, pyrite, and late chlorite filling many 

youngest veins.  

 

The minimum estimated temperature of the fluid moving in channels during this stage of 

alteration is known from the homogenisation temperatures of fluid inclusions trapped in the 

stage 51 quartz from LHD-1 (1450 m) and the stage 55 quartz from LHD-5 (900 m). The 

former inclusions homogenised at between 240 and 266 oC. Stage 55 fluid inclusions from 

LHD-5 (900 m) homogenised at 227 to 269 oC, and the fluid was close to boiling. The 

homogenisation temperatures of the fluid inclusions in both wells were similar to the 

measured well temperatures at the indicated depths. 

 

The composition of the fluids in channels in term of the apparent salinities is inferred from the 

above fluid inclusions, i.e., limited to certain depths in LHD-1 and 5. The apparent salinities 

of the fluid trapped at stage 51 in LHD-1 (1450 m) range from 0.9 to 1.4 wt% NaCl. The 

trapped fluid in stage 55 quartz from LHD-5 (900 m) had apparent salinities ranging from 0.18 

to 1.05 wt% NaCl. These fluids were more saline than those at stage 2 and 3 in both wells 

but are still very much lower than those of magmatic-hydrothermal systems (e.g., in 

Philippines i.e., typically > 10 wt% NaCl (Reyes and Giggenbach, 1992). 

 

SO4
= – rich fluid was also present in channels during the stage 5 in each well as it is evident 

from the presence of space-fill anhydrite as the last mineral deposited or in some of the 

youngest veins  in wells LHD- 1 and 5. Down to about 650 m it may have originated from 

sulphate-rich condensate that percolated down channels, became heated and neutralized. 

This type of fluid also occurred in deeper parts of the well LHD-1 as anhydrite is present 

sporadically from 900 to 1150 m there. However its origin is not yet resolved, i.e., whether it 

was steam condensate that percolated down or it was the ascending magmatic fluid. Isotopic 

evidence or saline fluid inclusions is needed to answer this question.  

 

The presence of hematite in veins possibly indicates a mixing of ascending hot alkali chloride 

fluid with oxidising, low temperature ground water that percolates down channels. Fe could 
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have derived from the host rocks. Heating of descending cool ground water could have 

caused deposition of low temperature zeolites, i.e., heulandite at LHD-10 and 13, as 

suggested by Henneberger and Browne (1988) for mordenite alteration at Ohakuri system, 

New Zealand. If so, Al, Ca, Na and Si must have been leached from the volcanic host rocks.  

 

5.5.2.2. Presently inactive thermal areas 

 

Stage 1 

The stage 1 in the presently inactive thermal area is characterised by similar minerals as 

those in the presently active thermal areas. Therefore when the hydrothermal activity began 

at these areas the fluids moving in channels during this stage have similar nature as those 

during the same stage in the presently active area.  

 

Stage 2 to 3 

The only hint on the temperature and the fluid compositions of the fluid in channels during of 

alteration is known from the fluid trapped in the stage 37 calcite ± quartz from 1568 m in LHD-

7. The fluid inclusions homogenised at temperatures 225 to 270 oC; these are the minimum 

estimated temperatures of the circulating fluid. The fluid compositions in term of apparent 

salinities were 0 to 0.5 wt% NaCl, indicating that the trapped fluids were very dilute waters. 

 

Stage 4 

Calc-silicate deposited during this stage of alteration at LHD-3, 6 and 7 show that the past 

fluid locally moved in channels at the presently inactive thermal area had significantly higher 

temperature than those measured in the wells.  

 

The common stability temperature of the stage 47 wairakite deposited after the fluid inclusion 

bearing, stage 37, calcite ± quartz at 1568 m in LHD-7 is close to the homogenisation 

temperatures of the fluid inclusions, therefore the fluid temperature there might have been 

stable until the stage 47. 

 

Stage 5 

Similar to the presently active area, quartz, microcrystalline quartz, calcite, low temperature 

zeolite (mordenite, in LHD-6), hematite and anhydrite were deposited at this stage. In LHD-3, 

this stage is likely to have started with vein brecciation (hydraulic fracturing).  Although no 

evidence on vein brecciation is observed in other wells in the presently inactive thermal 

areas (LHD-6 and 7), it is inferred that a pressure drop, boiling, and cooling and mixing might 

be the mechanism that deposit the minerals at this late stage of alteration. No temperature 
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indicator minerals present and no fluid inclusion data available to characterise the 

temperature of the circulating fluid in channels at these areas.  

 

The fluid depositing the minerals were possibly of alkali chloride composition, although other 

fluids such as SO4
= rich and oxygen-rich fluids could have been present, allowing the 

formation of anhydrite and hematite, respectively.    
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Chapter Six 
 

EVOLUTION OF THE  
LAHENDONG GEOTHERMAL SYSTEM 

 
 

6.1. Introduction 
 
The evolution of geothermal systems through study of their hydrothermal alteration 

mineralogy has been made on many active and fossil systems in New Zealand and 

elsewhere, but not on Lahendong. For example, Browne et al. (1976) on Broadlands; 

Henneberger and Browne (1988) on Ohakuri; Hedenquist and Browne (1989) on Waiotapu; 

Bignall and Browne (1994) on Te Kopia; Simpson et al., (2001) on the Golden Cross 

Epithermal Au-Ag deposits (New Zealand); Kristmannsdóttir and Tómasson (1976) on 

Nesjavellir (Iceland); Moore et al., (2000b) on the Geysers (U.S); Sumi and Takashima 

(1976) on some Japanese fields; Reyes et al., (1993) on Alto Peak; Moore et al., (2000a) on 

Tiwi (Philippines); Browne (1978) and Utami (2000) on Kamojang;  Moore et al., (2002) on 

Karaha – Telaga Bodas (Indonesia).  

 

This chapter describes the evolution of the system as revealed through studies of its 

hydrothermal alteration (Chapters Three to Five), and puts it within the framework of the 

regional and local geology (partly described in Chapter Two), and paleoclimate of the region 

compiled from studies by other workers.  

 

As no age dating has been made, and many geologic features recording key events such as 

the Pangolombian structure and the Linau crater are not well characterized, the timing of the 

hydrothermal events can only be made relatively. Therefore, the evolution of the system 

presented here is not definitive, but is considered to be the most appropriate scenario 

possible now which may serve as a starting point for later investigations when more data 

become available. 

 

6.2. The birth and evolution of the Lahendong system and the regional geology 
of the Sangihe arc 

 

Knowledge of the timing and lifespan of active and fossil geothermal systems is important in 

evaluating their energy and mineral potential, respectively (Arehart et al., 2002). However, 

there are only a few active systems whose activity has been directly dated, namely The 

Geysers (Dalrymple et al.,1999), Larderello (Del Moro et al., 1982; Villa et al., 2006), Tiwi 

(Moore et al., 2000), and Ngatamariki (Arehart et al., 2002). Others have their ages of activity 
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determined indirectly. For example, the eruption ages of host rocks of the Waiotapu, Te 

Kopia and Orakei Korako geothermal fields (New Zealand) were estimated by Wilson et al. 

(2010) based on the U-Pb dating of zircon in subsurface, hydrothermally altered pyroclastic 

deposits. The age of magmatism and the duration of geothermal activity in Cerro Prieto 

(Mexico) were predicted by Elders et al. (1984), based on knowledge of subsurface 

temperature distributions as constrained by petrological and geochemical evidence. The 

duration of hydrothermal activity at Steamboat Springs, Nevada was indirectly determined 

from the ages of the spatially associated volcanic rocks (Silberman et al., 1979). The ages of 

some Japanese geothermal systems have been determined indirectly, through age dating 

(14C or fission-track) of alteration halos of volcanic rocks (Sumi and Takashima, 1975). 

 

The Lahendong geothermal system is part of the Sangihe arc which are still tectonically and 

magmatically active (Hamilton, 1988). Therefore, its birth and evolution must be viewed in 

the context of the tectonic and igneous characteristics of the arc.   

 

According to Hamilton (1979) voluminous igneous activity in the Sangihe arc, which includes 

basaltic to dacitic volcanism and granodiorite plutonism, occurred between 14 – 5 Ma. Within 

that interval (i.e., at about 10 Ma), Sulawesi island (and SE Asia in general) largely attained 

its present form (Hall, 1997).  Based on K/Ar dating of the fresh rocks believed to correlate 

with the altered rocks in the Lahendong system (Chapter Two), I estimate that the 

geothermal system started its activity between 2.2 Ma and 0.5 Ma (Late Pliocene – Middle 

Pleistocene) ago, at least 3 Ma after the peak of the voluminous volcanism in the Sangihe 

arc.  If the estimate by Suari et al., (1987) of volcanic activity of Tondano volcano is correct 

(i.e., Late Miocene or Early Pliocene), then activity the Lahendong geothermal system may 

have begun after the Tondano eruptions ceased (see Figure 2.23 in Chapter Two). 

 

Although it is not possible to correlate every hydrothermal event in Lahendong with regional 

tectonic and volcanic events note the remark by Hamilton (1988) that subduction and arc 

magmatism in the southern Molucca Sea region still occur. Such events affect the 

geothermal system.  The thermal history of Lahendong system is summarised in Figure 6.1. 

 

6.3. The initiation of the system 

 

Despite the absence of dates, the occurrence and distribution of hydrothermal minerals 

provide clues about initiation of the system. Chlorite is ubiquitous as both a replacement and 

space fill mineral (Figure 3.21 in Chapter Three). It forms the early veins, and is usually the 

first mineral deposited in multi-mineral veins and other cavities (Chapter Four), textural 

relations show it was the first mineral to form in interactions between thermal fluid and the 
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primary phases, especially pyroxene which is the mineral most readily altered (Chapters 

Three and Four).  

 

 

Figure 6.1. Summary of the thermal history of the Lahendong system. 

 

Although chlorite is not a good temperature indicator, I consider that it records the initial 

development of the fluid-dominated Lahendong hydrothermal system (Chapter Four). Its 

shallowest occurrence as a replacement mineral, i.e., drillhole LHD-13, near the trace of the 

Pangolombian structure, marks the focus of the early system (Figure 6.2A). As I also assume 

that the early system was hotter than now, the shallowest occurrence of replacement 

actinolite in LHD-13 (regarded as indicating a temperature of  300 oC) - Figure 6.2B - 

supports my estimate. This earliest known thermal focus is hereafter named the “old 

Kasuratan thermal focus”.  Enrichment of potassium at shallow depths in LHD-4 coincides 

with the presence of relict illite (Chapter Four) consistent with the existence of a high-

temperature zone at Kasuratan in the past.  

 

This early system likely started after the formation of the Pangolombian structure (thought by 

Suari et al., 1987 to be a caldera). The heat source of the geothermal system was likely 

magmatic as expected from its close association with the volcanic centers, as well as from 

the gravity models and the occurrence of diorite intrusions in LHD-5 (Chapter Two).  
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6.4. The shift and the revival of the focus of thermal activity 

 

The shallowest occurrence of epidote in LHD-7, which indicates the paleo temperature of 

250 oC (Figure 6.3A) is also within the Pangolombian structure. It is centred on 

Pangolombian village on the eastern margin of the Pangolombian structure. This indicates 

that thermal activity shifted there (hereafter named the “Pangolombian thermal focus”). No 

relict thermal manifestations are known near Pangolombian village. The timing of this shift in 

the focus of activity is also unknown.  

 

The shallowest occurrence of wairakite and the deepest occurrence of smectite which  

represent paleo temperatures of 220 and 150 oC, respectively, are Lahendong village, (LHD-

1) west of the Lake Linau (Figure 6.3B and C), suggesting that the thermal activity shifted to 

this new focus henceforth named the “Lahendong thermal focus”. This shift is speculated to 

be due to an eruption, centred at the area presently occupied by Lake Linau, which 

generated vertical permeability. If so, the shift might have taken place less than 0.5 Ma, as 

deduced from the age of the rocks produced by the Linau eruption center (Chapter Two). No 

field-wide catastrophic event is recorded by the mineralogy such as that reported by Moore 

et al., (2002) for the Karaha – Telaga Bodas system (West Java). However, aggregates of 

botryoidal chalcedony forming colloform textures as at Karaha – Telaga Bodas and thought 

by Moore et al., (2002) to indicate massive inflow of silica-over saturated fluid following a 

catastrophic event, occur LHD-5 (750 m/130 m asl) as the last deposited mineral in veins 

cutting a diorite dyke (Chapter Three), i.e. to the east of the area presently occupied by Lake 

Linau. The botryoidal chalcedony contains cloudy groups of minute, immeasurable, liquid-

rich fluid inclusions (Chapter Four). Other late stage silica forming textures in veins and vugs 

are also present in LHD-3 and other parts of LHD-5 (Figure 3.26 B, D, E, F), but it is 

impossible to judge whether their deposition is related to the same event.   

 

The position of the Lahendong thermal focus has probably been constant since then, but two 

other thermal foci develops at Kasuratan village (at the area now penetrated by LHD-13 and 

4), referred to as the “new Kasuratan thermal focus-1 and 2”, are indicated by the present 

isotherms (Figure 2.27 in Chapter Two).   

 

The development of the Lahendong and the late Kasuratan thermal foci may be related to 

emplacement of new heat source(s). The diorite dykes penetrated by LHD-5 are intensely 

altered (Chapter Three), but coincide with the thermal inversion zone (Chapter Two), so they 

are not the present heat source. Cathles et al., (1997) calculated that small volume intrusions 

take less than a few thousand years to cool conductively and considerably less time with 

convection. Therefore, it is more likely that a bigger and deeper intrusion (not reached by the 
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drillholes6.1) is the heat source that generates the present-day Lahendong system. Heat 

sources of different intrusive events are also thought to occur in other geothermal systems 

e.g., in Palinpinon system, Philippines (Rae et al., 2004) where current upflow zone is close 

to the Puhagan dykes. However their small size and old age (4.1 – 4.2 Ma) precludes them 

as the heat source of this system.  

 

 

 

 

 

 

   

 
Figure 6.2. Maps of the shallowest occurrence of replacement chlorite (A) and replacement 

actinolite (B). These are interpreted to indicate the position of the “early Kasuratan 
thermal focus”. Morphological rims of the Linau crater and Pangolombian structures are 
plotted for guidance.  Blue dots indicate both the well number, and the shallowest 
occurrence of chlorite and actinolite (m sea level).  

 
 
 
 
 
 
 
 
 
 

                                                 
6.1

 Wells LHD-19, 20, 21, 23 (drilled from the same pad as LHD-5), LHD-16 and 18 (drilled from the same pad as 

LHD-13), LHD-9, 11, 12 and 15 (drilled from the same pad as LHD-4) did not reach an igneous intrusion (T. 
Azimudin pers. commun., 2007). 
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6.5. Field-wide temperature changes 

 

To recognize the field-wide temperature changes the differences between the present-day 

temperatures (i.e., stable formation temperatures6.2) and the past temperatures (deduced 

from the stable temperatures of replacement hydrothermal mineral geothermeters), T, are 

mapped at different levels, i.e., +500, +250, 0, -250, -500, -750, and -100 m sea level (Figure 

6.4). The present-day thermal structure is discussed in Chapter Two and illustrated in Figure 

2.27. The mineral geothermometers used here are garnet (taken from the work by Hasibuan, 

                                                 
6.2

 Obtained from a long period of heating up, or estimated from the results of measured well 
temperatures during heating up using the Horner method, see Appendix H. 
 

 
 
Figure 6.3.  
A. Map of the shallowest occurrence of 
epidote interpreted to indicate the position 
of the Pangolombian thermal focus. 
 
B and C. Maps of the shallowest 
occurrence of wairakite and the deepest 
occurrence of smectite, respectively. These 
indicate the position of the Lahendong 
thermal focus.  
 
Coordinates follow the Universal 
Transverse Mercator (UTM) system. 
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1987), actinolite, epidote, incipient epidote, prehnite, wairakite, illite and smectite which occur 

as replacement minerals in the wall rock. Their ranges of stability temperatures are given in 

Chapter Three and summarised in Figure 3.31. 

 

Note that there is no absolute time reference for past temperature. Inference of heating, 

cooling or thermal stability is based on the difference between past temperatures (at the time 

the mineral geothermometer formed) and the present day/measured temperatures. Places 

where the measured well temperatures are less than the lower limit of the stability 

temperature ranges of the mineral geothermometer are considered to have cooled but places 

where the present-day temperatures are higher than the upper limit of the stability 

temperature ranges of the mineral geothermometer are considered to have heated since the 

mineral formed. Places where the measured temperatures are within the accepted range of 

the stability temperatures are considered to be thermally stable. Since mineral 

geothermometers (or even samples) are not always available at the mapped levels, those 

closest (within a vertical distance of  100 m) are used. In places where more than one 

mineral geothermometers occurs then that indicating the higher temperature is used since 

the replacement order were not determinable in thin sections (Chapter Three).  

 

At shallow depths, i.e. 500 m asl, heating by up to 60 oC took place in the central sector of 

the field (Figure 6.4A), as estimated from difference between the measured temperatures 

and the common maximum stability temperature of smectite. Heating up in wells LHD-1 and 

perhaps LHD-5 took place recently, as smectite will not be stable under the present thermal 

conditions. This local heating zone indicates that vertical permeability here is relatively high, 

possibly due to the NE-SW and NW-SE fractures. At the surface near wells LHD-1 and 5 it 

manifests in the form of steaming ground, associated with hot springs, hot pools, and 

fumaroles. Areas outside the Lahendong – Linau and Tondangow thermal manifestations are 

thermally stable, as their measured temperatures are within the stability temperatures of 

smectite (LHD-2, 3, 7, 13, 4 and LHD-6).  

 

At 250 m asl the heating trend exhibits similar pattern to that at 500 m asl, but a temperature 

increase of 85 oC occurs in LHD-1 and 70 oC in LHD-5 (Figure 6.4B) where smectite survives 

at 265, and 250 oC, respectively. This coincides with the present-day upflow zone beneath 

the Lahendong thermal area. Areas outside Lahendong, Linau and Tondangow is thermally 

stable as the measured temperatures there are within the stability temperature of smectite (in 

LHD-2, 3, 4, 13, and 6). However, significant cooling by as much as 190 oC has been taking 

place in the eastern part of the system; as deduced from the presence of epidote at a 

measured temperature of 50 oC.  
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The Lahendong system has been stable at sea level depth (Figure 6.4C) where the 

measured temperatures are within the stability temperature range of hydrothermal minerals 

in the wall rocks, including smectite (LHD-2, 3, 4, 8, 10, 6), epidote (LHD-1 and 7) and 

incipient epidote (LHD-13). 

 

At 250 m bsl (Figure 6.4.D) cooling by as much as 200 oC has affected the eastern part of 

the field, i.e., areas around LHD-7. Here epidote is present in the wall rock where the 

measured temperature is now only 50 oC. The area beneath LHD-1, 5, 4, and 6 has been 

thermally stable as the measured temperatures are within the stability range of illite, epidote, 

incipient epidote, and smectite in their respective wells. Their surroundings have cooled, as 

their measured temperatures are less than the lower limit of the stability temperatures of 

smectite (in LHD-3), epidote (in LHD-7), and actinolite (in LHD-13). 

 

At 500 m bsl (Figure 6.4E) the western (LHD-1) and southern parts of the system (LHD-4 

and 6), have been thermally stable whereas their measured temperatures are within the 

stability temperatures of illite, epidote, and smectite, respectively. Elsewhere cooling by > 

170 oC occurred in the eastern part (LHD-7).  No mineral geothermometer is present at or 

around this level at LHD-2 and 13. 

 

At 750 m bsl (Figure 6.4F) the thermally stable area extends to LHD-2 and 5 where the 

measured temperatures are within the range of stability temperatures of illite and epidote, 

respectively. The rest of the area has cooled, including that east of LHD-4, as deduced from 

the difference between the measured temperatures and the lower limit of the stability 

temperatures of epidote (in LHD-4 and 7) and illite (in LHD-3).  

 

At 1000 m bsl (Figure 6.4G) in the area near LHD-4 heating by about 25 oC is estimated from 

the difference between the measured temperature and the upper limit of the stability 

temperature of illite. The area around Lake Linau to the west including LHD-1, has been 

thermally stable (measured temperature is within the stability temperature of epidote), but the 

rest has cooled as the measured temperatures are below the lower limit of the range of 

stability temperatures of garnet (in LHD-2, from report by Hasibuan, 1987), illite (in LHD-3), 

and epidote (LHD-6 and 7).  

 

There is no data to constrain the timing of the changes, but the patterns of field-wide 

temperature changes discussed above correlate with the pattern of the shift of the focus of 

the thermal activity. For convenience, the area penetrated by wells LHD-13, those in LHD-4 

cluster, and LHD-6 are referred to as the southern sector, and the rest, the northern sector.   
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 Cooling in the southern part of the system at 250 m bsl especially in areas penetrated 

by LHD-13 and wells in cluster LHD-4 may record the collapse of the early Kasuratan 

thermal focus. This is not expressed in the deeper levels as it is probably masked by 

the effect of the revival of thermal activity here. 

 Cooling in the eastern part of the northern sector (LHD-7 and surrounding 

Pangolombian village) from 250 m asl downward record the collapse of the 

Pangolombian thermal focus. 

 At the northern sector, heating beneath the Lahendong – Linau manifestations is 

likely generated by the Lahendong thermal focus.  

 Heating beneath the Kasuratan area (LHD-4) at 1000 m bsl may record the revival of 

the thermal activity here (i.e., the appearance of the late Kasuratan thermal foci). This 

does not give signatures in the temperature differences mapped at shallower levels, 

as heating there probably took place recently, and has not yielded mineralogical 

records. Hydrothermal alteration made the rocks brittle and prone to fracturing, and 

this would have revived vertical permeability in Kasuratan.  
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Figure   6.4.  Maps of T (in 
o
C) showing field-wide temperature changes. Blue dots indicate both the 

well number, and the difference between the past and the present temperatures (
o
C). 

Coordinates follow the Universal Transverse Mercator (UTM) system.   

A. T at + 500 m sea level superimposed upon a map of surface structures (black lines) 
and thermal manifestations (filled curves, orange) showing localised heating up in the  
Lahendong – Linau – Tondangow areas.  

B. T at + 250 m sea level showing heating up in wells LHD-1 and 5 and their surrounds, 
the thermally stable areas near wells LHD-2, 3, 4, and 6, and cooling at the eastern 
parts of the system.  

C. Zero T at sea level showing that the field has been thermally stable at this level.   

D. T at + 250 m sea level showing heating up at LHD-4, cooling at LHD-7 and it 
surrounds and at LHD-13. Wells LHD-1 and 5 are thermally stable.   
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The major recharge fluid is meteoric water, as suggested by the isotopic studies (Chapter 

Two), and this is supported by the results of paleo climatological studies in Indonesia (Bush 

and Philander, 1999; Dam et al, 2001 – included in Figure 2.33 in Chapter Two). Studies by 

Dam et al. (2001) near Lahendong showed that the abundance of forest-derived 

palynomorphs in the 33 – 31 ka sediment core recovered from around Lake Tondano are 

due to the relatively humid climate and dense forest at that time as the results of high rainfall. 

Simulation of climate conditions using coupled atmosphere – ocean general circulation 

model by Bush and Philander (1999) showed there was higher rainfall in the Indonesian 

archipelago during the last glacial maximum (LGM), i.e. ~ 20 ka. High rainfall may have 

provided the large groundwater influx (and became one of the factors) which cooled the 

system.  

Figure 6.4 (continued). 

 
E. T at -500 m sea level showing that 

the western and southern parts of 
the system have been thermally 
stable but the rest has cooled by > 
170 

o
C.  

F. T at -750 m sea level showing that 
the thermally stable area extends to 
LHD-2 and 5.   

G. T at -750 m sea level showing that 
the area around LHD-4 has been 
heating up. LHD-1 and its surrounds 
have been thermally stable, and the 
rest cools. 
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6.6. Field-wide variations of altering fluid compositions 

The fluids that produced the mineral assemblages formed during the peak of activity of the 

different thermal foci are considered here.  Assuming that the fluids which moved pervasively 

in the wall rock were in equilibrium with the hydrothermal minerals they produced through the 

interactions with the primary phases, their compositions, in term of ion activity ratios, can be 

inferred by using activity diagrams, i.e., the calcium – potassium and/or the sodium – 

potassium diagrams. The compositions of the altering fluid circulating in channels in each 

well are addressed in Chapter Five but their plots of ion activity ratios are included here for 

comparison (Figures 6.5 and 6.6).   

 

The activity ratios of the present day fluid (limited to well LHD-5 and 12 due to unavailability 

of good chemistry data from other wells) are included in the discussion to see trends of 

changes of fluid composition, at least in the northern sector of the system. The activities of 

the deep fluid in these wells are calculated from the chemistry data presented in Chapter 

Two (Table 2.5) using WATCHWORKS version-1.1. It is a share ware program developed by 

GeothermEx, Inc. and Icelandic Water Chemistry Group in 1999 to model deep fluid 

compositions. The result of the calculation is given in Appendix I. 

 

The occurrence of Fe,Mg-rich chlorites both as the first mineral deposited in open spaces 

and likely the first mineral to replace primary phases in the deeper parts (Chapter Three), 

shows that the earliest event preserved in the hydrothermal system was liquid-dominated. 

Early fluid-mineral interaction was therefore started by iron and magnesium mass 

exchanges. The optical properties of the chlorites from well to well are all very similar but 

their chemical compositions and deposition temperatures vary (Chapter Three). The different 

proportions of Fe and Mg in chlorites from a single well, and throughout the field (Figure 

3.20), reflect localised differences in fluid composition.  

 

6.6.1.Southern sector (Figure 6.5) 

The fluids altering the wall rocks in the deep parts of the southern sector were similar from 

well to well as they dominantly produced epidote ± wairakite ± adularia, suggesting that the 

log (aCa
2+/a2

H
+) and log (aK

+/aH
+) fell within narrow ranges, i.e., 8 to 9 and likely 2 to 5, 

respectively. Their CO2 contents are low (0.2 m ? or less).  Where illite occurs in wall rocks 

(LHD-4, 10 and 6) the altering fluid might have had a log (aK
+/aH

+) ranging between 2 and 4. 

However a subtle variation or change occurs even at the same depth, for example, the fluid 

that interacted with wall rock at 1481 m might have changed very slightly in its log 

(aCa
2+/a2

H
+) and log (aK

+/aH
+) so at one time it produced wairakite, and another it produced 

illite and adularia.  
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The fluids that moved in channels had even less varied compositions as they fall within the 

stability field of epidote (LHD-13, 4, 8 and 10) or on the stability boundary between prehnite 

and epidote, suggesting that they might have less dissolved CO2 than fluids moved 

pervasively in the wall rocks.   

 

The deep fluid composition of well LHD-12 (i.e., in LHD-4 cluster, but not included in my 

studies) is calculated from the composition of the separated water (undated, unpublished 

data – Table 2.5 in Chapter Two) using the WATCHWORKS version-1.1. The analyses gave 

an ion balance of 1.3%. The calculated pH of deep fluid is 4.8, and the temperature 

calculated by using Na-K geothermometer is 340 oC (cf. with the measured temperature of 

300 oC). The fluid has a log (aCa
2+/a2

H
+) and log (aK

+/aH
+) of 4.43 and 2.05, respectively, 

similar to those in the illite stability field in LHD-4 and 8.  

 

6.6.2. Northern sector (Figure 6.6) 

The compositions of the altering fluids in the northern sector are similar to those of the 

southern sector, i.e., their log (aCa
2+/a2

H
+) and log (aK

+/aH
+) ratios fall within narrow ranges, 

i.e., 8 to 9 and likely 2 to 5, but where both prehnite and epidote formed (LHD-1 and 3) the 

log (aCa
2+/a2

H
+) was about 9.5, and the minimum CO2 content was less than the fluid that 

formed epidote and/or wairakite.  Nevertheless, the fluid that moved in channels here had a 

more varied composition, within the same and different stages of alteration (Chapter Five).  

 

The deep fluid composition of well LHD-5 is calculated from the composition of the fluid 

sampled at the weirbox (undated, unpublished data – Table 2.5) using the WATCHWORKS 

version-1.1 The analyses gave an ion balance of 0.9%. The calculated pH of deep fluid is 

5.8, and the temperature calculated by using quartz geothermometry is 257 oC. The fluid has 

a log (aCa
2+/a2

H
+) and log (aK

+/aH
+) of 6.4 and 2.3, respectively, and so plots within the 

stability boundary of illite (Figure 6.6B). The composition of this modern fluid is similar to that 

of fluid moving in channel during the stage 25 of alteration.  

 

At LHD-3 (1201 m) where albite + illite + adularia occur as replacement minerals the altering 

fluid had log (aNa
+/aH

+) = 5.0 and log (aK
+/aH

+) = 4.0. From stages 43 to 53, the fluid in 

channels changed composition from the stability boundary of albite and adularia to be within 

the of stability field of adularia.  
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Figure 6.5. 
 
Activity diagrams for calcium – potassium 
minerals at 250

o
C in the presence of quartz 

showing the estimated log ion activity ratios of the 
altering fluids moving pervasively in the wall rocks 
(grey circles) and those circulating in open 
spaces (red squares) at certain stages of 
alteration at the southern sector of the Lahendong 
field. Numbers in brackets indicate the depth of 
occurrence of hydrothermal minerals (italics and 
regular fonts are for replacement and space fill 
minerals, respectively). 
A: LHD-13; B: LHD-4; C: LHD-8; D: LHD-10; E: 
LHD-6 

 

A B 

C D 

E 
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Figure 6.6. 
 
Activity diagrams for calcium – potassium 
minerals A – D) at 250

o
C in the presence of 

quartz (A: LHD-7; B: LHD-5 - cross indicating the 
composition of the present-day fluid; C: LHD-1; D: 
LHD-3); E: Activity diagrams for sodium – 
potassium minerals at 250

o
C in the presence of 

quartz for LHD-3, showing the estimated log ion 
activity ratios of the altering fluids moving 
pervasively in the wall rocks (grey circles) and 
those circulating in open spaces (red squares) at 
certain stages of alteration in the northern sector 
of the Lahendong field. Numbers in brackets 
indicate the depth of occurrence of hydrothermal 
minerals (italics and regular fonts are for 
replacement and space fill minerals, respectively).  
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C 
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6.7. Episodic and localised changes 

 

The episodic and localised changes experienced by the system are described in Chapter 

Five based on the space-fill mineralogy, but can be summarised as follows:  

 

 The most notable changes were sealing of open spaces by deposition of 

hydrothermal minerals and rejuvenation of fluid channels.  

 

 There is mineralogical evidence for boiling, cooling, and incursion of cooler fluids in 

all wells studied although these events may not have occurred at the same time in 

each well.  

 

 The deep fluid composition changed temporally and spatially on micro and macro 

scale as a consequence of fluid-mineral interactions as well by processes 

experienced by the fluid as it moved in channels. However the compositional changes 

were slight so that they did not produce a contrasting mineralogy.    

 

6.8. Synopsis (Figures 6.7A and B) 

 

The earliest hydrothermal activity is thought to start at Kasuratan, i.e., at the area now 

penetrated by LHD-13. The heat source was likely magmatic, although this was not reached 

by LHD-13 and wells drilled later from the same pad (LHD-16 and 18). The activity was 

marked by the field-wide formation of chlorite from 700 m asl down to 400 m bsl as both a 

replacement of primary phase (especially ferromagnesian minerals) and the first mineral 

deposited into open spaces. The altering fluid was likely a near neutral pH, chloride fluid, and 

the temperature might have varied field-wide within the usual thermal stability of chlorite 

(~100 to 300 oC). Chlorite is shallowest at LHD-13, possibly indicating that the thermal fluid 

flow was focused here. As the temperature increased, calcite and quartz were formed 

followed by calc-silicates such as incipient epidote, titanite and actinolite. The maximum 

temperature of 300 oC, or perhaps higher, was shallowest at LHD-13 (i.e at -373 msl) as 

recorded by the shallowest occurrence of replacement actinolite. This supports the 

interpretation of the occurrence of a past thermal focus at here. The temperature of 300oC 

was also experienced by the northern sector i.e., the deeper parts of the areas now 

penetrated by LHD-3, 1 and 5. A diorite dyke penetrated by well LHD-5 might have small 

contribution to heat the northern sector for a short time but alternatively it could have cooled 

even before thermal activity there began. Shallower parts of these areas, as well as those 

now penetrated by LHD-6 and 7, gradually heated up during the peak of activity of the 
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Kasuratan thermal focus. The microcrystalline quartz formed during this period possibly 

resulted from cooling, while calcite and other carbonates such as those formed in LHD-4  

formed as a response to heating. The early Kasuratan thermal focus then declined after a 

boiling event followed by cooling. This is marked by deposition of late calcite, quartz, 

mordenite, heulandite, and hematite in the southern sector.  

 

The thermal activity then shifted to Pangolombian, i.e., in the area now penetrated by LHD-7. 

The simplest explanation for the cause of the shift was the self sealing of the permeability at 

Kasuratan and the development of vertical permeability at Pangolombian that helped focus 

thermal fluid flow there. No convincing mineralogical record relates to the last geological 

event. Peak activity of the Pangolombian thermal focus was marked by the formation of calc-

silicates, including wairakite and epidote. Replacement epidote that indicates temperatures 

above 250 oC, was shallowest in LHD-7 i.e., 347 m asl, but deeper in other wells and even 

absent from LHD-3. The Linau area, i.e, that penetrated by LHD-5 probably underwent 

similar thermal changes as that of Pangolombian, although small variations might have 

occurred as there are differences between temperatures indicated by fluid inclusions and 

those by calc-silicates. The Lahendong area, i.e., that penetrated by LHD-1 started to heat 

up but the northern most part of the system (represented by LHD-3) started to cool. The 

southern sectors (LHD-13, 4, and 6) continued cooling.  

 

The thermal focus again shifted, this time to Lahendong, i.e, the area now penetrated by 

LHD-1. This was possibly due to an eruption centered at Linau (now occupied by the Lake 

Linau). The sudden pressure release has caused an influx of the quartz-saturated fluid into 

the open spaces and cooling. This was recorded by the presence of chalcedony as the last 

mineral deposited in LHD-5. Brecciated veins with quartz of different textures marked the last 

stage of vein mineralisation in LHD-3 and 4, but it is evident that they formed in response to 

the catastrophic event in Linau.  

 

At its peak of activity the Lahendong thermal focus reached temperatures between 220 – 265 

oC. This was marked by the formation of wairakite, prehnite and epidote, and was also 

recorded by fluid inclusions. Replacement wairakite, which indicates temperature above 210 

oC, is shallowest in LHD-1(-2 m sl), but deeper in LHD-5 and 13 and is absent in other wells. 

LHD-1 since then has probably been thermally stable until the present day. Its highest 

measured temperature is 250 oC. The area penetrated by LHD-5 quickly re-gained its high 

temperature and became thermally stabilised until the present-day, i.e., a maximum of 250 

oC. The northernmost part of the field (LHD-3) and the Pangolombian area (LHD-7) were also 

thermally stable until the present-day, i.e. at maximum temperatures of 170 oC and 70oC, 

respectively.  The Kasuratan area was revived, possibly due to renewal of its heat source 
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and/or permeability there, resulting in two thermal foci, i.e., at LHD-13 and 4.  Both reached a 

maximum measured temperature of 320 oC. The revival of thermal activity at Kasuratan, 

however has not been recorded by mineralogy. Area penetrated by LHD-6 remained 

thermally stable to the present-day, i.e., at a maximum measured temperature of 150 oC.  

 

 

 
Figure 6.7A. Diagram summarising the thermal evolution, vein mineralogy and changes in fluid 

compositions in the southern sector of the Lahendong geothermal system. Time axis is 
qualitative. The temperature versus time curves are constructed based on the stability of 
the calc-silicate minerals occurring as replacement with the time span estimated from 
the stages of vein mineralisation (numbers with subscripts). Fluid inclusion 
homogenisation temperatures included where available. Red lines indicates the timing 
of the emergence of the thermal foci (Early Kasuratan, Pangolombian, Lahendong, and 
Late Kasuratan). See text for explanation. 
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Figure 6.7B. Diagram summarising the thermal evolution, vein mineralogy and changes in fluid 

compositions in the northern sector of the Lahendong geothermal system. Other 
conditions mentioned in Figure 6.7A caption. See text for explanation. 
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Chapter Seven 
 
 

SIMILARITIES AND DIFFERENCES BETWEEN LAHENDONG AND 

SOME OTHER GEOTHERMAL SYSTEMS IN THE WESTERN PACIFIC 

 

 

7.1. Introduction 

 

The Pacific Belt is characterised by active subduction, active volcanism, and high seismicity; 

it hosts many high-temperature geothermal resources. The geologic settings, hydrology and 

alteration mineralogy and hydrothermal history of Lahendong and four selected other 

geothermal systems in the western part of this belt explored by drilling, namely Tiwi (Luzon, 

Philippines), Kamojang and Karaha-Telaga Bodas (West Java), and Ulumbu (Flores) are 

compared and contrasted. Figure 7.1 shows the locations of these systems with respect to 

their present tectonic regime.  

 

These systems were chosen to compare with Lahendong because: 

1. They are located within convergence systems that have different characteristics from 

those of Lahendong. 

2. Their reservoirs are dominated by igneous rocks, whose compositions vary, but 

sedimentary rocks occur in some, so the effect of lithology on alteration can be 

assessed. 

3. Their hydrothermal alteration mineralogy is well described. 

 

This chapter aims to understand the links between: 

a. Their local geology and the geodynamics of the enclosing region, and  

b. Their hydrothermal alteration and thermal history. 

Parts of this chapter were published in the 29th New Zealand Geothermal Workshop 2007 

(Appendix J-4). 

 

Firstly, it is necessary to review the relationship between the hydrothermal systems, 

tectonism and volcanism. This is then followed by descriptions of the geologic settings, 

hydrology, alteration mineralogy and hydrothermal history of the selected systems. 

Similarities and differences between the systems are then summarised.  
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Figure 7.1. Locations of the Lahendong (1), Tiwi (2), Kamojang (3), Karaha-Telaga Bodas (4) and 

Ulumbu (5) geothermal systems with respect to the present day tectonic features. Map 
is compiled from Hamilton (1988), Simandjuntak and Barber (1996), and Macpherson 
and Hall (2002).  

 
 

7.2. Geothermal systems, subduction system and volcanism 

 

The definition of geothermal system in this chapter is that of Hochstein and Browne (2000) 

as in Chapter Two. In regions of active volcanism the main heat sources of the geothermal 

systems are clearly magmatic (e.g., Elders et al., 1984; Reyes, 1995; Allis et al., 2000; 

Arehart et al., 2002). Hochstein and Browne (2000) further categorised geothermal systems 

into hydrothermal, volcanic and volcanic-hydrothermal systems; and these are used in 

classifying the five systems compared here.  

 

Permeability is provided by both interconnected pores and fractures (e.g., Grindley and 

Browne, 1976). Some fracture-type permeability is tectonically derived and depends on the 

physical properties of the reservoir rocks, e.g., brittleness. The circulating hydrothermal fluid 

is largely meteoric water but magmatic-derived fluids, connate water, and sea water may 

also be present in various proportions (Henley and Ellis, 1983).  

 

Tectonics also influences magmatism on both regional and local scales. For example, by 

inducing melting during extension, by providing pathways for magmas,  by varying the rate of 
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supply of volatile components (Pearce and Peate, 1995), by determining the style and 

chemical characteristics of the igneous activity (Wilson, 1993), as well as by controlling the 

depths of magma emplacement (Watanabe et al., 1999).  

 

An important aspect in volcanic arcs is the relationship between the dynamics of the 

subduction system and magmatism (Hamilton, 1988). This has direct implications for the 

timing and locations of hydrothermal systems. An association of the generation of mineral 

deposits and the evolution of the subduction zones has been noticed by e.g., Sillitoe (1997) 

and Barley et al. (2002), and these provide some analogies with active geothermal systems. 

Crustal heat flow, the fluid pathways permitted by the crustal structure, the compositions of 

hydrothermal fluids, and the type of magmatism associated with the host rocks can be 

related to the tectonic processes occurring in the enclosing region (Macpherson and Hall, 

2002).  

 

To sustain hydrothermal activity, permeability and the heat source must be maintained. 

Fracture permeability is often tectonically renewed (e.g., Rowland and Sibson, 2004), but a 

series of short pulses of intrusion and hydrothermal circulation may help a system have a 

long life (Cathles, 1997). A clear example on the close spatial and temporal relation between 

volcanism and hydrothermal activity was given by Simmons et al. (1993), i.e., on the 

irreversible change of the Rotomahana-Waimangu hydrothermal system (New Zealand) as a 

consequence of the brief eruption of the Tarawera volcano on June 10, 1886.  

 

7.3. Geologic settings 

 

7.3.1. Lahendong 

The tectonic setting of the north arm of Sulawesi is quite complex (Chapter Two). The 

Lahendong geothermal system (whose thermal manifestations discharge at about 750 m asl) 

is part of the Sangihe volcanic arc that resulted from subduction of the Molucca Sea plate to 

the west under the colliding Sangihe and Halmahera forearcs (Hamilton, 1988). The Molucca 

Sea Collision Zone is part of an elongate convergence zone extending north through the 

Philippines towards Taiwan. During the Neogene, both arcs consumed oceanic lithosphere of 

the Molucca Sea Plate which has now been entirely consumed, and the Halmahera and 

Sangihe arcs are undergoing orthogonal collision, such that the Sangihe arc is presently 

overriding the Halmahera forearc (Macpherson et al., 2003).  

 

Lahendong is the only known system associated with arc-arc collision. According to Cardwell 

et al. (1980), the westward subduction slab dips at 55 – 65o W. To the east, the eastward 
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subduction of the Molucca Sea plate dips at 45o E. The convergence across the Molucca 

Sea is now 80 mm/yr (Rangin et al., 1999).  

 

7.3.2. Tiwi (Figure 7.2 A) 

Tiwi is part of the Bicol volcanic arc (Delfin et al., 1993) formed from subduction of the 

Philippine Sea plate to the west along the Philippine Trench (Hamilton, 1988); the 

convergence is oblique (Macpherson and Hall, 1999).  According to Jarrad (1986), the dip of 

the subduction slab is about 40o NW. Based on GPS measurements and computation of the 

interseismic elastic velocity field, Rangin et al. (1999) suggested that by assuming that the 

subduction zone is locked, the velocity of subduction along the Philippine Trench decreases 

regularly from north to south; i.e., from 54 mm/yr near 13oN to 32 mm/yr near 7oN.  

 

The Tiwi system is located on the west coast of the Lagonoy Gulf in the northeastern flank of 

Mt. Malinao which was active between 500 – 60 ka (Gambill and Beraquit, 1993). Mt. 

Malinao is about 20 km NW of Mt. Mayon which has undergone 47 episodes of eruptive 

activity since its first recorded eruption in 1616 (Lagmay et al., 2005). The thermal 

manifestations are associated with faults.  The silica sinter deposits and the largest hot 

springs (now extinct) occurred at Naglagbong Park (near sea level) in the northeastern part 

of the system, associated with the Naglagbong fault. Acid sulfate springs occur in the 

western part, associated with the Tiwi fault (Gambill and Beraquit, 1993). 

 

The system is hosted by Miocene – Pliocene volcanic and volcaniclastic rocks of andesitic, 

basaltic and dacitic compositions, and sedimentary rocks (limestone, mudstone, andesitic-

derived wacke), over a quartz-muscovite schist basement. The youngest reservoir rocks are 

Mt. Malinao products that have an age range of 500 – 60 ka (Gambill and Beraquit, 1993).  

 

7.3.3. Kamojang, Karaha – Telaga Bodas, and Ulumbu 

The Kamojang, Karaha Bodas and Ulumbu geothermal systems are located in the southern 

Indonesian Archipelago. They form parts of the Sunda – Banda volcanic arcs which are 

controlled by the subduction of the Indo-Australian plate beneath the Eurasian plate, along 

the Sunda and Banda Trenches (Hamilton, 1988).  

 

The dips of the subduction slab ranges from shallow (to 60 km depth) and the deeper (to 100 

km depth) levels, i.e., from 16 – 63o (Jarrad, 1986). Based on 4 years of GPS measurements 

made across the Java Trench between Christmas Island and West Java, Tregoning et al. 

(1994) estimated a convergence rate between the Australian and Eurasian plates, at a 

direction of N11oE  4o, of 67  7 mm/yr.  
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Kamojang (Figure 7.3 A) – The Kamojang geothermal system was first recognised by its 

large area of thermal manifestations within the caldera7.1 of Gandapura inactive volcano 

(Kartokusumo et al., 1976). The manifestations lie at an altitude of 1500 m asl. The nearest 

active volcano is Mt. Guntur (5 km SE) which, between 1847 (Van Padang, 1951) and 1960, 

erupted 22 times (Kartokusumo et al., 1976).  

 

The system is hosted by Quaternary andesite – basaltic andesite lava and pyroclastics. 

Thermal manifestations consist of hot pools, fumaroles, mud pots, and acid sulfate hot 

springs, but no chloride springs discharge within the caldera. The occurrence of these 

manifestations is possibly controlled by faults cross cutting the caldera structure (Sudarman, 

1983; Utami, 1998 a).  

 

 

 

                                                                                                             A 
                                

 

                                 B 
 
 

                                                 
7.1

 Referred to as a poorly defined caldera by Robert (1983) 

Figure 7.2. 
A. Above Left: Map showing the position of the 

Tiwi geothermal system with respect to the 
Bicol Volcanic Arc. Shaded areas indicate 
Quaternary volcanic centers (taken from 
Delfin et al., 1993). 
Above Right: Plan of the Tiwi system 
showing drill holes. A – A’ is the cross 
section line (taken from Gambill and 
Beraquit, 1993). 
 

B. Cross section of the Tiwi system showing 
the distributions of the hydrothermal mineral 
assemblages and the present-day 
hydrology (compiled from Gambill and 
Beraquit, 1993 and Moore et al., 2000).  
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Karaha-Telaga Bodas (Figure 7.4 A) – The Karaha-Telaga Bodas system is located in a N-

S trending ridge of volcanoes, the youngest of which is the Galunggung volcano (Nemčok et 

al., 2007) whose last extensively damaging activity took place in 1982-1983 (Gourgaud et al., 

2000). According to Van Padang (1951) the craters hosting the thermal manifestations, 

namely Kawah Karaha and Kawah Telaga Bodas plus Kawah Saat, are the remnants of the 

Karaha and Telaga Bodas volcanoes, respectively.  

 

The thermal manifestations occur at about 1500 m asl, and the system is hosted by 

pyroclastic and epiclastic deposits and lava flows of andesitic to basaltic composition. Lake 

bed deposits underlie the volcanic rocks. The youngest lake bed deposit has a 14C age of 5.9 

ka (Moore et al., 2004). 

 

 
A 

 

 

B 

Figure 7.3. 
A. Above Left: Map showing the position of the Kamojang geothermal system with respect to 

Quaternary volcanoes in West Java and the Java Trench (compiled from Van Padang, 1951 
and Hamilton, 1988). Above Right: Map of the Kamojang system showing the volcanic centers, 
structures and thermal manifestations and drill holes (redrafted from Utami, 1998). 

B. A SW-NE cross-section of the Kamojang system showing the distributions of the hydrothermal 
mineral assemblages and the present-day hydrology (redrafted from Utami, 1998).  
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A 
 

 
 

B 
 
Figure 7.4. 

A. Above Left: Map showing the position of the Karaha-Telaga Bodas geothermal system with 
respect to the Quaternary volcanoes in West Java and the Java Trench (compiled from Van 
Padang, 1951 and Hamilton, 1988). 
Above Right: Plan of the Karaha-Telaga Bodas system showing the volcanic features, thermal 
manifestations, wells and core holes (redrafted from Moore et al., 2004). Contours in m asl. 

B.  A North - South cross-section of the Karaha-Telaga Bodas system showing the present-day 
hydrology (redrafted from Moore et al., 2004). Isotherms in 

o
C. 
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Ulumbu (Figure 7.5 A) – The Ulumbu geothermal system is located inside caldera(s) within 

the Poco Leok – Poco Rii volcanic complex (Setiawan and Suparto, 1984) about 10 km SW 

of Poco Ranakah volcano, which last erupted in 1987 (Sjarifudin and Rakimin, 1988 in 

Kasbani, 1996).  

 

Setiawan and Suparto (1984) reported that there are three significant thermal areas lying at 

about 650 m asl inside the Poco Leok – Poco Rii caldera(s), namely the Wai Kokor (boiling 

pools, fumaroles, altered ground), Wai Wara (hot springs, altered ground), and Wai Mantar 

(warm springs, altered ground), thermal areas.  

 

The system is hosted by Tertiary basement rocks comprising andesitic lavas, volcanogenic 

sandstone and limestone, and Quaternary volcanic rocks whose compositions range from 

basaltic to dacitic but, in general, they are dominated by andesitic to basaltic andesite 

lithologies (Kasbani, 1996).  The dates of the hydrothermal activity and the absolute ages of 

the reservoir rocks are unknown.  

 

7.4. Present-day hydrology and thermal structure 

 

Accounts of the present day hydrology require consideration of the types and phases of 

fluids and their distribution, as well as the origin of the recharge fluids. All the fields 

considered here have been explored by drilling, and their thermal structures are known from 

temperatures measured down wells. Where available, the deep fluid compositions are known 

from downhole sampling and/or analysis of separated waters.  

 

7.4.1. Lahendong (Figure 2.19) 

Lahendong is a liquid-dominated system. The descriptions of its present-day hydrology and 

thermal structure are given in Chapter two and illustrated in Figure 2.19. However, isotopic 

studies to determine whether the deep acidic fluid in the northern sector is an ascending 

magmatic fluid or descending steam condensate have not been made. 

 

7.4.2. Tiwi (Figure 7.2 B) 

The hydrology of the Tiwi system is described by Gambill and Beraquit (1993) as follows. 

Deep fluid upflow zones occur in two areas as defined by high temperatures isotherms ( 

275oC) at 1500 m bsl. The thermal fluid ascends and flows toward the northeast, as indicated 

by their increasing Cl contents in this direction and the occurrence of fumaroles and Na-

HCO3 hot springs here. The lateral flow is facilitated by fractures and lithological contacts and 

the vertical permeability is provided by steep normal faults. 
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The pre-production fluid was liquid-dominated of neutral pH with low total dissolved solid and 

non-condensible gas contents. The chloride content of the reservoir fluids is 4000 mg/l in the 

southwest part but increases to 4750 mg/l towards the northeast part of the system.  

Corrosive fluids above neutral pH brine in the topographically highest part of the field were 

likely formed due to dissolution or oxidation of magmatic gases into groundwater under Mt. 

Malinao and/or by oxidation of H2S on the margins of the system. According to the Figure 2 

of Alcaraz et al. (1989) the system can be regarded as the “daughter” of a volcanic system 

beneath the eastern slope of Mt. Malinao.  

 

Prior to its development, the reservoir was liquid-filled and overpressured, with an impressive 

area of hot springs and geysers at Naglagbong Park, its predominant surface manifestation 

(Alcaraz et al., 1989). Van Padang (1951) reported the occurrence of fumaroles in 

Naglagbong Park which had a maximum temperature of 108oC (measured in 1903). The 

springs there had high chloride contents (400 – 4100 mg/l). Sinter deposits occur at 30 m 

below the present-day sea level, indicating hot spring activity in the past. The modern fluid 

discharged at well Matalibong-25 is of meteoric origin (Moore et al., 2000). Acid sulfate 

springs occurred farther west along the Tiwi fault (Gambill and Beraquit, 1993). 

 

7.4.3. Kamojang (Figure 7.3 B) 

Kamojang is a producing vapor-dominated field. Its present-day hydrology and thermal 

structure summarised by Utami (1998 a), is based on the 1996 status as follows. The deep 

reservoir fluid is now vapor-dominated, with a maximum temperature of about 250 oC. The 

thermal structure of the system forms a mushroom-like pattern, with the main upflow zone 

located beneath the main thermal manifestation areas. Here the top of the productive 

reservoir is located at about 750 m depth (1000 m asl). The steam producing reservoir is 

capped by steam heated acid sulfate fluids which in places penetrate below 200 m via 

vertical channels.  

 

The largest manifestation area is called Kawah Kamojang. It is located at the north eastern 

part of the system, comprising acid-sulfate fluids that discharge via hot springs, acid hot 

pools and mud pots. Some steam discharges as fumaroles. The other manifestation area is 

located in the southern part of the field, consisting of hot springs which discharge 

bicarbonate-type fluids. None of these spring waters analysed during the early exploration 

stage contained chloride (Hochstein, 1975). The present day manifestations have not 

significantly changed between 1926 (Taverne, 1926) and 1997 (Utami, 1998), nor has 

discharge from a well drilled by the Dutch Government in 1929. Gases in the steam 

discharged from fumaroles are CO2 (90% by volume), CH4, H2, N2, H2S, and NH3. Isotopic 

analyses (D/H, 16O/18O) of the steam suggest that it is derived from local meteoric water. No 
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deep chloride waters discharge at the main thermal area. However, warm (40 – 50oC), near 

neutral pH springs with high bicarbonate and sulfate but low chloride contents, discharge 14 

km from the main thermal manifestation areas at considerably lower elevation7.2. The natural 

recharge water is meteoric. Downhole sampling showed that chloride contents in the 

reservoir fluids from the shallow and deep parts contain 160 – 700 ppm and 530 – 1250 ppm, 

respectively (Healy and Mahon, 1982).  

 

 

A 
 

 

B 
 
Figure 7.5. 

A. Above Left: Map showing the position of the Ulumbu geothermal system with respect to the 
tectonic elements of the Banda Arc (redrafted from Hamilton, 1979). Above Right: Plan of the 
Ulumbu system showing the volcanic features, thermal manifestations, and wells (redrafted 
from Kasbani, 1996). 

B. A SW-NE cross-section of the Ulumbu system showing the main stratigraphic units and the 
present day hydrology (redrafted from Kasbani, 1996).  

 

                                                 
7.2

 No number mentioned by Healy and Mahon (1982) 
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7.4.4. Karaha-Telaga Bodas (Figure 7.4 B) 

The present-day hydrology and the thermal structure of the Karaha-Telaga Bodas 

geothermal system are known from 29 exploration and production wells. According to Allis et 

al. (2000) a vapor-dominated regime extends laterally for more than 10 km and to depths 

below sea level. It is underlain by a liquid dominated reservoir. The fluid in the overlying 

rocks is dominated by steam condensates. The surface manifestations consist of a fumarole 

field at Kawah Karaha in the northern part of the system, another fumarole field in Kawah 

Saat, an acidic lake (Kawah Telaga Bodas), and chloride-sulfate-bicarbonate springs in the 

southern parts of the system (Moore et al., 2004).    

  

The highest temperature (353oC) and pressure (65 bar) are in a well drilled closest to the 

Kawah Telaga Bodas where the vapor zone is thickest. Allis et al. (2000) suggested that a 

magmatic chimney forms the core of the vapor-dominated zone beneath the Kawah Telaga 

Bodas. Nemčok et al. (2007) inferred from the mineral distribution and downhole temperature 

measurements that the heat source is a narrow (2 – 3 km deep) stock extending along the 

length of the volcanic ridge.  

 

Acid sulfate waters descend into the upper part of the reservoir through the breached cap 

rock and boil near the surface. Based on isotopic data the deep fluids are dominated by 

meteoric water and the fluid in the southern part of the field contains an appreciable 

magmatic component.  Elevated concentrations of F, Cl, and SO4 in the Telaga Bodas lake 

water and nearby well waters, 3He/4He ratios of 5 to 7.7 Ra throughout the field also suggest 

that magmatic gases affect the fluids (Moore et al., 2002a and 2004). The Telaga Bodas 

sector therefore, can be categorised as a volcanic-hydrothermal system (also known as 

magmatic-hydrothermal system) according to the classification by Hochstein and Browne 

(2000). 

 

7.4.5. Ulumbu (Figure 7.5 B) 

Ulumbu is a liquid-dominated hydrothermal system. It has three wells drilled from the same 

pad in the Wai Kokor thermal area, namely ULB-01 (vertical), ULB-02 and ULB-03 (both 

directional). Reservoir characterisation based on the results of well testing was reported by 

Grant et al., (1997). According to them these three wells encountered an outflow zone. The 

upflow zone is presumed to be upslope from these wells.  A steam zone occurs above the 

liquid-dominated reservoir, i.e., at about 675 – 800 m depth in ULB-1 and is shallower but 

thicker upslope (300 – 650 m depth in LHD-2). The highest temperature of 240oC was 

encountered by well ULB-01 at 1000 – 1200 m depth. Thermal inversions occur below this 

depth.  
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Kasbani (1996) mentioned that the heat source of the system (presumably magmatic) is 

likely to occur beneath the center of the Poco Leok - Poco Rii caldera(s). The hydrothermal 

fluids originate from meteoric waters that descend deep down and react with the degassing 

rock. Deep water samples from ULB-1 are of neutral-pH chloride type, with chloride contents 

of up to 2170 mg/l.   

 

Kasbani (1996) interpreted that the mature chloride water ascends via the caldera margin 

and boils. A steam zone occurs at about 300 - 500 m depth. Steam that rises slowly mixes 

with perched groundwater to manifest as sulfate-bicarbonate springs at higher elevations 

(900 m asl), and at a lower elevation (230 – 240 m asl) in the southern part of the system. 

Steam that ascends faster via fractures, discharges at the surface from fumaroles in Wai 

Kokor. At greater depths the chloride water moves laterally along lithological boundaries. No 

chloride water discharges at the surface.  

 

7.5. Hydrothermal alteration and evolution 

 

The spatial coverage of the samples, the depth and the way the hydrothermal alteration 

studies were made differed from system to system, and are not easily compared, i.e., 

 

 The evolution of the Lahendong system (this work) has been reconstructed from the 

hydrothermal alteration mineralogy of samples representing past and present thermal 

events. The distinction between space fill and replacement minerals reveals the field-

wide and local changes in relative terms. Due to the rarity of usable fluid inclusions the 

compositions of the paleo fluids were mostly inferred from the mineralogy.  

 The mineral paragenesis of the Karaha – Telaga Bodas (Moore et al., 2002a and b; 

Moore et al., 2004) and Tiwi (Moore et al., 2000) systems has been studied in greatest 

detail mainly by examining near continuous cores retrieved from some holes, supported 

by age dating and fluid inclusion studies.  

 Hydrothermal alteration study of Kamojang (Utami, 1998) aimed to provide a picture of 

the distribution of the hydrothermal mineral assemblages, to characterise mass transfer, 

and to understand the evolution of the reservoir. Observations on vein mineral 

parageneses were also made, but no alteration events were dated directly, and no 

adequate data on the changes of paleo fluid composition could be retrieved from the fluid 

inclusions.  

 Cores and cuttings from Ulumbu represent only the outflow part of the system. These 

studies aimed to infer changes in the conditions from the alteration mineralogy and direct 

well measurements (Utami, 1995; Kasbani, 1996), and to characterise mass transfer in 

the system (Kasbani, 1996).  
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However, here I attempt to extract information about: (1) variations, distribution and identity 

of the hydrothermal minerals, (2) the occurrence and distribution of the mineral assemblages, 

(3) the evolution (or at least signs of the direction of changes) of the systems, as revealed by 

hydrothermal alteration studies and supporting methods. The hydrothermal minerals in all 

five systems are summarised in Table 7.1.  

 

Table 7.1. Hydrothermal minerals in the selected geothermal systems formed either as replacement 
or deposited directly. 

Mineral Lahendong 
(N. Sulawesi) 

Tiwi (Luzon, 
Philippines) 

Kamojang  
(W. Java) 

Karaha –T. Bodas  
(W. Java) 

Ulumbu (Flores) 

Silica      
Chalcedony X

b
 X  X X 

Cristobalite X
a
 **  X

a,b
 **   

Opal X
a
 *     

Quartz X
a,b,c

 X X
a,b

 X X 
Feldspars     X 
Adularia X

a,c
 X X

a,b
 X X 

Albite X
a,b,c

  X
a,b

 X X 
Calc-silicates      
Actinolite X

a,c
 X    

Amphibole X
a,b

   X  
Clinopyroxene    X  
Clinozoisite X

a
     

Epidote X
a,b,c

 X X
a,b

 X X 
Garnet X

b
   X  

Pumpellyite X
a
    X 

Titanite X
a,b,c

 X X
a,b

  X 
Tourmaline X

a
 X  X  

Wollastonite X
b
     

Zeolites:      
Heulandite X

a
     

Laumontite     X 
Mordenite X

a
     

Prehnite X
a
   X X 

Scolecite     X 
Wairakite X

a,b,c
  X

a,b
 X X 

Clay & other sheet silicates 
Biotite    X  
Chlorite X

a,b,c
 X X

a,b
 X X 

Chlorite/Smectite   X
a
 X X 

Illite X
a,b,c

 X X
a,b

 X X 
Illite/Smectite X

b,c
 X X

a,b
 X X 

Kaolin group X
a
  X

b
 X  

Pyrophyllite  X X
b
   

Sepiolite    X  
Sericite  X   X 
Smectite X

a,b,c
 X X

a,b
 X X 

Talc    X  
Carbonates      
Calcite X

a,b,c
 X X

a,b
 X X 

Dolomite X
a
    X 

Magnesite X
a
     

Siderite X
c
     

Other X
a
     

Halide      
Fluorite   X

b
 X  

Hydroxide      
Diaspore  X X

b
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Table 7.1 (continued). 

Mineral Lahendong 
(N. Sulawesi) 

Tiwi (Luzon, 
Philippines) 

Kamojang  
(W. Java) 

Karaha –T. Bodas  
(W. Java) 

Ulumbu (Flores) 

Native      
Sulfur X

a
 **   X **  

Oxides      
Hematite X

a,c
  X

a,b
 X X 

Leucoxene X
a
     

Magnetite     X 
Rutile  X    
      
Phosphate      
Apatite X

c
   X  

Sulfides      
Cubanite    X  
Galena    X X 
Pyrite X

a,b,c
 X X

a,b
 X X 

Sphalerite  X 
 

 X 
Sulfates      
Anhydrite X

a,b
  X

a,b
 X X 

Alunite X
a
 * X X

a
 ** X**  

Alunogen X
a
 *     

Gypsum X
a
**     

Natroalunite    X  

Sources: Lahendong:
a
this study, 

b
Hasibuan (1987), 

c
Pudjianto (1988);  Karaha-Telaga Bodas: Moore et al. (2002 

and 2004), Kamojang: 
a
Utami (2000), 

b
Browne (1978); Ulumbu: Kasbani  et al. (1997); Tiwi: Moore et al. (2000). 

Notes: * = occurs at the surface; ** occurs at the surface and at shallow depths. 

 

 

7.5.1. Lahendong 

Variations and the distribution of hydrothermal alteration minerals in Lahendong are given in 

Chapter Three. The hydrothermal alteration minerals formed in subsurface andesites, 

diorites, and rhyolites shows only small differences (Chapter Four). Minerals formed by 

“virulent” acid fluids, namely sulfur ± alunite ± pyrite occur at the surface and shallow levels. 

Hydrothermal mineral assemblages at depth were formed by near-neutral pH, alkali chloride 

waters, and consist of alkali feldspar ± calc-silicate ± chlorite ± calcite ± quartz ± minor illite.  

However, anhydrite, a mineral indicating the presence of deceptively benign fluid occur at 

intermediate depth (down to deeper levels at LHD-1) as both replacement and space fill 

spatially associated with minerals formed by near-neutral pH chloride fluid. This suggests 

that the virulent acid fluid were neutralised through interactions with wall rock as well as 

through mixing with fluids of more neutral pH (Chapter Five).  

 

Changes in deep fluid composition occurred as recorded by hydrothermal mineral 

assemblages accompanying heating, boiling, cooling and fluid mixing (Chapter Five). 

Changes in hydrology and the focus of activity are obvious from the mineralogy. Cooling in 

parts of the system has taken place naturally, where incursion of cool groundwater water 

became one of the controlling factors (Chapter Six).  
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7.5.2. Tiwi  

According to Gambill and Beraquit (1993) the margins of the Tiwi reservoir are characterised 

by an argillic alteration assemblage containing smectite  calcite, whereas the interior is 

dominated by a propylitic assemblage containing chlorite, quartz, and epidote, which was 

produced by neutral-pH fluids. This assemblage extends significantly beyond and below the 

present eastern margin of the reservoir, in areas now invaded by seawater. An advanced 

argillic assemblage produced by highly acidic fluids and characterised by quartz, pyrophyllite, 

alunite, anhydrite, and diaspore occurs locally in the southwest and the south-central parts of 

the field (Figure 7.2 B).  

 

To determine the hydrothermal alteration history of the field Moore et al., (2000) studied the 

vein mineral paragenesis and combined this with fluid inclusion microthermometry, fluid 

inclusion gas chemistry, and 40Ar/39Ar dating of vein adularia. They suggested that the Tiwi 

system has undergone four main episodes of alteration comprising six stages of 

mineralisation as follows.  

 

Initial development of the geothermal system 

The system started with the formation of secondary clays and deposition of chalcedony as 

amygdule fillings (stage 1) at temperatures of about 180oC, as suggested by the temperature 

of the transition from chalcedony to quartz. The date of the initial stage of activity has not 

been determined directly but a K/Ar age of early products from Mt. Malinao provides an 

upper age limit of 500 ka.  

 

Main episode of alteration 

The transition to a high temperature regime took place during stage 2, as indicated by the 

appearance of sericite veining and wall rock alteration related to the formation of steam-

heated waters.  The main episode of alteration was characterised by cycles of discharge and 

recharge, and may have been triggered by a combination of tectonic events and 

emplacement of subvolcanic intrusions. This episode is represented by stage 3 veins of 

quartz  adularia  epidote  pyrite and base metal sulfides which indicate fluid upwelling and 

boiling, and calcite and/or anhydrite deposition which results from heating of recharging fluids.  

The outflow from the system may have produced the now buried silica sinter encountered in 

shallow wells on the NE side of the system. The maximum temperatures during the 

discharge phase were 325 – 332 oC, and those at the recharge phase ranged from ~330 to 

below 270 oC.  40Ar/39Ar dating on the adularia formed in the main stage of alteration 

demonstrated that high temperature fluids were circulating by 314 ka.   
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Fluid inclusion deduced apparent salinities suggest that the hydrothermal fluids in this 

episode were mainly a mixture of seawater and steam-heated groundwater, with the former 

dominating at depths below 1600 m. Fluid inclusion gas compositions suggest that  fluid 

trapped in calcite and anhydrite during recharge was predominantly derived from meteoric 

and crustal sources, whereas that trapped in quartz during the discharge phase contain gas 

species derived from mainly magmatic and crustal, and minor meteoric sources. 

 

Stage 4 represents the second major episode of sericite deposition. The end of the main 

alteration episode is marked by stage 5 mineralisation producing veins of wairakite  epidote 

followed by actinolite then calcite. The occurrence of actinolite indicates that the temperature 

at the end of this stage exceeded 300oC. Modelling of thermal history suggests that the main 

stage of alteration ended at ~200 ka. 

 

Quiescence and transition to the modern geothermal system 

No thermal pulse hotter than 250oC was recorded until the modern thermal regime developed. 

Thermal models based on the 40Ar/39Ar age spectrum dating and fluid inclusion 

microthermometry suggest that the system must have cooled at ~200 ka to below 250oC. 

This is interpreted to be due not only to conductive cooling of the underlying heat source but 

also to an influx of shallow, steam heated waters, perhaps triggered by seismic activity and 

intensive fracturing.  

  

Present geothermal system 

The present-day Tiwi geothermal system has a maximum measured temperature of 275oC, 

about 40oC above the minimum stable paleo-temperatures. This testifies to renewed heating. 

The duration of the thermal pulse is constrained by 40Ar/39Ar age spectrum dating to the last 

10 – 50 ka. The production fluids are of meteoric origin but their CO2/CH4 ratios are higher 

than those fluids trapped in the inclusions, suggesting that the conditions within the modern 

reservoir are more oxidising. Sericite that postdates late calcite is thought to represent the 

modern thermal regime as illite is in equilibrium with the modern day fluids.  

 

Based on the extent of the propylitically altered rocks and the occurrence of former hot 

springs east of the presently active system, Moore et al. (2000) suggested that Tiwi is a long-

lived system that extended further to the east in the past. They interpreted that the shift of the 

system may be due to a sea level rise, or alternatively, was caused by incursion of sea water 

during regional subsidence along the Bicol volcanic arc.   
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7.5.3. Kamojang  

The surface alteration mineralogy was reported by Kartokusumo et al. (1976). They 

mentioned that the extent of the surface alteration is limited to the area of present day 

surface activity; and that there are no zones of older alteration. The surface alteration 

minerals are products of interaction between the rocks and acid fluids; they include silica 

residue, kaolinite, alunite, pyrite, sulfur, iron oxides, alunogen, and antimony sulfide 

(stibnite?).  There is no evidence that chloride waters discharged here in the past.  

 

Subsurface hydrothermal alteration mineralogy of the system was first reported by Browne 

(1978). The hydrothermal alteration mineralogy was used to infer the evolution of the system 

(Utami and Browne, 1999). Comparison between the present-day conditions and those 

deduced from hydrothermal alteration studies suggests that Kamojang has evolved from a 

hotter liquid-dominated system. There are two distinctive hydrothermal mineral assemblages, 

namely those produced by acid and near neutral-pH fluids, occupying the near surface (100 

– 300 m depths) and the deeper parts of the system, respectively (Figure 7.3 B). The first 

consists of kaolin  smectite  alunite  pyrite  amorphous silica; and the second comprises 

quartz  adularia  albite  epidote  titanite  laumontite  wairakite  calcite  other 

carbonates  chlorite  illite  interlayered clays 

 

The occurrence of the two replacement mineral assemblages was used to locate the former 

position of the interface between the acid sulfate steam condensate and the neutral pH 

reservoir fluids. The deepest occurrence of the “acid” alteration assemblage and the 

shallowest occurrence of the “neutral pH” alteration assemblage indicate that the depth of 

this interface varies from 100 – 300 m below present ground surface (Figure 7.3B). The 

sulfate-rich water, probably derived from steam condensate, seems to post date the “neutral-

pH” assemblage. 

 

Space-fill mineral paragenesis revealed that the system underwent at least three episodes of 

mineralisation, namely the early, the middle/main, and the last episodes, but the altering fluid 

in the deeper parts of the system was always of near neutral-pH. The earliest recorded 

episode is characterised by simple quartz veining. The main episode (in term of mineral 

volume) comprised many stages of mineralisation with diverse mineralogy, including quartz, 

calcite, siderite, hematite, chlorite, illite, wairakite, epidote and pyrite. The last stage of the 

main episode was marked by anhydrite veins, formed from descending acid-sulfate fluids 

which were heated and neutralised by mixing with neutral-pH fluids.  The co-existence of 

vapor-rich and liquid-rich fluid inclusions trapped in these vein minerals recorded boiling 

event(s). The last episode was characterised by deposition of quartz and pyrite.  
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Utami (1998 b) showed that mass transfer in Kamojang was characterised by removal of Si, 

Ca, Na, K, Fe, Mg from the wall rocks but only small quantities of these elements could have 

been incorporated into minerals that deposited in veins and other cavities.  

 

7.5.4. Karaha-Telaga Bodas  

Moore et al. (2002) showed that at the shallow depths the wall rocks have altered to a 

mixture of clay minerals, chlorite, pyrite and quartz. Propylitic assemblages, consisting of 

chlorite, epidote, apatite, amphiboles, secondary feldspar, pyrite, quartz, prehnite and garnet 

occur as shallow as 850 m below present ground surface. A potassic assemblage first 

appears at ~1150 m in core hole T-8 (drilled close to Kawah Telaga Bodas). The minerals 

dominating this zone are biotite, but epidote, amphiboles, garnet, talc, magnetite, cubanite 

and galena are also present. Advanced argillic alteration consisting of late tourmaline, fluorite, 

and native sulfur occur only in core hole T-2 (closer than T-8 to Kawah Telaga Bodas, see 

Figure 7.4). According to my interpretation of their figures 5 B, D, and F those minerals occur 

as space fills.  

 

Observations of vein mineral paragenesis, combined with systematic fluid inclusion studies 

by Moore et al. (2002) revealed that the vapor-dominated regime in this system evolved from 

a larger, liquid-dominated one. They recognised three stages of alteration. The first was 

characterised by a propylitic assemblage that records the development of an extensive high 

temperature liquid-dominated system. The second stage was characterised by the extensive 

deposition of botryoidal chalcedony and quartz encapsulating the earlier high temperature 

minerals, an abundance of vapor-rich fluid inclusions, and the high apparent salinity of the 

fluid inclusions. This documents the transition from liquid- to vapor-dominated conditions. 

The silica over saturation in fluids that caused the deposition of chalcedony at high 

temperatures may be due to massive flashing of water to steam as a result of sudden 

decompression. This is thought to have been due to a catastrophic event, i.e., the collapse of 

the flank of Mt. Galunggung 4200 years ago.  

 

The last stage was characterised by deposition of wairakite throughout the field, e.g., as in 

the lower portion of core hole T-2.  Wairakite was deposited, rather than epidote or prehnite, 

in this late stage, when the residual reservoir fluids mixed with the descending steam 

condensate following the decompression of the system.  An advanced argillic assemblage 

occurs in the upper 350 m, and results from the interactions between aggressive acid-sulfate 

condensates and the host rocks. The occurrence of tourmaline in core hole T-2 within the 

advanced argillic assemblage however suggests that ascending fluids were magmatic with 

H3BO3 and partially neutralised.  
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By combining observations of mineral textures with fluid inclusion geothermometry and 

numerical simulations of water-rock interactions, Moore et al. (2004) deduced the changes of 

the compositions of the descending acid sulfate waters in the system. This neutralisation 

resulted in successive appearance of 1) advanced argillic alteration comprising alunite, clay 

minerals, and pyrite, 2) anhydrite, pyrite, and interlayered sheet silicates, and 3) carbonates. 

Simulation of water-rock interactions were modelled up to 250 oC using the composition of 

acidic Telaga Bodas lake water. The results show that the progressive change in fluid 

composition was mainly due to the incorporation of SO4 into the newly formed hydrothermal 

minerals.  

 

Scanning Electron Microscope (SEM) images and semi-quantitative analyses by Energy 

Dispersion Spectroscopy (EDS) identified precipitates of NaCl, KCl, FeClx and Ti-Si-Fe, on 

the surface of rocks from holes T-2 and T-8, and XRD indicates the presence of halite. These 

precipitates are interpreted to be the products of the complete drying out of the descending 

condensates and remaining pore fluids present within the low pressure but high temperature 

vapor-dominated zone.  

 

7.5.5. Ulumbu 

KRTA/MERT (1989, in Kasbani, 1996) reported that there are two types of surface and near 

surface alteration in Ulumbu. One is of deuteric origin comprising smectite, zeolite and iron 

oxide lining vesicles in the surface rocks. The other is a product of low temperature leaching 

at, or near, surface by steam heated acid fluids. This comprises essentially opal-A with minor 

kaolinite and cristobalite. There is no sign of relict, higher temperature alteration.  

 

The hydrothermal alteration of the samples from wells ULB-01 and 02 was studied by Utami 

(1995) and Kasbani (1996); that of well ULB-03 by Kasbani (1996). According to Kasbani et 

al. (1997), the present-day hot parts of the system coincide with the occurrence of calc-

silicate minerals suggesting that the drilled parts of the system have been thermally stable 

since these minerals formed. Clay minerals are also stable under the present-day conditions 

so that they can be utilised as temperature indicators for this field. Fluid inclusion studies by 

Kasbani (1996) suggest that there are indications of cooling by about 20oC at shallow depths 

(250 m) in ULB-3; and heating by 10 – 20 oC below 900 m depth in ULB-1. The ice melting 

temperatures indicate that the fluids trapped were dilute (equivalent to 0 to 1.05 wt% NaCl).  

 

The present-day permeable zones are indicated by circulation losses during drilling, and 

these coincide with occurrences of adularia, euhedral quartz and high intensity alteration 

(Kasbani et al., 1997). Using the results of a mass transfer study, Kasbani (1996) reported 

that these zones also coincide with the greatest additions of K, Rb, and Cu. Furthermore, the 
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additions of Si, Ca, Fe, Mg, and K coincide with abundant quartz, calcite and calc-silicates, 

chlorite, and adularia and illite, respectively, as both replacement and space fill phases.  

 
 

7.6. Summary and Discussion 
 
 
7.6.1. Plate convergence and volcanic host rock compositions 

The convergence plates enclosing the geothermal systems in the southern parts of the 

Indonesian Archipelago and those in North Sulawesi and the Philippines have different 

characteristics in terms of the types of plates involved, their angular relationship, the dip of 

the subducting slab, as well as the rate of convergence (Table 7.2). However, the known 

present-day characteristics of the subduction systems resulted from the regional tectonic 

evolution (e.g., Hall, 1997).  

 

The last plate reorganisation in this part of the Pacific belt occurred at 5 Ma, and from this 

time the subduction systems experienced hinge retreats (Macpherson and Hall, 2002), a 

condition likely to lead to extension and promote voluminous volcanism (Hamilton, 1988; 

Macpherson and Hall, 2002). The volcanic arcs formed stratovolcanoes with the eruptive 

products ranging in composition from basalt to rhyolite, with andesite being the most 

common.  

 
7.6.2. Occurrence of the systems 

All the systems occur within andesitic volcanic complexes which have not been active in 

historic time. However, nearby (5 – 20 km) are some presently active volcanic centers. The 

geothermal systems are expressed at the surface by fumarolic and steam-heated-type 

manifestations sitting within or in the vicinity of caldera (or caldera-like) structures, and/or 

craters, or flanks of an inactive volcano (Table 7.2). These are consistent with the findings by 

Bogie et al. (2010) and Bogie and Lawless (1986).  

 
7.6.3. Ages of the systems 

The occurrence of the geothermal systems in western Pacific Belt is related to the arc 

volcanism. Among the systems compared here only Tiwi has yielded absolute dates 

determined directly from hydrothermal mineral (0.3 Ma), whereas others were inferred from 

the maximum ages of the host rocks. Thermal activity in Lahendong may have begun after 

2.2 Ma, or as late as 0.5 Ma; whereas that at Karaha-Telaga Bodas began no earlier than 6 

ka. The ages of Kamojang and Ulumbu systems are even less well constrained (Table 7.2). 

The post collapse magmatism and resurgence in the last stage of the development of 

calderas may be followed by hydrothermal activity (Lipman, 2000), therefore activities of 
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Kamojang and Ulumbu systems may have begun after the formation of the Gandapura and 

Poco Rii / Poco Leok calderas, respectively.  

 

7.6.4. Heat sources 

The heat sources of all systems are likely magmatic, as inferred from their close association 

with volcanic complexes. This is consistent with geophysical and mineralogical data, as well 

as the magmatic signatures in the surface discharge and deep fluids. There are indications 

that the systems are sustained by more than a single heat source that emerged at different 

times (Table 7.2). 

 

Intrusive bodies were encountered by wells only in Lahendong and Karaha-Telaga Bodas. In 

Lahendong the occurrence of diorite dykes (penetrated by well LHD-5) coincide with the 

thermal inversion zone (Chapter Two), and they are intensely altered (Chapter Three) but are 

not the present-day heat source. Cathles et al. (1997) suggested that small volume intrusions 

take less than a few thousand years to cool conductively and considerably less time with 

convection. Therefore it is more likely that a bigger and deeper intrusion (not reached by the 

drill holes) is the heat source that generates the present-day Lahendong system. Nemčok et 

al. (2007) interpreted that the present-day heat source of the Karaha-Telaga Bodas system 

forms a relatively narrow stock at 2 – 3 km depth, and that the highly altered dykes 

penetrated by well TLG-3-1 represent an earlier phase of intrusion.  Multiple intrusions may 

have sustained the Tiwi system, whereas the present system has been generated by a 

subvolcanic intrusion occurring sometime during the past 10 – 50 ka (Moore et al., 2000).  

 

7.6.5. Fluid source and hydrology 

The fluid source of these systems is mostly meteoric water, but magmatic fluids and sea 

water can contribute to them. The Telaga Bodas, part of the Karaha-Telaga Bodas system 

which is located above an active magmatic vapor chimney, receives a considerable amount 

of magmatic fluids. The Tiwi system which is situated near the sea has had an influx of sea 

water in the past (Table7.2). Fluid distribution in the selected systems integrated with that in 

some other systems in the Western Pacific is depicted in Figure 7.6.  However, studies 

demonstrate that it is much more complex than the idealized model presented here due to 

the anisotropic permeability and the dynamic nature of the system 

 

The steep topography, resulting from andesitic volcanism, has had consequences on the 

hydrology of all five systems. The upflow zones (characterised by isotherms of 250 – 350 oC) 

are located beneath the fumarolic and acid sulfate steam-heated manifestations. However, in 

the case of Ulumbu, the high vertical permeability in the near surface above the outflow zone 

facilitates steam to escape there and to manifest as fumaroles.  



Chapter Seven: Similarities and Differences Between Lahendong and Some Other Geothermal Systems  295 
 

 

Steam-heated acid sulfate fluids form due to the oxidation of the H2S exsolved from boiling 

fluids in the shallow groundwater. They discharge at the surface as acid-sulfate springs 

commonly associated with mud pools, mud pots, and mud volcanoes; and fumaroles which 

directly discharge gaseous components. They commonly occupy craters, and/or other 

depression features on the upper flank of the stratovolcano, with the fumaroles likely to 

discharge at the highest elevations in this zone.  

 

Bicarbonate fluids formed due to absorption of dissolved CO2 gas into the perched shallow 

groundwater aquifer do not manifest in the selected systems but they occur in two other 

geothermal systems in volcanic terrains namely Cisolok, West Java (Suari, 1981), and 

Ungaran, Central Java (my observation in 2003). 

 

Near neutral pH chloride fluids known to be present do not reach the surface above the 

upflow zones; instead, they flow laterally and manifest several kilometres away from their 

upflow zones (Tiwi in the past, and possibly Lahendong), or else not at all (Kamojang, 

Karaha-Telaga Bodas, and Ulumbu).  

 

7.6.6. Hydrothermal alteration  

Factors controlling the formation of hydrothermal minerals have been discussed by Browne 

(1978). Although rocks other than andesite also occur in the reservoirs of the compared 

systems, the alteration mineralogy is largely independent of original rock composition. The 

distribution of a hydrothermal mineral assemblage is largely controlled by the distribution of 

the altering fluids (Table 7.3 and Figure 7.6).  

 

Interactions between the host rocks and the acid sulfate fluids produce a replacement 

mineral assemblage typically consisting of alunite, kaolinite, and silica minerals (cristobalite, 

tridymite, and opal-A). Mass transfer within this environment is dominated by removal of 

elements (Na, K, Ca, Mg, Fe, Si) as measured at Lahendong (Chapter Five).  

 

Bicarbonate waters commonly deposit travertine (calcium and other carbonates), where the 

calcium cations are mostly gained from the rocks. Travertine deposits do not occur in the five 

systems compared, but they are present in Cisolok, West Java (referred to as calcareous 

sinter by Suari, 1981). I also observed them in the Ungaran system (Central Java). The 

Cisolok and Ungaran geothermal systems are also located in steep volcanic terrains. 
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Table 7.2. Summary of the geologic setting and hydrology of the selected geothermal systems.  

 LAHENDONG TIWI KAMOJANG KARAHA - T.BODAS ULUMBU 

Convergence system 
and parameters 

Arc – arc collision 
Sangihe VS Halmahera arcs  

underlain by Molucca Sea plate 

Subduction 
Eurasian VS Pacific plates 

 Subduction 
Eurasian VS Indo-Australian plates 

1. Plate angular 
   relationship 

Orthogonal Oblique Orthogonal 

2. Convergence rate  80 mm/yr 54 – 32 mm/yr (from N to S) 67 mm/yr 

3. Subduction slab dip 55 – 65
o
 beneath Sangihe Arc 43 – 41

o
  16 – 63

o
 

Distance from 
nearest active 
volcano 

9 km 20 km 5 km 5 km 10 km 

Volcanic host rocks 
(ages) 

Rhyolitic – basaltic 
(2200 - 500 ka) 

Dacitic – basaltic 
(500 ka) 

Andesitic – basaltic 
(Quaternary) 

Andesitic – basaltic 
(~ 6 ka) 

Dacitic – basaltic 
(Quaternary) 

Age of the system Unknown  300 ka Unknown < 6 ka Unknown 

Geothermal system 
type and maximum  T 

Liquid-dominated 
(250 

o
C) 

Liquid-dominated 
(275

o
C) 

Vapor-dominated 
(240 

o
C) 

Partially volcanic-
geothermal system 

(Telaga Bodas sector) 
Partially vapour-

dominated (350 
o
C) 

Liquid-dominated 
(240 

o
C) 

Surface expression 
and assoc. volcanic 
features  

Fumaroles, and steam heated 
manifestations assoc. with a 
caldera-like structure and a 

crater 

Fumaroles and hot springs 
in the flank of an inactive 
volcano 

 
Fumaroles, and 
steam heated 
manifestations 

assoc. with caldera 
 

Fumaroles, and steam 
heated manifestations 

assoc. with craters 
 

Fumaroles, and steam 
heated manifestations 

assoc. with caldera 
 

Elevation of  main 
manifestation area 

750 m asl Sea level 1500 m asl 1500 m asl  650 m 

Chloride fluid 
manifestations 

12 km from main upflow @  
m asl 

 
Inactive, ~4 km from main 

upflow @ 30 m below 
present sea level  

Absent Absent Absent 

Fluid source(s) Meteoric and magmatic 
Meteoric, magmatic, and 

sea water 
Meteoric and 

magmatic 
Meteoric and magmatic 

Meteoric and 
magmatic 

Magmatic heat 
source emplacement 

Multiple events (?) Multiple event  Unknown Multiple events Unknown 
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Where boiling occurs, as in Tiwi and Lahendong, near neutral pH alkali chloride springs 

deposit silica sinter. Mixing between the SO4
2-, HCO3

- and Cl- type fluids is common, as 

recognised in a vein mineral assemblage consisting of anhydrite  carbonates  quartz.   

 

Replacement assemblages common in the deeper parts of the systems are similar, 

consisting of various proportions of epidote ± amphibole ± prehnite ± pumpellyite ± zeolites ± 

carbonates ± quartz ± adularia ± albite ± smectite ± chlorite ± illite. These form from 

interactions between the host rocks and the near neutral-pH fluids.  

 

The assemblage formed from the interactions with the magmatic fluids are exclusive to parts 

of the Karaha-Telaga Bodas system (i.e., the Telaga Bodas sector) intruded by an active 

magmatic vapor chimney. Mixing of the ascending magmatic fluids which have been partly 

neutralised and the descending acid sulfate fluids that have been enriched with cations 

through rock dissolutions, formed tourmaline, fluorite, native sulfur, and anhydrite. In Alto 

Peak (Philippines), a waning system rejuvenated by the injection of  recent magmatic heat 

and fuids, a magmatic – hydrothermal mineral assemblage forms localized zones along 

fractures, consisting of pyrophyllite + alunite + sulfides and is associated with diaspore + 

anhydrite and very rare, sporadic apatite, crandalite, zunyite, topaz, gadolinite and danburite 

(Reyes et al., 1993).  

 

Further, the assemblages common in the deeper parts of the five systems also occur in 

systems with different tectonic settings having different host rocks, e.g., the 

1. Aluto-Langano system (Ethiopia), which occurs in a rift system, is hosted by alkaline 

basalt to rhyolite lavas and pyroclastics (Teklemariam et al., 1996), 

2. Nesjavellir system (Iceland) which occurs in an oceanic ridge system, is hosted by 

basaltic rocks – but without hydrothermal feldspar and illite (Kristmannsdóttir and 

Tómasson, 1976), 

3. Cerro Prieto system (Baja California, Mexico) which occurs at the transition between a 

seafloor spreading (East Pacific Rise) and the San Andreas Fault systems, and is hosted 

by deltaic sands and shales (Elders et al., 1984). 

 

Therefore, it is noteworthy that Lahendong, which is associated with an arc-arc collision, and 

is underlain by an oceanic plate, has a similar hydrothermal mineralogy to the other four 

systems which are hosted within more common plate subduction domains. The difference in 

host rock type resulted from different characteristic of the plate subduction seems have 

insignificant control on the hydrothermal minerals formed. This is consistent with Browne 

(1989) who concluded that inherited compositional differences have little bearing on the 

identity of hydrothermal minerals that form. However, the steep topography of the host 
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andesitic stratovolcanoes resulted from magmatism in subduction settings, controls the 

hydrology which in turn determines the distribution of the hydrothermal assemblages (Figure 

7.6) – a conclusion similar to that reached by previous workers (e.g., Bogie, 1986; Mitchell 

and Leach, 1991; Corbett and Leach, 1998).   

 

Table 7.3. Hydrothermal minerals and the associated fluids in the selected geothermal systems (A 
– F) integrated with those of Cisolok, and Ungaran (G). 

Code*) Common hydrothermal minerals / 
other products 

Associated fluid 

A Alunite  kaolin  opal-A  
cristobalite  

Acid sulfate steam-heated fluid 

B Sulfates  carbonates  
 

Mixed of descending steam-heated 
fluids and deeper near neutral pH 
chloride fluid 

C Silica (sinter) SiO2-saturated neutral-pH chloride fluid 

D Epidote  amphibole  prehnite  

pumpellyite  zeolites  carbonates 

 quartz  adularia  albite  

smectite  chlorite  illite 

Near-neutral-pH chloride fluid 

E Tourmaline  fluorite  native sulfur Ascending magmatic fluid 

F Fluid inclusion with sea water 
components 

Sea water 

G Carbonate (travertine) Bicarbonate fluid 
*) Refer to Figure 7.6 for their distributions.  
                                                                                                                                                                                                                                                                                               

 

7.6.7. Evolution of the systems 

All the systems have undergone natural changes and many of these changes are recorded 

by their hydrothermal mineralogy. Events such as tectonic, magmatic, and volcanic activities 

in the surrounding regions, among other factors, affect a system (Table 7.4).  

 

The changes could be catastrophic, such as that inferred to have occurred at Karaha-Telaga 

Bodas, where collapse of the flank of Galunggung volcano (4.2 ka) was thought to have 

caused the decompression and the initiation of the vapor dominated regime there. Although 

there is no field-wide mineralogical records of a catastrophic event, eruption centered in the 

present Lake Linau (< 500 ka?) at Lahendong, may have created vertical permeability and 

shifted the focus of activity there. A pressure release due to a volcanic or tectonic event 

might have helped rain water reach the deep parts of the system causing significant cooling 

from the margins. The vapor-dominated Kamojang system has also evolved from a hot water 

system but it is not known whether this was due to some catastrophic event or to a 

permeability decline (White et al., 1971; Young, 1996).  

 

Emplacement of new intrusive body (10 – 50 ka) was thought to have reheated the Tiwi 

system after its long quiescence. Sea level rise, or alternatively, regional subsidence along 
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the Bicol volcanic arc (~200 ka) has allowed the incursion of sea water into it. Deformation 

events, such as tectonic activity possibly helped sustain permeability in Kamojang, Ulumbu, 

Lahendong, and others.  

 

Hamilton (1988) mentioned that different parts of a single, continuous arc can have grossly 

different histories and characteristics. Considering that some differences in the 

characteristics of geothermal systems are, to a certain extent, related to the different 

characteristics and processes in the subduction zone, it is not surprising that Kamojang, 

Karaha-Telaga Bodas, and Ulumbu which are located in the same subduction zone have 

different hydrology, thermal structures, hydrothermal history, and likely different ages. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6. Idealised model of the distribution of fluid types and their corresponding mineralogy (A 

to G) in geothermal systems in Western Pacific. Refer to Table 7.6 for the mineralogy. 
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Table 7.4. Summary of the hydrothermal history of the selected geothermal systems. 
 

System Notable change(s) – Indicator(s) Related event – Timing 

LAHENDONG 

1.  Shift of the focus of activity – Shift of 
the focus of the shallowest  

     occurrence of the mineral 
geothermometers 

Eruption centered at Lake 
Linau – (?) 

 2. Cooling – (T mineral – T measured) 
Incursion of groundwater – 
since LGM (?) 

   

TIWI 

1. Discharge and recharge cycle: 
a. Deep fluid discharge – silica sinter 

b. Upwelling and boiling – (Quartz    

    adularia  epidote  pyrite  base    
    metal sulfide) 
c. Heating of recharge fluids – (calcite  
    and anhydrite) 
 

Tectonic and subvolcanic 
intrusion – (?)  

 
2. Renewed heating – thermal modeling Igneous intrusion – 10 to 50 

ka 

 
3. Incursion of sea water – sea water  
    component in fluid inclusions 

Regional subsidence along 
Bicol Arc – (?) 

   

KAMOJANG 

Change from liquid to vapor-dominated – 
a. Altering fluid VS present-day fluid  
    phases  
b. Reduced permeability due to mineral 
   deposition 

Unknown 

   

KARAHA –  
T. BODAS 

Change from liquid to vapor-dominated – 
a. Field-wide deposition of chalcedony 
b. Fluid inclusions microthermometry 

Rapid depressurisation due 
to flank collapse of Mt. 
Galunggung – 4.2 ka 
 

   

ULUMBU 

1. Local heating and cooling –  

(Th fluid incl – T measured) 
 

Unknown 

 
2. Reopening of fluid channels –   
changes in optical properties of minerals 
 

Deformation – (?) 
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Chapter Eight 

 

LESSONS LEARNT 

 

My studies on hydrothermal alteration and the evolution of the Lahendong geothermal 

system show that several lessons can be learnt: 

 

8.1. Hydrology and hydrothermal mineralogy of a geothermal system in an arc-arc 

collision setting 

 

This study proves that a geothermal system located in an arc-arc collision zone such as 

Lahendong has similar hydrology and hydrothermal mineralogy to other systems located in a 

more common volcanic-arc tectonic setting. Its hydrology and in turn its distribution of 

hydrothermal mineral assemblages follows the general patterns of hydrology and thermal 

regime that prevail in a high-relief andesitic terrain where lateral outflow is common (see also 

Section 8.7).  

 

Hydrothermal mineral assemblages formed by near-neutral pH alkali chloride fluids at the 

deeper parts of geothermal systems hosted by different types of rocks and located within in 

different tectonic settings are similar although not identical (Chapter Seven). This 

emphasises the homogenising effect of hydrothermal alteration as noted by Browne (1989).   

 

8.2. Recognition of modes of fluid and constituent transport in a convecting 

geothermal system 

 

Different styles of alteration described in Chapters Three to Five highlight the way fluids and 

constituents are mobilised in a converting geothermal system. Fluids and constituents are 

transported through two different pathways, namely via inter-granular pores and channels, 

thus producing two distinctive styles of alteration, namely replacement and direct deposition.  

 

Transport of constituents by fluids through channels is much more effective than by 

replacement as revealed by the mass transfer study (Chapter Five). Constituents removed 

from the wall rocks were mainly deposited as vein minerals, although some of them may be 

fixed in replacement minerals near the walls of a channel before they were sealed. 

Deposition in open spaces can occur rapidly as demonstrated by Browne et al. (1989). On 

the other hand, replacement may take longer, because interactions between the wall rock 
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and the fluid that moves through intergranular pores is slow due to the slow movement of the 

pore fluids. This implies that fluid transported within a geothermal reservoir, that is known to 

have highly inhomogeneous permeability, takes place at different rates. As a consequence, 

the pace of hydrothermal alteration varies throughout the geothermal system. 

 

This study also demonstrates that permeability within a geothermal system changes over 

time. Sealing and rejuvenation of permeable features occur on microscopic scale (Chapter 

Three) and field-wide (Chapters Two and Six). Hence the volume of fluid moving over the life 

of a convective geothermal system is not constant and flow rate varies.  

 

It follows that the nature of permeability within a geothermal reservoir should not be 

oversimplified when modelling fluid transport and calculating the volume of fluids moving 

throughout the life of a convective geothermal system.  

 

8.3. Similarity of replacement and space-fill mineralogy  

 

Fluid that permeated intergranular pores and that moved along channels in the deeper parts 

of the Lahendong geothermal system produced similar hydrothermal mineral assemblages 

(Chapter Three to Five). This is because their compositions are similar, i.e., neutral-pH alkali 

chloride. The deep fluid composition changed temporally and spatially on micro and macro 

scale, as a consequence of fluid-mineral interactions. As well, it changed, by processes 

experienced by the fluid as it moved in channels such as heating, boiling, cooling, and 

mixing. However the compositional changes were slight so that they did not produce a 

contrasting mineralogy (Chapter Six).     

 

8.4. Natural changes of a geothermal system and their practical implications 

 

My study shows that there is possibility of unraveling the history of hydrothermal system 

based on hydrothermal alteration mineralogy. The Lahendong geothermal system has 

undergone natural changes, including shifts of thermal focus, changes in its thermal regime 

and permeability, and, although subtle, changes in the composition of the altering fluid 

(Chapter Six). Subsurface rocks retrieved from nine out of a total 27 deep wells (1500 – 2500 

m) show that the system was dynamic and different parts of the system have undergone 

different hydrothermal histories. This finding underscores the value of studying 

hydrothermally altered rocks as they are a reliable source of information on the conditions 

prevailing during the life of a geothermal system, which itself is a natural laboratory (Browne, 

1998).   
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This indeed has a practical consequence as, petrographic observations need to be made 

immediately after cores and cuttings are retrieved to reveal the natural behaviour of the 

drilled part of the system. This information helps in the selection of sites for future wells. A 

distinction between replacement and space-fill mineralogy must be made for the reasons 

mentioned in the previous section. Also, replacement processes, which take place slowly, 

are likely to record field-wide events, whereas directly deposited minerals record local and 

episodic events. Hydrothermal mineral paragenesis must be included in observations 

because it reveals the sequence of natural changes experienced by the system and its 

relative timing. The downhole measurements and deep fluid chemistry data, which become 

available later, will provide “present-day” conditions at a moment in the system’s history.   

Careful petrographic observations fortunately do not take much longer than that required at 

reconnaissance level but add value to previous studies by Browne (1970) and Reyes (1990). 

Thus, although quantitative age data is not yet available, and may not be possible to reveal, 

an account on the natural changes experienced by the drilled part of the field, through a 

relative time scale, can be given. For example, whether part of the field is thermally stable, 

cooling or heating up, and furthermore, whether changes in a particular part of the field are 

faster or slower than in other drilled parts. In this way, petrography plays an important role in 

characterising a geothermal resource. It enables decision making in order to minimise failure 

in the selection of future well sites.   

 

In Lahendong the stability temperatures of calc-silicate minerals in places differ quite 

significantly from the temperatures measured in wells (Chapter Three) due to the dramatic 

thermal changes described in Chapter Six. These could have been sudden and caused by a 

geologic event. It follows that reconstruction of the geological history of a field in the pre-

drilling stage is important as it provides precautions in using minerals as geoindicators. 

Comparison of temperatures measured down drillholes and from fluid inclusions, allows even 

slight changes in reservoir temperatures to be recognised (Browne, 1993). Nonetheless, the 

“position” of the host crystal in the hydrothermal mineral paragenesis where possible, should 

be determined to better characterise the thermal changes (Chapter Five).   

 

Nowadays, with the advancement of mineral characterisation and age dating techniques, as 

well as computer-assisted thermo-chemical modelling techniques, it is possible to build well-

constrained models of the evolution of a geothermal system quantitatively or semi-

quantitatively. These would be interesting to apply to future work on Lahendong and other 

geothermal systems explored by drilling in Indonesia and elsewhere, in order to guide their 

development. However, this requires that adequate numbers of cores are available, deep 

fluids are correctly sampled and analysed, and down hole measurements are accurate.  
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Reservoir engineers study the natural behavior of geothermal systems as well as model their 

behavior under different scenarios of exploitation (e.g. O’Sullivan et al., 2001). The future 

behavior is better understood if both past and present conditions of the system are known. 

Reconstructing past conditions and the way a geothermal system changes through time – 

starting with observing the rocks – is therefore of similar importance to modelling of present-

day and future conditions by means of sophisticated computer programs.  

 

8.5. Mass transfer in hydrothermal alteration 

 

Hydrothermal alteration is basically a mass transfer process, and the extent of mass transfer 

is largely consistent with mineralogy (Chapter Four). For instance, adularia and illite will not 

form without enrichment of potassium. Apparent inconsistencies such as depletion of Ca in 

the zone where calcium-bearing hydrothermal minerals occur may be caused by dilution 

effects in an open system. In such case calcium from the primary phase is removed to 

solution and fixed into a Ca-bearing hydrothermal mineral elsewhere while it is replaced by 

another element. This gives lower calculated calcium concentration in the altered rock than 

that in its fresh counterpart, and so is expressed as “depletion” of Ca. 

 

The styles of alteration (Chapter Three) reflect mass transfer modes, namely:   

a) Replacement of primary minerals by hydrothermal minerals resulting from enrichment 

or reshuffle of elements.  

b) Deposition of hydrothermal minerals in open spaces reflects enrichment of elements. 

c) Leaching or dissolution is due to removal of elements in primary phases without being 

replaced. 

 

Chapter Four of this study also shows that there is no significant difference in the result of 

mass transfer calculation (Gresens’ composition – volume relations) using Appleyard (1991), 

or the modified Grant’s isocon methods (Reyes and Vickridge, 1991). Both methods are 

consistent with mineralogy. However, the later is more practical as it provides more direct 

solution in an absence of rock density data.  

 

8.6. Water-rock ratio calculation vs mineralogical and mass transfer in a convecting 

geothermal system 

 

The volume of water moving in a convecting geothermal system is much bigger than it is 

estimated by water-rock ratio calculations (which themselves are based on the oxygen 

isotope exchanges between wall rock and water) because: 
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1) Fluid moves almost entirely via channels as is evident from petrography and mass 

transfer studies (Chapter Four). 

2) A geothermal system is long lived and self-limited so that: (a) the walls of the 

channels are sealed by the mineral deposition therefore less water permeates into 

the rock; (b) the reaction ceases once the equilibrium is achieved between the 

altering fluid and the hydrothermal minerals. 

 

It follows that the water-rock ratio calculations are unrealistic for they give only minimum 

amount of the fluid in an open system. 

 

8.7. Characteristic of geothermal systems in the Western Pacific and its implications 

on exploration  

 

The Western Pacific hosts many high-temperature, volcanogenic geothermal systems. Some 

of them have been explored by drilling. Chapter Seven shows that the tectonic setting of the 

region is characterised by plate convergence including subduction (at different rates, plate 

angular relationships and dips of subducting slabs) and arc – arc collision. However, 

geothermal systems in this region exhibit similar (but not identical) hydrothermal mineral 

assemblages and their distribution patterns. This suggests that similar general patterns of 

past hydrology and thermal regime, typical for high-relief andesitic volcanic terrain, prevails, 

irrespective of plate conditions.  

 

Various proportions of epidote ± amphibole ± prehnite ± pumpellyite ± zeolites ± carbonates 

± quartz ± adularia ± albite ± smectite ± chlorite ± illite occur in the deeper part of both liquid 

and vapor-dominated systems suggesting that the altering fluid in both types of systems are 

of near-neutral pH chloride fluids. This suggests that vapor-dominated systems such as 

Kamojang and partially vapor-dominated systems such as Karaha – Telaga Bodas, evolved 

from a previously a liquid-dominated system. 

 

Hydrothermal alteration is a self-limiting process but geothermal system histories indicate 

that they are sustained by renewal of permeability and most likely, by multiple intrusions. The 

more recent intrusions which are believed to exist beneath the exploited resources, however, 

have not been reached by drilling. Therefore, the areas surrounding the deep-seated heat 

source is an interesting target for deep production drilling. Equally, they will improve our 

understanding of hydrothermal processes in an intrusive environment. Such a project has 

been initiated in New Zealand with the discovery of diorite pluton in Ngatamariki (Browne et 

al., 1992) and subsequent studies by e.g., Christenson et al., 1998, and Arehart et al., 2002. 
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Deep drilling projects have also been conducted in Kakkonda (Japan) (e.g., Muraoka, et al., 

1998), and Reykjanes, Hengill, and Krafla (Iceland) (e.g., Fridleifsson and Elders, 2007).  

 

Productive geothermal systems in the Western Pacific are hosted by Quaternary volcanic 

rocks although volcanoes have not been active during historic times. There is often a spatial 

association between the volcanic structures (caldera, caldera-like structure, craters) and the 

focus of activity. Such structures and their associated fractures provide vertical channels for 

ascending fluids which have extracted heat and volatiles from the magmatic body 

underneath.  

 

As well as having high temperature and good permeability, a convective geothermal system 

has to have a benign fluid in order to be economically usable. Chapter Seven hints that 

active geothermal systems in the Western Pacific, producing near-neutral pH chloride fluids, 

were likely to have been born in the Pliocene (~ 300 ka to 500 ka?).  A young system, born in 

the Holocene, such as Telaga Bodas ( 6 ka) and sitting on a historically active volcano, 

receives strong magmatic fluid inputs (Moore et al., 2004). However, a waning system can 

rejuvenate by emplacement of new magmatic heat such as the Pliocene-born Alto Peak 

system (Reyes, 1993) which produces a significant proportion of magmatic fluid. In both 

cases production is hampered. Therefore, site selection in order to identify a prospect where 

reservoir fluid is “mature”, becomes critical. This is consistent with Bogie et al. (2010) and 

Bogie and Lawless (1986). Systematic regional and local volcanological surveys need to be 

made in order to determine the rank of priority of fields to be developed. These should be 

followed by subsurface hydrothermal mineralogy studies including fluid inclusion 

microthermometry, and isotopic studies on deep fluids as soon as their samples become 

available to confirm the presence/absence of the virulent magmatic fluids.  
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Appendix A: Cuttings Descriptions 
 
Equipment: Binocular Microscope Nikon SMZ 645 
 

LHD-1  
Measured 
Depth (m) 

Description 

103 - 105 Altered andesite, yellowish grey, fragile chips. Pyroxene, sulfur, and transparent, 
acicular crystals are present.  

117 - 120 Altered andesite, yellowish grey, fragile chips. Plagioclase and sulfur are present 
159 - 161 Altered andesite, dark grey, hard chips. Clay and hematite are present 
211 - 214 Mix of altered andesite (light grey) and tuff (white), clay (?), sulfur, silica.  
250 - 253 Altered andesite (dark grey), clay (?), hematite, pyrite.  
301 - 304 Altered andesite, dark grey, altered to clay (?). 
355 - 358 Mix of small chips of different colors, dark and light grey (andesite?), sulfur.   
373 - 376 Altered andesite, dark grey, relatively hard, partially altered to clay (?). 
397 - 400 Altered andesite, dark grey, relatively hard, partially altered to clay (?) 
400 - 403 Small and medium chips, altered andesite, dark grey, transparent minerals fill 

cavities. 
463 - 466 Small and medium chips, light grey tuff (?) with disseminated pyrite, dark grey 

andesite.  
478 - 481 Medium and big chips, light grey, crystal-rich tuff, containing plagioclase, 

pyroxene, disseminated pyrite, dark grey andesite.   
481 - 484 Small and big chips, light grey, crystal-rich tuff, dark grey andesite, euhedral 

quartz, disseminated pyrite. 
487 - 490 Small chips, light grey, crystal-rich tuff, plagioclase, pyroxene, disseminated 

pyrite. 
499 - 503 Small chips, dark-grey andesite, sign of circulation loss (mica flakes). 
503 - 506 Small, medium, and big chips, dark grey andesite, partially altered to clay (?). 
545 - 548 Medium and big chips, dark grey andesite, partially altered to clay (?). 
608 - 611 Small – medium chips, light grey tuff and dark grey-colored andesite, altered to 

clay and calcite (?) 
623 - 626 Small – big chips, light grey lithic tuff, clasts of plagioclase and pyroxene, clay, 

calcite.  
632 - 635 Small – medium size chips, relatively hard, light grey tuff, plagioclase, pyroxene, 

calcite. 
701 - 704 Small chips, light grey crystal-rich tuff, translucent crystals, hematite? 
704 - 707 Small chips, light grey tuff (?), carbonates (?), plagioclase partially altered to clay 

(?) 
752 - 755 Small chips, light grey, relatively hard, crystal-rich tuff, the rock is altered.  
794 - 797 Small chips, white, crystal tuff (?), calcite.  
899 - 902 Small and big chips, grey tuff (?) dark grey-colored andesite, easily break, 

crystalline quartz occurs as deposition. 
962 - 963 Big chips, altered grey andesite, relatively hard, calcite (?). 
1067 - 1070 Small chips, grey tuff (?), relatively hard. 
1070 - 1073 Small chips, grey tuff (?),relatively hard. 
1208 - 1211 Small and medium chips, grey-colored tuff, contains carbonates, andesite chips 

with deposits of fine, transparent crystals.  
1235 - 1238 Small chips, altered greenish grey tuff (?), plagioclase, pyroxene, calcite (?). 
1304 - 1307 Small chips, greenish grey andesite, space-fill calcite. 
1397 - 1400 Small chips, grey andesite, space-fill calcite.  
1453 - 1456 Small chips, light grey andesite, calcite veins (?), light grey tuff, replacement 

calcite. 
1486 - 1489 Small chips, light grey tuff (?), veins of translucent mineral, replacement calcite.  
1531 - 1534 Small and medium chips, light grey tuff, fragmental texture.  
1571 - 1574 Small and medium chips, grey, altered tuff, altered andesite fragments  
1400 - 1403 Small and medium chips, grey, altered tuff, contain calcite as replacement and 
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cavity filling, iron oxide visible. 
1513 - 1516 Small - medium chips, grey altered tuff, andesite fragments, space fill and 

replacement calcite. 
1531 - 1534 Small - medium chips, light grey, altered tuff, fragmental texture,  calcite.  
1571 - 1574 Small – medium chips, grey, altered tuff, andesite fragment. 
1721 - 1726 Small– medium chips, grey, altered tuff, andesite fragments, veins of calcite and 

quartz.  
1727 - 1730 Small – medium chips, grey, altered tuff, andesite fragments, veins of calcite and  

quartz.  
1730 - 1733 Small – medium chips, dark grey, altered andesite fragments cut by veins of 

chlorite (?). 
1745 - 1748 Small chips, tuff (?), space-fill and replacement calcite (?). 
1799 - 1802 Small – big chips, grey lithic tuff or breccia (?) 
1865 - 1868 Small chips, dark grey, andesite fragments (?) 
1977 - 1980 Small chips, fine grained, grey tuff, big chips of andesite.   
2000 - 2004 Small chips, dark grey tuff, dark grey andesite.  
2058 - 2061 Small – medium chips, grey tuff, dark grey andesite.  
2136 - 2139 Small – big chips, grey tuff, dark grey andesite.  
2196 - 2200 Light grey and tuff, red rock fragments (altered andesite ?) 
 

LHD-3  
Measured 
Depth (m) 

Description 

43 - 45 Small chips of light grey pumice fragments, hematite, medium chips of dark grey –
andesite fragments. 

60 - 63 Small – medium chips, grey, altered tuff, disseminated pyrite.  
69 - 72 Small – medium chips, dark grey andesite fragment, partially altered. 
84 - 87 Small chips, mix of white to brownish white pumice and grey-colored altered 

andesite.  
93 – 96 
 

Small – medium chips, grey, altered andesite, white pumice, hematite, sulfur. 

135 - 138 Small – big chips, white or light grey tuff, sulfur. 
141 - 144 Small – medium chips of light grey-colored tuff and dark grey-colored andesite 

fragments, altered, weakly react with HCl. 
156 - 159 Small chips of light grey tuff, dark grey andesite fragments. 
219 - 222 Small chips of white to yellowish white tuff and dark grey and dark brown 

andesite. 
222 - 225 Medium chips, light and dark grey andesite fragments partially altered to clay. 
228 - 231 Medium chips of tuff, white pumice, grey andesite, hematite.  
249 - 253 Small chips, light grey tuff, and dark grey altered andesite fragments.  Sign of 

circulation loss (straw). 
255 - 258 Small chips of dark grey andesite. Sign of circulation loss (straw). 
306 - 309 Medium – big chips, grey-colored altered andesite, contains calcite as 

replacement of plagioclase and as cavity filling.  
324 - 327 Small – big chips, altered andesite cut by veinlets 
339 - 342 Small – big chips of dark grey andesite, cut by veinlets.  
453 - 456 Small – big chips, light grey, altered tuff, hematite.  
456 - 459 Small – big chips, thin lamination of light grey and grey tuff (?).  
462 - 465 Medium – big chips, yellowish grey lithic tuff and grey to dark grey andesite 

fragments.  
495 - 498 Small – big chips, yellowish grey lithic tuff and grey to dark grey andesite 

fragments.  
524 - 527 Small – big chips, yellowish grey crystal-rich tuff, dark grey andesite fragments. 
563 - 566 Small chips, very brittle, yellowish crystal-rich tuff, hematite, dark grey andesite 

fragments.  
566 - 569 Small – medium chips, very brittle, white or light grey or yellowish grey pumiceous 

tuff.  
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569 - 572 Small – medium chips, very brittle, white or light grey or yellowish grey pumiceous 
tuff 

587 - 590 Small – big chips very brittle, light grey crystal-rich tuff containing spherules.  
600 - 609 Small – big chips, very brittle, light grey crystal-rich tuff containing spherules. 
654 - 657 Small – big chips, very brittle, light grey-colored, light grey crystal-rich tuff 

containing flattened spherules.  
666 - 669 Small – big chips, light grey pumiceous tuff.  
678 - 681 Small – big chips, light grey pumiceous tuff.  
753 - 756 Small – medium chips, light grey crystal tuff, hematite is present 
756 - 759 Small – medium chips, dull grey crystal tuff, contains spherules, some parts thinly 

laminated.   
774 - 777 Small – medium chips, mix of thinly laminated tuff and crystal-rich tuff.  
801 - 804 Small – big chips, dark grey basaltic andesite, containing calcite as replacement, 

mixed with thinly laminated tuff.   
834 - 837 Small – big chips, flaky and brittle, brownish grey, thinly laminated tuff, spaces 

between laminas filled with calcite (?)   
849 - 852 Small – big chips, mix of flaky and laminated tuff, hematite chips, and andesite 

rock fragments with plagioclase crystals altered to calcite (?) 
852 - 855 Small – big chips, grey laminated tuff. 
903 - 906 Small – big chips, grey laminated tuff. 
930 - 933 Small – big chips, grey laminated tuff. 
942 - 945 Small – big chips, grey laminated  tuff mix with andesite fragments. 
993 - 996 Small – big chips, light grey tuff 
1008 - 1011 Small – big chips, light grey tuff, crystal fragments visible, some crystals altered to 

calcite, vugs filled with secondary minerals (?) 
1032 - 1035 Small – big chips, light grey tuff, crystal fragments visible, some crystals altered to 

calcite, vugs filled with secondary minerals (?) 
1053 - 1056 Small – big chips, light grey tuff, crystal fragments visible, some crystals altered to 

calcite, vugs filled with secondary minerals (?) 
1125 - 1128 Small – big chips, dark grey calcareous sandstone, react with HCl, cut by calcite 

vein.  
1128 - 1131 Small – big chips, dark grey calcareous sandstone, react with HCl, cut by calcite 

vein.  
1161 - 1164 Small – big chips, dark grey calcareous sandstone, react with HCl, cut by calcite 

vein.  
1182 - 1185 Small – big chips, dark grey calcareous sandstone, react with HCl, cut by calcite 

vein.  
1200 - 1203 Small – big chips, dark grey calcareous sandstone, react with HCl, veins and 

cavities filled with white mineral.  
1224 - 1227 Small – big chips, dark grey calcareous sandstone, react with HCl, veins and 

cavities filled with white mineral.  
1272 - 1275 Small – big chips, dark grey calcareous sandstone, react with HCl, veins and 

cavities filled with white mineral.  
1275 - 1278 Small – big chips, dark grey calcareous sandstone, react with HCl, veins and 

cavities filled with white mineral.  
1293 - 1296 Small – big chips, grey calcareous sandstone, andesite fragments, secondary 

minerals in cavities.  
1320 - 1323 Small – medium chips, grey calcareous sandstone. 
1329 - 1332 Small – medium chips, brittle, grey siltstone, space-fill calcite. 
1368 - 1371 Small – medium chips, brittle, grey siltstone, space-fill calcite. 
1400 - 1403 Small – medium chips, brownish tuff, matrix contains calcite. 
1415 - 1418 Small – medium chips, brownish tuff, matrix contains calcite. 
1427 - 1430 Small – medium chips, brownish tuff, matrix contains calcite. 
1484 - 1487 Small – medium chips, brownish tuff, matrix contains calcite. 
1499 - 1502 Small – medium chips, brownish tuff, matrix contains calcite. 
1505 - 1508 Small – big chips, yellowish grey tuff, clay, calcite.  
1571 - 1574 Small – big chips, greenish grey andesite breccia, minerals in andesite fragments 

altered to chlorite.  
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1621 - 1629 Small chips, dark grey andesite lapili tuff (?), calcite (?) possibly as replacement. 
1630 - 1633 Small chips, light grey tuff, contain crystal fragments. 
1702 - 1705 Small chips, mix of light greenish grey tuff, dark grey, and reddish grey andesite 

fragments. 
1744 - 1747 Small – medium chips, dark greenish grey andesite, mix with tuff. 
1765 - 1768 Small – medium chips, dark greenish grey andesite, mix with tuff.  
1801 - 1804 Small chips, mix of brownish grey andesite and reddish brown tuff. 
1858 - 1861 Small - medium chips, dark grey andesite showing flow texture, cut by white-

colored vein; mix with light grey tuff. 
1948 - 1951 Small – big chips, light grey tuff, contains crystal and altered rock fragments. 
1964 Small – big chips, light grey-colored tuff with crystal and andesite rock fragments, 

contains calcite as replacement and cavity or vein filling. 
1969 - 1972 Small – medium chips, light greenish grey tuff with andesite rock fragments, 

contain iron oxide, other secondary minerals fill cavities and veins 
1981 - 1984 Small – medium chips, light greenish grey tuff with andesite rock fragments, 

contain iron oxide, other secondary minerals fill cavities and veins 
2002 - 2005 Small – medium chips, light greenish grey tuff with andesite rock fragments, 

contain iron oxide, other secondary minerals fill cavities and veins 
2050 - 2053 Small – big chips, dark grey tuff, iron oxide present in matrix, cavities filled with 

with pyrite and other minerals. 
2146 - 2149 Small – big chips, greenish grey tuff, contains spherule, some altered to chlorite, 

white mineral associated with green fibrous crystals occur as cavity or vein fillings. 
2197 Small – medium chips, light grey-colored, fragmental tuff, contain spherules.  
2158 - 2161 Small – big chips, greenish grey-colored, fragmental tuff, contain spherules, 

cavities filled by chlorite and other minerals.   
 
 

LHD-4 
Vertical 

Depth (m) 
Description 

60 Small chips, dark grey andesite, mixed with yellowish and brownish colored tuff.  
84 Small - medium chips, dark grey andesite, plagioclase replaced  by chlorite (?) 
127 Small - big chips, red tuff containing hematite and disseminated pyrite, mixed with dark grey 

– black andesite. 
159 Small chips, dark grey andesite mixed with dark-colored tuff 
171 Small chips, dark grey andesite mixed with light grey tuff, containing replacement calcite and 

disseminated pyrite.  
210 Small chips, dark grey andesite mixed with light grey tuff, containing replacement calcite as 

and disseminated pyrite.  
255 Small chips, yellowish light grey tuff, contain calcite in matrix. 
321 Small chips, light grey tuff, disseminated pyrite, cut by vein of chlorite and calcite (?), matrix 

replaced by chlorite, sign of circulation loss: straw & mica flakes. 
324 Small chips, tuff (?), contains calcite and chlorite as replacement, disseminated pyrite sign of 

circulation loss: straw and mica flakes. 
375 Small – medium chips, medium grey tuff mixed with dark grey andesite. 
405 Small – big chips, greenish grey andesite, hematite, calcite, chlorite occur as replacement 

minerals. 
426 Small –medium chips greenish grey andesite, calcite and chlorite occur as replacement 

minerals. 
459 Small chips, grey, crystal tuff (?) partially altered to clay (?).  
489 Small chips, light grey tuff, contain calcite as replacement mineral. 
501 Small chips light greenish grey tuff, cut by veins, contains calcite as replacement mineral. 
525 Small – medium chips, light grey fragmental tuff mixed with and dark grey andesite 

fragments.  
537 Small chips, light greenish grey tuff with relatively fresh andesite fragments, calcite presents 

as replacement mineral. 
546 Small-medium chips, light greenish grey, fine grained tuff. 
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582 Small chips, white – light greenish grey, fine-grained tuff, chlorite present as replacement 
mineral.  

606 Small – big chips, light grey tuff with andesite fragments, contains calcite as replacement 
minerals. 

612 Small – big chips, light grey tuff with andesite fragments, contains calcite as replacement 
minerals. 

633 Small – big chips, light grey tuff with andesite fragments, contains calcite as replacement 
minerals. 

642 Big chips, greenish grey  
674 Big chips, greenish grey tuff with altered andesite fragments, cut by calcite veins. 
702 Small – big chips white tuff with andesite fragments, contains calcite as replacement and 

cavity fill. 
747 Small chips, brownish grey tuff with altered andesite rock fragments, abundant hematite in 

matrix,  
780 Medium – big chips, brownish grey tuff, hematite in matrix, cut by veins.  
786 Small chips, brownish grey tuff, fragmental, hematite in matrix, chlorite replaces mafic 

minerals.  
900 Small chips, brownish grey tuff, cut by veins 
921 Small – big chips, brownish grey tuff,  hematite in matrix, calcite replaces plagioclase (?), 

and fills cavity. 
957 Small chips, greenish grey tuff, mafic minerals replaced by chlorite, mix with brownish grey 

andesite fragments.  
963 Small chips, greenish grey tuff, mafic minerals replaced by chlorite, mix with brownish grey 

andesite fragments.  
999 Small chips, greenish grey tuff, mafic minerals replaced by chlorite, pyrite disseminated, 

mixed with brownish grey andesite fragments. 
1023 Small – big chips, light greenish grey tuff with andesite rock fragments, calcite occurs as 

cavity filling. 
1026 Small chips, light grey tuff breccia (?), contain crystals and andesite rock fragments. 
1041 Small chips, light greenish grey tuff, contain chlorite and calcite as replacement. 
1059 Small – big chips, light greenish grey tuff breccia, contains andesite fragments, calcite (?) 

occurs as replacement and cavity filling. 
1074 Small chips, light greenish grey tuff breccia with andesite rock fragments, chlorite occurs as 

replacement. 
1152 Small chips, dark greenish grey andesite, sign of circulation loss: straw and mica flakes. 
1188 Small chips, light grey tuff, contain spherules rimmed by pyrite.  
1233 Small chips, light greenish grey tuff, chlorite present. 
1242 Small chips, light greenish grey tuff, chlorite present. 
1263 Small chips, light greenish grey tuff, chlorite present. 
1305 Small chips, light greenish grey tuff, chlorite present. 
1416 Small chips, light grey tuff, contain andesite and crystal fragments, cut by veins. 
1446 Small flakes, light grey tuff, contain andesite and crystal fragments, cut by veins. 
1536 Small flakes, light greenish grey tuff, contain chlorite and calcite (?) as replacement. 
1599 Small chips, white tuff, contain crystals and altered andesite rock fragments, pyroxene is 

replaced by chlorite. 
1647 Small chips, light greenish grey tuff with disseminated pyrite, plagioclase is partly replaced 

by yellowish mineral. 
1665 Small flakes, light grey tuff, chlorite occurs as replacement, pyrite disseminated 
1707 Small – big chips, light grey tuff breccia with altered andesite fragments chlorite replaces 

mafic minerals, pyrite disseminated 
1752 Small – big chips, light grey tuff breccia, cut by veins 
1794 Small – big chips, light grey tuff breccia, chlorite presents as replacement, cut by veins. 
1812 Small-medium chips, light grey – greenish grey, fine grained. 
1854 Small chips, light grey tuff. 
1944 Small chips, light greenish grey tuff breccia, contain crystal and rock fragments, chlorite, 

yellow mineral and hematite occur as replacement. 
2025 Small chips, small chips, light greenish grey tuff, chlorite occurs as replacement, green 

acicular crystals fill cavity. 
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LHD-5  
Measured 
Depth (m) 

Description 

39 Small chips, yellow, orange, and red, altered rocks (?), mixed with dark grey fresh 
basaltic andesite. 

42 Medium – big chips, dark grey fresh basaltic andesite. 
51 Big chips, dark grey basaltic andesite, hematite present as replacement mineral. 
99 Small – medium chips, brownish dark grey basaltic andesite, hematite present as 

replacement mineral. 
102 Small – medium chips, brownish dark grey basaltic andesite, hematite present as 

replacement mineral.  
120 Small – medium chips, light grey tuff, fragmental, pyrites disseminated, associated 

with sulfur and white, brittle silica (?).  
141 Small – big chips, dark grey basaltic andesite, pyrites disseminated, associated 

with sulfur and white, brittle silica (?) and hematite. 
147 Small – big chips, dark grey basaltic andesite, sulfur is present. 
150 Medium – big chips, greenish dark grey basaltic andesite, cut by veins  of pyrite 

and silica (?).  
165 Medium – big chips, greenish dark grey basaltic andesite, cut by veins. 
171 Medium – big chips, greenish dark grey basaltic andesite, chlorite and other 

secondary minerals occur as replacement. 
174 Small – big chips, dominated by dull white-colored tuff, having lithic and cystal 

fragments, pyrite disseminated, hematite present. Mixed with andesite basaltic 
chips. 

192 Small – medium chips, greenish dark grey basatic andesite, altered to chlorite (?). 
198 Small – medium chips, greenish dark grey basatic andesite, cut by veins.  
204 Small – medium chips, greenish dark grey basaltic andesite, chips of crystal tuff 

present, contain hematite and pyrite. 
219 Small – big chips, greenish dark grey basaltic andesite altered to chlorite, cut by 

hematite vein. 
255 Small – big chips, greenish dark grey basaltic andesite, chlorite replaces 

pyroxene.  
288 Small – medium chips, greenish dark grey basaltic andesite. 
291 Small – medium, greenish dark grey basaltic andesite, hematite present as 

replacement mineral. 
294 Small – medium chips, greenish dark grey basaltic andesite, cut by vein filled by 

hematite then calcite (?). 
312 Small – medium chips, dark grey tuff with fragments of white minerals (?). 
327 Small – big chips, dull white to light grey-colored, mix of fine grained tuff and 

fragmental tuff.  
330 Small – big chips, white to light grey tuff. 
351 Big chips, white fragmental tuff, porous. 
360 Small – big chips, light grey tuff, thinly laminated. 
369 Small – big chips, light grey tuff. 
372 Small – big chips, light grey tuff with some red rock fragments.  
378 Small – big chips, light grey tuff with some red rock fragments.   
402 Small – big chips, light grey tuff with some red rock fragments.   
438 Small – big chips, dark greenish grey basaltic andesite. 
444 Small – big chips, dark greenish grey basaltic andesite. 
447 Small chips, mix of grey basaltic andesite and dull white tuff.   
489 Small chips, mix of grey basaltic andesite and dull tuff.   
507 Small chips, dark grey basaltic andesite, mixed with fragmental, light greenish 

grey tuff. 
516 Medium chips, dark grey basaltic andesite, cut by vein, chlorite and other clay (?) 

occur as replacement. 
531 Medium – big chips, dark grey basaltic andesite, cut by veins, chlorite and other 

clay (?) occur as replacement. 
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549 Small – medium chips dark grey-colored basaltic andesite cut by calcite vein.  
561 Medium chips, dark greenish grey basaltic andesite, contain calcite (?) and 

chlorite as replacement. 
591 Small chips of greenish grey tuff mixed with medium chips of dark greenish grey-

basaltic andesite cut by veins. 
594 Small – big chips of greenish grey tuff containing disseminated pyrite, and 

chlorite, and calcite as replacement, mixed with chips of dark greenish grey-
colored basaltic andesite containing chlorite and other replacement minerals. 

609 Small – medium chips, white or light grey tuff, contain calcite as replacement 
minerals.  

621 Small and medium chips, light grey tuff, containing rock and crystal fragments, 
calcite and chlorite occur as replacement minerals. 

650 Small – medium chips, light greenish grey tuff mixed with dark greenish grey-
basaltic andesite, contain calcite and chlorite as replacement minerals.  

663 Small – medium chips, light greenish grey tuff mixed with dark greenish grey-
basaltic andesite, all contain calcite and chlorite as replacement minerals.   

678 Small chips, yellowish grey tuff, banded, mixed with dark greenish grey basaltic 
andesite.   

705 Small chips, yellowish grey tuff, some banded, mix with chips of dark grey altered 
diorite. 

726 Small – big chips, dark grey altered diorite. 
735 Small – big chips, dark grey altered diorite.  
741 Small – big chips, dark grey altered diorite. 
774 Sall chips, dark grey altered diorite. 
783 Small – big chips, dark grey diorite, contains calcite and chlorite as replacement 

minerals.  
807 Small – big chips, mix of light greenish grey tuff, and dark greenish grey altered 

diorite. 
813 Small – big chips, mix of light greenish grey tuff containing disseminated pyrite 

and cut by veins, and dark greenish grey altered diorite.   
825 Small – big chips, light greenish grey tuff containing calcite as replacement and 

disseminated pyrite, cut by vein of white mineral.  
855 Small – big chips, light greenish grey tuff, contain calcite as replacement. 
870 Small – medium chips, light greenish grey tuff. 
876 Small – medium chips, light greenish grey tuff. 
897 Small – big chips, greenish grey tuff, contain chlorite as replacement 
900 Small chips, greenish grey tuff, some calcite chips present.   
945 Small chips, greenish grey tuff. 
951 Small chips, greenish grey tuff. 
966 Small chips, greenish grey tuff. 
984 Small chips, greenish grey tuff. 
1020 Small chips, greenish grey tuff, contain calcite as replacement.  
1032 Medium – big chips, dark grey and yellowish grey tuff with disseminated pyrite. 
1050 Small – big chips light grey tuff, some cut by veins, mix with dark grey altered 

diorite. 
1065 Small – medium chips, light grey tuff.  
1071 Small – medium chips, light grey tuff with disseminated pyrite.  
1077 Small chips, greenish grey tuff. 
1089 Small – medium chips greenish grey tuff with disseminated pyrite, chlorite occurs 

as replacement. 
1100 Small chips, yellowish grey crystal-rich tuff. 
1113 Small chips, yellowish grey crystal-rich tuff. 
1122 Small chips, greenish green tuff, contain calcite as replacement. 
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LHD-6 
MD (m) Description 

0 - < 503 No core or cutting available 
503 Small chips, dark grey basaltic andesite lava, plagioclase altered to brown-colored 

mineral and to clay (?). 
565 Small chips, dark grey basaltic andesite lava, plagioclase altered to brown-colored 

mineral and to clay (?). 
568 Small - big chips, dark grey vesicular basaltic andesite altered lava. 
586 Small – big chips, dark grey vesicular altered basaltic andesite lava. 
607 Small – big chips, dark grey vesicular altered basaltic andesite lava. 
625 Small chips, dark grey altered andesite lava, mix with white and red-colored tuff, 

sign of loss of circulation: straw and mica flakes. 
631 Small chips, dark grey altered andesite lava. Sign of loss of circulation: straw and 

mica flakes. 
751 Small – medium chips, dark grey altered basaltic andesite lava. 
820 Small – medium chips, dark grey altered basaltic andesite lava, altered. 
850 Big chips, dark grey altered basaltic andesite lava, plagioclase altered to clay (?). 
865 Small – medium chips, yellowish grey tuff with andesite fragments, matrix altered to 

clay, hematite present.  
889 Small – medium chips, yellowish grey tuff with andesite fragments, matrix altered to 

clay, hematite present.  
901 Small – medium chips, yellowish grey tuff with andesite fragments, matrix altered to 

clay, hematite present.  
928 Small – big chips, brownish grey altered tuff cut by veins. 
994 Medium chips, dark yellowish grey altered andesite. 
1000 Small chips, yellowish grey tuff, calcite occurs as both replacement and cavity fill. 
1003 Small – big chips, yellowish grey tuff, calcite occurs as both replacement and cavity 

fill. 
1210 Small chips - powder, disintegrated crystals and rock fragments, clayey matrix. 
1240 Medium chips, dark grey andesite, plagioclase crystals altered to brown chlorite (?). 
1270 Small chips, dark grey andesite, plagioclase crystals altered to brown chlorite (?), 

Sign of circulation loss: mica flakes. 
1351 Small chips, yellowish grey andesite, chlorite and calcite occur as replacement 

minerals.  
1453 Small chips, dull or yellowish grey andesite, chlorite and calcite occur as 

replacement minerals.  
1500 Small chips, dark grey andesite, chlorite and calcite occur as replacement minerals.  
1801 Small chips, dark grey-colored andesite, chlorite and calcite occur as replacement 

minerals.  
1603 Small chips, dark grey andesite, chlorite and calcite occurs as replacement 

minerals.  
1651 Small chips, dark grey andesite, chlorite and calcite occur as replacement minerals. 
1705 Small chips, dark grey andesite, chlorite and calcite occur as replacement minerals.  
1750 Small chips, dark grey andesite, chlorite and calcite occur as replacement minerals.  
1852 Small chips, dark grey andesite, chlorite and calcite occur as replacement minerals. 
1897 Small chips, light grey crystal-rich tuff calcite and chlorite occur as replacement, 

quartz occurs cavity fill. 
1909 Small chips, light grey crystal-rich tuff calcite and chlorite occur as replacement, 

quartz occurs cavity fill. 
1921 Small chips, white – light grey crystal rich tuff contains calcite and chlorite as 

replacement minerals, some andesite rock fragments present. 
1954 Small chips, light grey-colored crystal rich tuff contains calcite and chlorite as 

replacement, some andesite rock fragments present. 
1999 Small chips, light greenish grey tuff, cut by veins, contains chlorite as replacement, 

some oxidized andesite rock fragments present. 
2008 Small chips, light greenish grey tuff, cut by veins, contain calcite and chlorite as 

replacement minerals, some oxidized andesite rock fragments present. 
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2047 Small chips, light greenish grey tuff, cut by veins, contain calcite and chlorite as 
replacement minerals, some oxidized andesite rock fragments present. 

2098 Small chips, light greenish grey tuff, cut by veins, contain calcite and chlorite as 
replacement, some oxidized andesite rock fragments present,  

2122 Small chips, light greenish grey tuff, cut by veins, contain calcite and chlorite as 
replacement, some oxidized andesite rock fragments present, pyrite disseminated. 

2146 Small chips, light greenish grey tuff, cut by veins, contain calcite and chlorite as 
replacement, some oxidized andesite rock fragments present, pyrite disseminated. 

 

LHD-7 
Measured 
Depth (m) 

Description 

177 Medium chips, brownish grey andesite, hematite partially replaces groundmass. 
180 Medium chips, brownish grey-colored andesite, hematite partially replaces 

groundmass. 
207 Medium chips, grey altered andesite. Sign of circulation loss: straw.  
252 Medium chips, brownish grey altered andesite. 
255 Medium chips, brownish grey altered andesite. 
267 Medium chips, grey altered andesite, mixed with chips of light grey tuff. 
291 Small chips, grey tuff, hematite present in the matrix. 
300 Small chips, grey tuff.  
307 Small – medium chips, grey andesite and red tuff. 
315 Small – medium chips, yellowish grey tuff, hematite and sulfur present. 
345 Small chips, mix of grey andesite and red crystal-rich tuff. 
351 Small – medium chips, grey andesite mixed with red tuff. Sign of circulation loss: 

straw and mica flakes. 
375 Small – medium chips, dark grey basaltic andesite. 
402 Small chips, dark grey andesite and crystal-rich tuff, containing calcite and hematite. 
408 Small chips, dark grey andesite and crystal-rich tuff, containing calcite and hematite. 
417 Small chips, dark grey andesite and crystal-rich tuff, containing calcite and hematite. 
429 Small – medium chips, dark grey or brownish grey basaltic andesite lava, vesicles 

filled partly filled by secondary minerals.   
450 Small – medium chips, dark grey, or brownish grey basaltic andesite lava, vesicles 

filled partly filled by secondary minerals.   
504 Small – medium chips, dark grey or brownish grey basaltic andesite lava, vesicles 

filled partly filled by secondary minerals.   
549 Medium – big chips, dark grey or brownish grey basaltic andesite lava, vesicles 

filled partly filled by secondary minerals.   
606 Small chips, grey or brownish grey andesite. 
651 Small chips, mix of grey and reddish grey andesite.  
654 Small chips, mix of grey and reddish grey andesite. 
681 Small chips, mix of grey and reddish grey andesite. 
702 Small chips, mix of grey and reddish grey andesite. 
705 Small chips, mix of grey and reddish grey andesite. 
726 Small chips, grey andesite. 
750 Small chips, grey andesite. 
804 Small chips, dark grey andesite. 
831 Small – big chips, dark grey andesite, calcite and chlorite occur as replacement 

minerals. Sign of circulation loss: straw and mica flakes. 
846 Small chips, dark grey andesite, plagioclase altered to clay, mixed  with yellowish 

red tuff containing iron oxide and calcite. 
870 Small chips, mix of dark grey-colored andesite, plagioclase altered to clay, mix with 

yellowish red-colored tuff containing iron oxide and calcite. 
906 Small – big chips, mix of tuff containing calcite as replacement, mix with dark grey-

colored andesite containing white, hair-like mineral. 
948 Small chips, yellowish grey tuff, containing crystals and rock fragments, calcite 

occurs as replacement mineral. Sign of circulation loss: mica flakes. 
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960 Small chips, yellowish grey tuff, containing crystals and rock fragments, calcite 
occurs as replacement mineral. 

1044 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present.  

1050 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present. 

1056 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present. 

1065 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present. 

1086 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present. 

1098 Small chips, yellowish grey tuff with disseminated pyrite, calcite occurs as 
replacement mineral, andesite rock fragments present. 

1102 Small chips, yellowish grey tuff with disseminated pyrite, calcite and hematite occur 
as replacement mineral, andesite rock fragments present. 

1113 Small chips, yellowish grey tuff with disseminated pyrite, calcite and hematite occur 
as replacement, andesite rock fragments present. 

1149 Small chips, yellowish grey tuff with disseminated pyrite, calcite and hematite occur 
as replacement, andesite rock fragments present. 

1152 Small chips, yellowish grey tuff with disseminated pyrite, calcite and hematite occur 
as replacement, andesite rock fragments present. 

1194 Medium chips, yellowish white tuff containing calcite as replacement, mixed with 
greenish grey andesite. 

1200 Medium chips, yellowish white tuff containing calcite as replacement, mixed with 
greenish grey andesite. 

1251 Medium chips, greenish grey tuff, andesite rock fragments present, calcite occurs as 
replacement mineral. 

1302 Medium chips, greenish grey tuff, andesite rock fragments present, calcite occurs as 
replacement mineral. 

1305 Medium chips, greenish grey tuff, andesite rock fragments present, calcite occurs as 
replacement mineral. 

1350 Small chips, light grey, crystal-rich tuff, calcite present in the matrix as replacement 
mineral and fills cavities. 

1395 Small chips, light grey, crystal-rich tuff, calcite present in the matrix as replacement 
mineral and fills cavities. 

1410 Small chips, light grey, crystal-rich tuff, calcite present in the matrix as replacement 
mineral and fills cavities. 

1440 Small chips, light grey, crystal-rich tuff, calcite present in the matrix as replacement 
mineral and fills cavities. 

1476 Small chips, light grey, thinly laminated tuff with calcite filling the spaces betweeen 
laminas, mixed with chips of dark grey  basaltic andesite. 

1482 Small chips, white tuff mixed with andesite chips. 
1506 Small chips, basaltic andesite mixed with light grey tuff. 
1548 Small – medium chips, mix of dark grey basaltic andesite and light tuff with 

disseminated pyrite, cavities filled with minerals. Sign of circulation loss: straw and 
mica flakes. 

1554 Small – medium chips, light grey tuff mixed with and dark grey basaltic andesite. 
Cavities filled with minerals. Pyrite disseminated. Sign of circulation loss: straw and 
mica. 

1557 Small – medium chips, light grey tuff mixed with and dark grey basaltic andesite. 
Cavities filled with minerals. Pyrite disseminated. Sign of circulation loss: straw and 
mica. 

1608 Small – medium chips, light grey tuff mixed with and dark grey basaltic andesite. 
Cavities filled with minerals. Pyrite disseminated. Sign of circulation loss: straw and 
mica. 

1620 Small chips, light grey or light greenish grey tuff showing crystal orientation.   
1647 Small chips, light grey or light greenish grey tuff showing crystal orientation.   
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1698 Small chips, light grey or light greenish grey tuff showing crystal orientation, 
andesite fragments present.   

1725 Small chips, light grey or light greenish grey tuff showing crystal orientation, 
andesite fragments present.   

1749 Small chips, light grey or light greenish grey tuff showing crystal orientation, 
andesite fragments present.   

1770 Small chips, light grey or light greenish grey tuff showing crystal orientation, 
andesite fragments present.   

1788 Small chips, light grey or light greenish grey tuff showing crystal orientation, 
andesite fragments present.   

 

LHD – 8 
Measured 
Depth (m) 

Description 

141 - 144 Big chips, dark grey or dark reddish grey basaltic andesite. Cavities filled with 
minerals. 

200 Medium chips, dark grey or dark brownish grey basaltic andesite, hematite occurs 
in ground mass, cavities filled with minerals. 

227 - 230 Medium chips, dark grey or dark brownish grey basaltic andesite, hematite occurs 
in ground mass, cavities filled with minerals. 

251 - 254 Medium chips, dark grey or dark brownish grey basaltic andesite, hematite occurs 
in ground mass, cavities filled with minerals. 

308 Big chips, dark grey or dark brownish grey basaltic andesite, hematite occurs in 
ground mass, cavities filled with minerals. 

320 Medium chips, dark grey or dark brownish grey basaltic andesite, hematite occurs 
in ground mass, cavities filled with minerals. 

422 Small chips, dark grey andesite.  
450 Small chips, dark grey andesite, mixed with altered tuff.   
510 Small – medium chips, dark grey andesite, mixed with altered tuff. 
547 Small – big, light grey tuff. 
550 Small – medium, light grey tuff.  
553 Medium chips, light grey or dull white tuff.  
610 Medium – big chips, dull white, fine-grained tuff. 
619 Small – medium chips, dull white tuff mixed with brownish grey andesite. 
625 Small chips, grey altered andesite.  
702 Small chips, grey altered andesite mixed with tuff.  
726 Small chips, dark grey altered andesite mixed with tuff. 
750 Small chips, brownish grey andesite mixed with tuff. Cavities in tuff filled by 

minerals.   
849 Small chips dark grey andesite mixed with tuff. Sign of circulation loss: straw and 

mica flakes. 
853 Small chips, dark grey andesite mixed  with. Sign of circulation loss: straw and 

mica flakes. 
909 Small chips, dark grey andesite mixed with tuff. Sign of circulation loss: straw and 

mica flakes. 
1002 Small chips, dark grey-colored andesite mixed with.   
1035 Small chips, white crystal-rich tuff mixed with dark grey altered andesite. 
1038 Small – medium chips, mix of dull white crystal-rich tuff containing calcite as 

replacement, and dark grey-colored altered andesite. 
1056 Small chips, light greenish grey tuff containing crystal and rock fragments. 
1077 Small chips, light greenish grey tuff containing crystal and rock fragments cut by 

veins. 
1101 Small chips, light greenish grey tuff containing crystal and altered rock fragments 

cut by veins. 
1122 Mix of small chips of grey andesite and big chips of dull white tuff containing 

carbonate (?). 
1125 Mix of small chips of grey andesite and big chips of dull white tuff containing 
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carbonate (?). Sign of circulation loss: straw. 
1131 Mix of small chips of grey andesite and big chips of dull white tuff containing 

carbonate (?). Sign of circulation loss: straw. 
1143 Small chips, grey altered andesite. Sign of circulation loss: straw. 
1164 Small chips, dark grey altered andesite,  
1173  Small chips, dark grey-colored altered andesite, with cavities filled by minerals. 
1188 Small chips, dark grey-colored altered andesite, with cavities filled by minerals. 
1197 Small and medium chips, mix of dark grey altered andesite and light grey tuff. 
1200 Small - big chips, light greenish or yellowish grey-colored altered andesite. 
1218 Small chips, white tuff, containing crystals and dark grey altered andesite 

fragments. 
1254  Small – big chips, fragmental, greenish white or light grey crystal-rich tuff, 

containing disseminated pyrite. 
1296 Big chips, fragmental, light greenish grey, light grey crystal-rich tuff, containing 

disseminated pyrite. 
1320 Big chips, fragmental, light greenish grey, light grey crystal-rich tuff, containing 

disseminated pyrite. 
1350 Big chips, fragmental, light greenish grey, light grey crystal-rich tuff, containing 

disseminated pyrite. 
1362 Big chips, fragmental, light greenish grey, light grey crystal-rich tuff, containing 

disseminated pyrite. 
1368 Small – big chips, fragmental rocks, grey lava and white tuff with disseminated 

pyrite. 
1380 Small – big chips, fragmental rocks, grey lava and white tuff with disseminated 

pyrites. 
1460 Small – big chips, fragmental rocks, grey lava and white tuff with disseminated 

pyrites. 
1475 Small chips, fragmental rocks, grey lava and white tuff with disseminated pyrites. 
1505 Small chips, fragmental rocks, grey lava and white tuff with disseminated pyrites. 
 

LHD-10 
Measured 
Depth (m) 

Description 

23 Small chips, grey tuff. 
102 Medium – big chips, dark grey andesite mixed with red tuff. Vugs filled by white 

mineral. 
119 Medium – big chips, dark grey andesite mixed with red tuff. Vugs filled by white 

mineral. 
128 Medium – big chips, dark grey andesite mixed with red tuff. Vugs filled by white 

mineral. 
160 Small – big chips, dark grey andesite. 
190 Small – big chips, dark grey andesite mixed with light grey tuff. Sulfur is present.   
271 Medium chips, dark grey andesite. Sulfur is present. 
289 Medium chips, dark grey tuff. 
361 Medium chips, dark grey andesite. 
446 Big chips, light greenish grey altered tuff. 
489 Very fine chips (powdery), dull white tuff.  
492 Medium chips, grey tuff matrix partly, sulfur is present. 
543 Small – big chips light greenish grey tuff.   
588 Small – big chips, dull white and light greenish white tuff.   
624 Small – medium chips, dull grey and yellowish grey tuff.  
681 Small chips, dark grey tuff, cavities filled with minerals. 
714 Small chips, dull grey tuff mixed with dark grey andesite. 
735 Small chips, dark grey andesite.  
774 Small – medium chips, altered tuff with disseminated pyrite.  
993 Small chips, grey tuff with andesite rock fragments. 
954 Small chips, dull white to light grey tuff, cavities filled with minerals. 
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975 Small chips, yellowish dull grey tuff. 
1086 Small chips, dark grey andesite mixed with light grey tuff.  
1116 Small chips, dark grey andesite mixed with light grey tuff.  
1200 Small chips, dark grey andesite mixed with light grey tuff.  
1242 Small chips, dark grey andesite mixed with light grey tuff.  
1251 Small – medium chips, greenish grey and reddish grey tuff. 
1266 Small chips, grey-colored tuff, contain crystals, calcite occurs as replacement or 

cavity filling. 
1305 Small chips, mix of grey-colored tuff (dominant), and andesite fragments. 
1335 Small chips, light greenish grey tuff. 
1353 Small chips, dark grey andesite. 
1359 Small chips, grey altered tuff. 
1337 Small chips, grey tuff. 
1380 Small chips, greenish grey tuff. 
1398 Small – medium chips, dark grey andesite and grey tuff cut by veins. 
1401 Small – medium chips, red tuff, light greenish grey tuff, dark grey andesite 

fragments. 
1443 Medium chips, light grey tuff cut by veins. 
1500 Small – medium chips, grey tuff. 
1545 Small chips, light grey tuff, mafic minerals replaced by chlorite. 
1632 Small chips, light greenish grey tuff containing crystals and andesite fragments. 

Mafic minerals replaced by chlorite, matrix partially replaced by hematite (?).  
1650 Small chips, light greenish grey tuff.  
1701 Small chips, grey tuff contain crystals with disseminated pyrite 
1752 Small chips, grey tuff. 
1801 Small chips, light greenish grey tuff, chlorite and calcite occur as replacement 

minerals. 
1900 Small chips, light greenish grey tuff, chlorite and calcite occur as replacement 

minerals. 
1951 Small chips, light greenish grey tuff and andesite rock fragments, chlorite and calcite 

occur as replacement minerals in tuff. 
2005 Small chips, grey tuff, calcite and chlorite occur as replacement minerals. 
2051 Small – medium chips, grey tuff, contain crystals and andesite fragments, chlorite 

and calcite as replacement minerals. 
2100 Small chips, grey altered tuff, contain crystals and andesite fragments, chlorite 

occurs as replacement mineral. 
2151 Small chips, mix of grey tuff containing chlorite as replacement mineral, and red tuff. 
2202 Small chips, dull white-colored tuff containing crystals, some are yellow-colored. 
2244 Small chips, greenish grey tuff, contain crystals and andesite fragments, chlorite 

occur as replacement.  
2301 Small chips, dull white or very light grey tuff, contain crystals, and disseminated 

pyrite. 
2350 Small chips, dull white or very light grey tuff, contain crystals, and disseminated 

pyrite. 
2365 Small chips, grey basaltic andesite, the flattened vesicles filled by white-colored 

mineral, pyrite disseminated. 
2400 Small chips, mix of red tuff and greenish grey tuff with disseminated pyrite, and 

broken crystals. 
2451 Small chips, mix of red tuff and greenish grey tuff with disseminated pyrite, and 

broken crystals. 
2454 Small chips, mix of light greenish grey or yellowish grey and dull white tuffs 

containing disseminated pyrite, and andesite fragments. 
2499 Small chips, grey tuff containing andesite rock fragments.   
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LHD – 13 
Measured 
Depth (m) 

Description 

105 Small – medium chips, mix of andesite and light grey tuff. 
135 Small – medium chips, mix of andesite (grey-colored, vugs filled by mineral), and 

light grey tuff fragments. 
145 Big chips, dark grey basaltic andesite. Sulfur is present.   
168 Small - big chips, dark grey basaltic andesite. Sulfur is present.   
150 Small - big chips, dark grey basaltic andesite. Sulfur is present.   
186 Small – medium chips, mix of grey andesite and light grey tuff with matrix partially 

altered to hematite.  
201 Small – medium chips, mix of grey andesite and light grey tuff  with matrix partially 

altered to hematite.  
237 Small – big chips, altered andesite, cut by fractures filled with iron oxide and silica 

(?). 
270 Small – big chips, mix of dark grey altered andesite and white tuff 
315 Small and big chips, mix of dark grey altered andesite and light greenish grey-tuff. 
333 Small – medium chips, mix of altered andesite and red tuff.  
348 Small – medium chips, altered tuff, containing crystals and red and green altered 

rock fragments. 
351 Small – medium chips, fragmental, light yellowish or greenish grey tuff, rock 

fragments altered contain chloritized and oxidized rock fragments, and round-
shaped fragments  

  
357 Small – big chips mix of dark grey-colored altered andesite and light greenish 

grey-colored tuff containing crystal fragments. Calcite occurs possibly as 
replacement mineral.  

384 Small – medium chips, dark grey-colored andesite cut by iron oxide veins. 
399 Small chips, grey altered andesite cut by hematite veins. 
420 Small chips, light greenish grey altered tuff with andesite fragments.  
785 Small chips, dark grey andesite. 
815 Small chips, light greenish grey altered tuff with andesite rock fragments  
923 Small chips, light greenish grey-colored altered tuff, contain crystals and andesite 

fragment. 
989 Small-medium chips, light greenish grey altered tuff. 
1049 Small chips, grey tuff.  
1070 Small chips, light greenish grey crystal-rich tuff.  
1085 Small chips, light greenish grey crystal-rich tuff.  
1130 Small chips, light grey crystal-rich tuff.  
1133 Small chips, light greenish grey crystal-rich tuff.  
1202 Small chips, light grey tuff.  
1205 Small chips, light grey tuff.  
1232 Small chips, mix of grey andesite and light grey tuff. 
1238 Small chips, light grey tuff. 
1262 Small chips, mix of dark grey andesite and light greenish grey tuff.  
1277 Small chips, mix of grey andesite and light grey tuff.  
1331 Small chips, light greenish grey tuff. 
1481 Medium chips, mix of light greenish grey and grey tuff cut by veins. 
1490 Small chips, grey altered tuff. 
1565 Small – medium chips, light grey-and light greenish grey tuff, containing crystals 

and rock fragments. 
1568 Small chips, mix of dark grey altered andesite and light green tuff.  
1589 Small chips, light greenish grey altered tuff containing andesite fragments. 
1922 Small chips, light grey tuff, containing crystals and rock fragments, cavities filled 

by minerals.  
1925 Small chips, light green altered tuff with disseminated pyrite.  
1955 Small chips, light grey tuff, containing crystals and rock fragments.  
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1964 Small chips, light grey tuff, containing crystals and rock fragments.  
1967 Small chips, grey altered andesite.  
2036 Small chips, grey tuff with disseminated pyrite. 
2078 Small chips, lithic-rich tuff with some andesite fragments, pyrite is disseminated in 

matrix. 
2093 Small chips, dark grey andesite. 
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Appendix B: Petrography 
 
Mineral Abundance (volume percentage) 

Predominant : > 10% 
Abundant : 1 – 10% 
Common : 0.1 – 1% 
Rare  : < 0.1% 
 
Intensity of alteration (I.A.) 
 

I.A. Category Petrographic features 

0.00 Unaltered Both groundmass/matrix and  phenocryst / fragments are fresh 
 

>0.00 to 0. 25 Low Groundmass/matrix and/or phenocrysts/ fragments are  altered (≤ 
25%), with original texture preserved 
 

>0.25 to 0.30 Moderate Groundmass/matrix and/or phenocrysts/fragments are altered (>25 to 
30%) with the original texture preserved 
 

>0.30 to 0.50 Intense Groundmass/matrix and/or phenocrysts/fragments are altered (>30 to 
50%) with the original textures and crystal forms still recognisable 
 

>0.50 to < 1.0 Very intense Groundmass/matrix and/or phenocrysts/fragments are almost 
completely (>50 to <100%) altered and the original texture is difficult 
to recognise 
 

1.00 Completely 
altered  

Groundmass/matrix and/or phenocrysts/fragments completely (100%) 
altered and the original textures is not recognizable 

 
 

B.1. SURFACE ROCKS 
 
LNG-1: Weathered spherulitic dacite lava (Trans-Sulawesi road cut at Lengkoan village) 
 

Hand 
specimen 
description                  

Weathered spherulitic dacite, reddish grey, coarse-grained, cut by irregular  fractures < 1 mm 
filled by hematite 

Texture                               Flow 
I.A                              Not applicable 
Phenocrysts                 Plagioclase (abundant), subhedral-euhedral, 0.4 – 2 mm long, mostly fresh or slightly 

weathered to smectite. Some big crystals have systematic fractures.  

 Orthopyroxene (common), subhedral –euhedral, 0.2 – 0.4 mm long, fresh or slightly 
weathered to smectite. 

 Augite, rare, subhedral, 0.2 – 0.3 mm long, fresh. 

 Spherules, abundant, diameter 0.2 – 0.5 mm, some are sheared or elongated. 
 

Groundmass                Volcanic glass, forming flow texture 
 

Space fill                             Hematite (in fractures and spaces between spherules) 
 
 
LIN-1: Andesite lava (Eastern wall of the waterfall north of Linau Lake) 

 
Hand 
specimen 
description                  

Andesite lava (part of sheet-jointed andesite lava outcrop), grey, slightly weathered 

Texture                               Flow, in places glomeroporphyritic 
I.A                              Not applicable 
Phenocrysts                 Plagioclase (predominant), subhedral – euhedral, 0.2 – 2 mm, fresh, with glass inclusions 

weathered to hematite  

 Augite (abundant), subhedral – euhedral, 0.2 – 1 mm, fresh. 

 Orthopyroxene (common), subhedral – euhedral, fresh. 
 

Groundmass               Small plagioclase crystals, fresh,  form preferred or sub-parallel orientation 
Glass, fresh 

Space fill                             opaquesecondary quartz 
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LIN-2: Vesicular andesite lava (Southern wall of Linau crater) 

  
Hand 
specimen 
description                  

Andesite lava, grey, vesicular, slightly weathered 

Texture                               Flow, in places glomeroporphyritic 
I.A                              Not applicable 
Phenocrysts                 Plagioclase (predominant), subhedral – euhedral, 0.1 – 1 mm, fresh, with glass inclusions 

weathered to hematite. 

 Augite (abundant), subhedral – euhedral, 0.2 – 1 mm, fresh. 

 Orthopyroxene, common, subhedral – euhedral, fresh. 
 

Groundmass                Small plagioclase crystals, fresh,  form preferred or sub-parallel orientation 

 Glass, fresh 
 

Vesicles                             Empty or outlined by hematite 
 
 
ALM-1: Altered tuff ? (Leilem thermal area / granny’s bath) 

  
Hand 
specimen 
description                  

Light grey altered tuff (?), light-weighted, dispersed pyrite visible 

Texture                               Hard to recognise 
I.A                              1.0 
Composition                Plagioclase and pyroxene (? recognised from their shapes), completely altered to opal 
  
Dispersed 
mineral 

Leucoxene – abundant  

Replacement 
mineral 

Opal – predominant  

Space fill                             Pyrite (in cracks) 
  
XRD Cristobalite and quartz 
 
 
ALM-2: Altered tuff -  Granny’s bath at Leilem thermal area 

Handspecimen 
description                  

The altered rock is light grey-colored and light-weighted, dispersed pyrite visible 

Texture                               Hard to recognise 
I.A                              1.0 
Composition                Plagioclase and pyroxene (? recognised from their shapes), completely altered to opal 

Lava fragments (common), flow texture is recognised, 0.2 – 0.1 mm, angular 
 

Dispersed 
mineral 

Leucoxene – abundant  
Titanite – common  
 

Replacement 
mineral 

Opal – predominant  

Veins                             a) Micro-crystalline quartz, cut by  
b) opal 

XRD Cristobalite and quartz 
Note sign of fumarolic alteration (alteration by hot gases) 
 
ATD-1: Altered lava (?) – Tondangow thermal area 

  
Hand 
specimen 
description                  

Altered rock, reddish grey-colored 

Texture                               Flow 
I.A                              ~1.0 
Composition                Plagioclase and pyroxene (? recognised from their shapes), completely altered to opal 
Dispersed 
mineral 

Leucoxene – abundant  
 

Replacement 
mineral 

Opal – predominant  

Patches                             Leucoxene 
XRD Cristobalite and hematite 
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TPS-1: Vesicular andesite lava (SE flank of Mt. Tampusu) 

  
Hand 
specimen 
description                  

Andesite lava, grey-colored, vesicular, slightly weathered 

Texture                               Flow 
I.A                              Not applicable 
Phenocryst                 Plagioclase (predominant), subhedral – euhedral, 0.1 – 1 mm long, fresh, glass inclusions 

weathered to hematite or clay (?) 

 Hypersthene (common) subhedral – euhedral, 0.1 – 0.3 mm, fresh. 

 Augite (common), subhedral – euhedral 0.2 – 0.5 mm, fresh. 
 

Groundmass Small plagioclase and glass, slightly weathered to clay (?) 
  
Dispersed 
mineral 

Pyrite 

  
Vesicles                             Empty, or outlined by hematite 
  
XRD No clay detected, possibly absent or present in a very small quantity 
 
 
TPS-2: Vesicular andesite lava (Mt. Tampusu) 

  
Hand 
specimen 
description                  

Vesicular andesite lava, dark grey, slightly weathered 

  
Texture                               Flow 
  
I.A                              Not applicable 
  
Phenocryst                 Plagioclase (predominant), subhedral – euhedral, 0.5 – 1 mm long, fresh, glass inclusions 

weathered to hematite  

 Augite (common), subhedral – euhedral, 0.25 – 0.5 mm long, fresh or partly weathered to 
clay (?). 

 Hypersthene, common, subhedral – euhedral, 0.5 mm long, fresh or partly weathered to 
clay from cracks. 

 Hornblende, rare, relatively fresh, euhedral, 0.3 mm long.  
 

Groundmass Small plagioclase crystals form flow texture, fresh 
Glass, fresh 

Dispersed 
mineral 

Pyrite 

Vesicles                             Empty 
XRD No clay detected, possibly absent or present in too small quantity 
 
 
KSR-1: Fragment of breccia, possibly lava (Kasuratan thermal area) 

 
The rock is almost completely altered, with vesicular texture still observable. 
The recognised minerals are: 

 Semi-opaque, predominant 

 Biotite, rare, oxidized 

 Plagioclase (?), as phenocryst and groundmass, altered to opal-A 

 Orthopyroxene (?) 

 Iron oxide  
 
KSN-1: Obsidian (Kasuan hill) 

 
Hand specimen: black obsidian, vitreous lustre, and conchoidal fractures, contains spherules. In thin section the 

flow texture and perlitic fracturing are observable. It is composed of glass ( 99%), and ≤ 1% crystals (augite, 
hornblende, and plagioclase, partly weathered to hematite).  
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MSR-1: Andesite lava (Road cut east of Matani-2 village)    

  
Hand 
specimen 
description                  

The andesite lava is fresh, vesicular, dark grey-colored, contains xenoliths 

  
Texture                               Flow, in places glomeroporphyritic 
  
I.A                              Not applicable 
  
Phenocryst                 Plagioclase (predominant), euhedral – subhedral, 0.2 – 2 mm long, some contain melt 

inclusions along the zoning boundary, fresh 

 Hypersthene (common), subhedral – euhedral, 0.1 – 1 mm, fresh. 

 Augite (common), subhedral – euhedral, 0.3 – 1 mm, fresh. 
 

Xenoliths  Coarser-grained lava with similar mineralogy, angular, with average diameter up to 4 mm, 
rare. 

 Glassy lava, rounded, 0.2 – 0.5 mm, abundant.  
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh 
 

Dispersed 
mineral 

Pyrite - common 

  
Vesicles                             Empty 
 
 
MSR-2: Vesicular andesite lava (Masarang hill) 

  
Hand 
specimen 
description                  

The andesite lava is fresh, vesicular, dark grey-colored 

Texture                               Flow 
I.A                              Not applicable 
Phenocrysts                 Plagioclase (predominant), euhedral – subhedral, 0.1 – 2 mm long, contain numerous melt 

inclusions along the zoning boundary, fresh 

 Hypersthene (common), subhedral – euhedral, 0.1 – 0.2 mm, fresh. 

 Augite (common), subhedral – euhedral, 0.1 – 0.2 mm, fresh. 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh 
 

Vesicles                             Empty 
 
 
TON-1: Tuff (Rock quarry at Sawangan village, North of Tondano Lake) 

 
Hand 
specimen 
description                  

Brownish grey tuff, light weighted rock with banding structure visible 

Texture                               Fragmental 
I.A                              Not applicable 
Phenocryst                 Plagioclase (common), 0.2 – 0.5 mm long, fresh 

 Biotite (rare), 0.1 mm long, fresh 

 Augite (rare), 0.1 – 0.4 mm long, fresh 

 Pumice, stretched, partly weathered to clay (?) 
 

Groundmass Glass, partially weathered to clay, or recrystallized to micro-crystalline quartz 
 

Dispersed 
minerals                             

Opaque and semi-opaque 
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B.2. SUBSURFACE ROCKS 
 

WELL LHD-1 (Vertical well) 
CHF elevation  = 750 m asl 
Production casing = 665 m depth 
Thin sections were made from cores 
Vein orientation is measured with respect to core axis 
 

LHD-1/ 300 – 301 m (450 to 449 m asl): Pyroxene andesite lava  
Core 
description                  

The pyroxene andesite lava is relatively fresh, dark grey, cut by veins of 0.25 mm wide and less 
 

Vein 
orientation          

10 - 20
o
 and 310 – 340

o
 

 
Texture                               Flow, in places glomeroporphyritic 

 
I.A                              ~0.1 

 
Phenocrysts                 Plagioclase (predominant); subhedral – euhedral; 0.5 – 4.5 mm partially altered to chlorite 

and calcite (paragenesis unknown) 

 Augite (abundant); subhedral – euhedral; 0.4 – 1.5 mm; mostly fresh; some partially 
altered to chlorite 

 
Groundmass                Microcrystalline plagioclase; fresh 

 Glass; partially altered to chlorite 
 

Dispersed 
mineral       
 

Pyrite (common) 
 

Repl. mineral 
abundances                 

 
Chlorite  – common 
Calcite – rare 
 

Veins                             a) Chlorite  quartz ± pyrite 
b) Chlorite + pyrite 
 

 
LHD-1/400 – 403 m (350 to 349 m asl): Pyroxene andesite lava 
Core 
description                

The pyroxene andesite lava is dark grey, cut by veins of 0.5 – 2 mm wide  
 

Vein 
orientation          

10 - 20
o
 

 
Texture                                    Flow, in places glomeroporphyritic 

 
I.A                               ~0.15 

 
Phenocrysts                 Plagioclase (predominant), euhedral – subhedral, 0.25 – 2 mm long, partially altered to 

chlorite, illite, or chlorite and calcite, or to calcite and hematite, or to titanite. 

 Augite (abundant), euhedral – subhedral, 0.3 – 0.8 mm long, relatively fresh or partially 
altered to chlorite. 

 Pyroxene (?), common, completely altered from the surface to the center, to chlorite – 
calcite – chlorite – calcite, or to chlorite – calcite – hematite. 

 
Groundmass               Small plagioclase crystals, relatively fresh. 

 Chlorite and other clay. 
 

Dispersed 
mineral  
      

Pyrite – common 

Repl. mineral 
abundances                  

Chlorite – abundant 
Calcite – rare 
Hematite – rare 
Titanite – rare 

Veins                             a) Chlorite (seen in thin section) 
b) Opaque mineral (seen in thin section) 
c) Chlorite (seen in core) 
d) Hematite (seen in core) 

XRD                             Type-A chlorite and illite 
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LHD-1/500 – 501 m (250 to 249 m asl): Pyroxene andesite lava  
Core 
description                  

The pyroxene andesite lava is relatively fresh, dark grey, cut by open fractures, and veins of 0.5 
mm wide 

Vein 
orientation             

10 - 20
o
 and 310 – 340

o
 

 
Texture                          Flow 
I.A                                  0.2 

 
Phenocrysts                     Plagioclase (common), euhedral – subhedral, 0.25 – 2 mm long,  partly altered to chlorite 

and calcite 

 Augite (common), euhedral – subhedral, 0.1 – 0.2 mm long, relatively fresh or partly 
altered to chlorite 

 Hypersthene? (common), completely altered to calcite or chlorite ± calcite  
 

Groundmass                   Small plagioclase crystals, relatively fresh. 

 Chlorite 
 

Dispersed 
minerals         

Titanite – common  
Pyrite – common 
Leucoxene – rare 
 

Repl. mineral 
abundance                    

 
Chlorite – common 
Calcite – common 
 

Vein                               Hematite 
 

Patches                             Calcite 
 

XRD                               Type-B Chlorite 

 
LHD-1/550 - 551 m (200 to 199 m asl): Pyroxene andesite lava 
Core 
description                       

The pyroxene andesite lava is grey; vesicular; relatively fresh; containing disseminated pyrite; 
cut by open fractures ~ 1 mm wide, and very fine veins of irregular orientation 

Fracture 
orientation     
  

 
35

o
 

 
Texture                         Flow 
I.A                                  0.15 
Phenocrysts                    Plagioclase (common), euhedral – subhedral, 0.3 – 2 mm, partially altered to 

chlorite and calcite 

 Augite (common), 0.25 -1 mm, relatively fresh or partially altered to chlorite in 
the surface and in the cracks 

 
Groundmass                   Small plagioclase crystals, relatively fresh 
  Chlorite 

 
Dispersed 
minerals     

Pyrite – common 
Leucoxene – rare 
 

Repl. mineral 
abundances                    

Chlorite – common 
Calcite – rare 
 

Veins 
                               

Chlorite 

Vesicles                           Empty 

 
LHD-1/ 650 – 651 m (100 to 99 m asl) : Altered tuff 
Core 
description                 

The altered tuff is light green, well-sorted, having numerous cavities filled with chlorite, or 
chlorite with calcite, and other minerals. The available core does not show banding structure.  
 

Vein 
orientation             

Not measurable 
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A. Altered tuff (banded part) 
Texture                           Fragmental 
I.A                                  0.6 
Fragment                        Altered andesite lava fragments (angular, 1 – 4 mm); flow texture; vesicular; plagioclase 

phenocrysts partially altered to chlorite; pyroxene, almost completely altered to calcite; 
groundmass composed of fresh, small plagioclase crystals; chlorite and titanite associated 
with opaque minerals. 

 Rock fragments? (angular, ~ 0.5 mm) composed of microcrystalline quartz  

 Glass shards, completely altered to chlorite 
 

Groundmass                  Fine-grained, broken plagioclase crystals, iron oxide, calcite, and chlorite, and dispersed pyrite, 
leucoxene, and titanite. 
 

Dispersed 
minerals         

Pyrite – common 
Leucoxene – common 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common 
Titanite – common 
 

Veins                                     a)  (Chlorite + calcite)  cal – quartz (segmental), cut by 
b) Hematite 
 

XRD                               Type-B Chlorite 

 
B. Altered tuff (non-banded part) 
Texture                          Fragmental 
I.A                                  0.6 
Fragments                        Glass shard, altered to chlorite. 

 Altered lava (flow texture, phenocrysts altered to calcite, groundmass composed of small 
crystals and chlorite), angular, size 0.2 – 0.75 mm. 

 Rock fragments? (angular, ~0.1 mm) composed of microcrystalline quartz 
 

Matrix                                Small plagioclase crystals, relatively fresh.  

 Chlorite and microcrystalline quartz. 
  
Dispersed 
mineral            

Pyrite – common 

  
Repl.  mineral 
abundances                       

Chlorite – abundant 
Microcrystalline quartz – common 
 

Veins                                 Calcite + quartz 
 

Cavities                               Chlorite + calcite ± hematite 

 Chlorite + calcite 
 

XRD                                   Type-A Chlorite 
  

 
LHD-1/ 651-653 m (99 to 93 m asl): Altered crystal tuff (Thin section only) 
A. Altered crystal (non bedded part) 

Texture                         Fragmental 
I.A                                  0.3 
Fragments                        Plagioclase (abundant), angular, 0.4 – 0.6 mm, partially altered to chlorite, and epidote, or 

partly by epidote and titanite 

 Pyroxene (?; common) 0.3 mm,  completely altered to calcite 
 

Matrix                             Small plagioclase, relatively fresh. 

 Glass partially altered to chlorite. 
 

Repl. mineral 
abundances                     

Chlorite – common 
Epidote – rare 
Titanite – rare 
Calcite – rare 
 

Veins                                a) Calcite 
b) Chlorite 
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c) Chlorite ± calcite  anhydrite 
d) Calcite + chlorite + calcite + anhydrite 

e) Calcite  epidote 
 
B. Altered crystal tuff (bedded part) 

Texture                         Fragmental 
I.A                                  0.3 
Fragments                        Plagioclase broken crystals (predominant), 0.4 – 0.8 mm, partially altered to calcite 

 Pyroxene (common) 0.2 mm, almost completely altered to calcite 

 Primary quartz (minor) 0.2 – 0.8 mm 

 Rock fragments (abundant), angular: 
a) Altered lava, 0.2 – 0.5 mm, primary constituents partially altered to chlorite 
b) Tuff, 0.2 – 0.5 mm, with plagioclase fragments partially altered to incipient epidote 
c) Glass shard, cuspate shape, completely altered to chlorite 
d) Rock composed of  micro-crystalline quartz, angular, 0.1 m 
 

Matrix                             Small broken plagioclase crystals, opaque (?) and leucoxene aligned in flow-like structure 
 

Repl. mineral 
abundances                     

Calcite – common 
Chlorite – common 
Opaque mineral (?) – common 
Leucoxene – common 
Incipient epidote – rare 
 

Veins & 
fractures              

a) Adularia (0.1 mm-wide), cut by  
b) Open fracture with branches filled with iron oxide 

 
 
LHD-1/ 751 – 752 m (1 - 2 m bsl): Altered volcanic breccia 
Core 
description                        

The altered volcanic breccia consists of rock fragments with different colors (altered lava, 
altered tuff, and altered pumice), embedded in fine-grained matrix, fragment sizes measured in 
cores ranging from 2 mm – 4 cm. 
 

Vein 
orientation             

not applicable (n.a).  

Texture                            Fragmental 
I.A                                  0.75 
Fragments                      Plagioclase broken crystals (abundant), angular, 0.5 – 2 mm, fresh or altered (in cracks) 

to hematite or calcite. 

 Pyroxene (? common), 0.5 mm, almost completely altered to calcite 0.5 mm. 

 Rock fragments (abundant), angular, and include: 
a) Altered lava, 1 mm, plagioclase phenocrysts embedded in chlorite and leucoxene matrix. 
b) Altered tuff, 1 – 8 mm, broken plagioclase fragments, oxidized matrix, devitrified glass and 

microcrystalline quartz matrix and have been previously cut by quartz vein.  
c) Altered pumice, 1- 2 mm, composed of chlorite. 
 

Matrix                            Very small crystals 
Fresh glass matrix 

  
Dispersed 
minerals         
 

Opaque (?) – common 
Leucoxene – common 

Repl. mineral 
abundances                    

Calcite – abundant 
Hematite – common 
Chlorite – common 

 Leucoxene – common 
 

Patches                              a) Calcite 
b) Micro-crystalline quartz 
c) Hematite 

 
LHD-1/752 – 753 m (2 – 3 m bsl): Altered crystal-rich tuff 
Core 
description                       

(core not available) 

Vein 
orientation             

n.a 
 

Texture                          Fragmental 
I.A                                  0.8 
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Fragments                      Plagioclase (broken crystals), predominant, 0.1 – 0.3 mm, fresh, or partially altered to 
chlorite, or wairakite, or titanite, or epidote, or prehnite, or quartz 

 Rock fragments (common), angular: 
a) Altered lava, 0.5 – 4 mm. 
b) Pumice, 0.5 – 4 mm, altered to chlorite 
c) Altered tuff, 2 mm, with matrix altered to microcrystalline quartz 
 

Matrix                             Small crystals (quartz & feldspar) 

 Glass 
 

Dispersed 
mineral       
   

Pyrite – common 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Wairakite – rare 
Titanite – rare 
Epidote – rare 
Prehnite – rare 
Quartz – rare 
 

Veins                               Wairakite 
 

Patches                             Chlorite 
Calcite ± chlorite 

 
 
LHD-1/801 – 802 m (51 – 52 m bsl): Altered tuff breccia 
Core 
description                       

Altered tuff breccia, green, rock fragments are mostly tuff, with size ranging from 0.2 – 5 cm, 
cut by veins and open fractures 

Vein and 
fracture  
orientation             

10 – 20
o
 

 
Texture                           

 
Fragmental 

I.A                                  0.75 
Fragments                      Broken plagioclase crystals (abundant), some altered to calcite, or partially altered to 

epidote, or anhydrite (small, euhedral), or quartz 

 Pyroxene, 0.3 mm, completely altered to calcite 

 Lava and pumice (common), angular,  altered to illite 

 Planktonic and benthonic foraminifera fossils (common), original shape preserved 
 

Matrix                             Small crystals 

 Chlorite 
 

Dispersed 
minerals         
 

Pyrite and titanite – common 

Repl. mineral 
abundances                    

Calcite – abundant 
Anhydrite – rare 
Epidote – rare  
Quartz – rare 
Chlorite – abundant 
Illite – rare 
 

Veins                               Calcite – chlorite + calcite – chlorite – quartz (segmental, discontinuous, 0.2 mm wide) 
 

Patches  Calcite ± semi-opaque (discontinuous, 0.1 – 0.4 mm wide) 

 Microcrystalline quartz (discontinuous, 0.1 – 0.2 mm wide) 
 

Cavities Microcrystalline quartz  open hole 
 

XRD Chlorite and illite 

 
 
 
 
 



331 
 

LHD-1/ 850 – 851 m (100 – 101 m bsl): Altered lapilli tuff 
Core 
description                       

Altered lapilli tuff, light green, banding structure, altered rock fragments of different color, cut by 
a brecciated vein.  
 

Vein 
orientation             

n.a 

 
Texture                           

 
Fragmental 

I.A                                  0.75 
Fragments                      Plagioclase (predominant) angular, partially or completely altered to calcite, or partially to 

epidote. 

 Calcite, chlorite, anhydrite or calcite + chlorite; replaced unidentified precursor minerals  

 Rock fragments (abundant) angular, 0.8 – 2 mm: 
a) Altered tuff with oxidized matrix 
b) Altered andesite lava with opaque-rich matrix 
c) Altered tuff; plagioclase fragments altered to chlorite and calcite, opaque and titanite 

dispersed 
d) Altered pumice; original components replaced by chlorite 
 

Matrix                            Small crystals, relatively fresh 
 

Dispersed 
minerals         
 

Pyrite – common 
Titanite – common 
 

Repl. mineral 
abundances                    

Calcite – predominant 
Chlorite – abundant 
Epidote – common 
Iron oxide – common (only in some rock fragments, possibly from previous event) 
 

Spaces 
between clasts 

a) Calcite 

b) Calcite chlorite 
c) Quartz  
 

Brecciated vein Calcite ± opaque – calcite + microcrystalline quartz, with entrapped rock fragments (altered tuff, 
angular 0.5 – 2 mm) – calcite + opaque, with entrapped rock fragments (altered tuff, angular, 0. 

5 mm) – microcrystalline quartz  calcite ± iron oxide, with entrapped rock fragments (angular, 
0.5 – 1.5 mm). 
 

 
 
LHD-1/852 – 853 m (102 - 103 m bsl): Altered rhyolithic lapilli tuff 
Core 
description                       

Altered lapilli tuff, greenish grey, closely packed, angular rock fragments consist of altered tuff, 
lava, and pumice, with sizes ranging from 1 mm - 2 cm. 

Vein 
orientation             

n.a 
 

Texture                           Fragmental 
I.A                                  0.6 
Fragments                      Broken plagioclase crystals (abundant), 0.3 – 0.6 mm, partially altered to calcite or to 

wairakite 

 Embayed primary quartz (common), 0.3 – 0.5 mm 

 Broken pyroxene (?), totally altered to calcite 

 Rock fragments:  andesite lava with oxidized groundmass, 0.3 – 1 mm, angular – sub-
angular; altered fine-grained rock composed of iron oxide, opaque, and semi-opaque 
minerals, 0.3 – 0.7 mm, angular; altered tuff (?) with oxidized matrix, angular, 0.3 – 0.5 
mm.  

 Foraminifer fossils (orbulina, globigerinids), common, original shape preserved, wall 
replaced by quartz, chamber filled by hematite, or wall replaced by chlorite and chamber 
filled with calcite. 

 
Dispersed 
mineral         
 

Pyrite – common 
 

Repl. mineral 
abundances                    

Calcite – abundant 
Wairakite – common 
Hematite – common  
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LHD-1/901 – 902 m (151 – 152 m bsl): Altered tuff breccia 
Core 
description                       

The altered tuff breccia is greenish grey, cut by branching veins. 

Vein 
orientation             

20
o
 

 
Texture                           Fragmental 
I.A                                  0.4 
Fragments                      Broken plagioclase crystals, angular, 0.25 – 2 mm, partially altered to quartz 

 Augite, angular, but sometimes euhedral, 0.25 – 1 mm, partially altered to quartz, or 
completely altered to calcite 

 Rock fragments, angular, up to 5 mm (altered lava, altered pumice, and rock composed of 
microcrystalline quartz).    

 Glass shards, altered to chlorite 
 

Matrix                             Small broken plagioclase crystals, some altered to microcrystalline quartz 

 Chlorite 
 

Dispersed 
mineral         
 

Titanite 

Repl. mineral 
abundances                    

Quartz – common 
Calcite – abundant 
Chlorite – common 
 

Cavity fills                               Quartz ± calcite 
 

Patches Titanite 
 

XRD Type-B chlorite 

 
 

 

LHD-1/902- 903 m (152 – 153 m bsl): Altered tuff breccia 
Core 
description                       

The altered tuff breccia is cut by veins containing calcite and other mineral, 1 – 3 mm wide  

Vein 
orientation             

10
o
 

 
Texture                           Fragmental 
I.A                                  0.4 
Fragments                      Broken plagioclase crystals (predominant), 1-4 mm, some relatively fresh, some partially 

altered to calcite + anhydrite, or to quartz in crystal’s fractures. 

 Augite (common), 0.25 – 1 mm, almost completely altered to calcite and anhydrite. 

 Rock fragments (abundant), angular, ≤ 5 mm, partially altered to calcite and anhydrite. 
 

Matrix                             Small, broken plagioclase crystals, relatively fresh 

 Glass, partially altered to chlorite 
 

Dispersed 
minerals         
 

Pyrite – common 
Titanite – common 

Repl. mineral 
abundances                    

Calcite – abundant 
Anhydrite – common 
Quartz – common 
Chlorite – common 
 

Cavity fills                               Opaque mineral ± anhydrite 
 

Veins a) Quartz + calcite (with bent cleavages) ± anhydrite (minor). 
b) Quartz + calcite ± anhydrite (minor) 
 

XRD Type-B chlorite 
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LHD-1 /1150 – 1151 m (400 – 401 m bsl): Altered andesite lava (top) in contact with altered 
tuffaceous siltstone (bottom) 
 
A. Altered andesite lava 
Core 
description                       

Altered andesite lava is light grey, oriented and flattened vesicles, some are filled with mineral 

Fracture 
orientation     
  

n.a 

Texture                         Flow, vesicular or amygdaloidal 
I.A                                  0.5 
Phenocrysts                    Plagioclase (andesine predominant), partially altered to calcite and anhydrite 

 unidentified primary minerals totally replaced by anhydrite and calcite 
 

Groundmass                   Small plagioclase crystals, relatively fresh 

 Chlorite, possibly replacing glass 

 
Dispersed 
mineral     
 

Pyrite – common 
 

Repl. mineral 
abundances                    

Chlorite – common 
Calcite – common 
Anhydrite – common 
 

Amygdules  Calcite, or calcite  open hole 

 Calcite ± quartz ± anhydrite 

 Quartz 
 

  
 
B. Altered tuffaceous siltstone 
Core 
description                       

Altered tuffaceous siltstone, light green cut by a vein (0.02 mm wide) 
 

Vein 
orientation             

40
o
  

 
Texture                           Fossiliferous 
I.A                                  0.8 
Fragments                      Broken plagioclase crystals (abundant), 0.02 mm, some altered to anhydrite. 

 Broken pyroxene crystals (rare), angular, 0.01 – 0.02 mm, some are totally altered to 
calcite. 

 Broken pumice (common), altered to chlorite. 

 Foraminifera fossils (globigerinids), abundant, some are broken, but most have original 
shape preserved, chamber partially or totally filled with quartz, or calcite + anhydrite, or 

calcite  quartz 
 

Matrix                            Chlorite 
  
Dispersed 
mineral         
 

Pyrite – common 

Repl. mineral 
abundance                    

Chlorite – abundant 
Calcite – abundant 
Anhydrite – common 
 

Vein                               Calcite ± anhydrite 
 

Cavity fills Calcite  quartz 
 

Fossil chamber 
fills 

Quartz 
Calcite + anhydrite  

Calcite  quartz 
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LHD-1/1152 – 1153 m (402 – 403 m bsl): Altered tuffaceous siltstone 
Core 
description                       

Altered tuffaceous siltstone, light green, having vein breccia (?), with fragments similar to the 
wall rock 

Vein 
orientation             

50
o
  

 
Texture                           Fossiliferous 
I.A                                  0.8 
Fragments                      Plagioclase, small broken crystals (0.02 mm), some altered to anhydrite. 

 Pyroxene, rare, angular, 0.01 – 0.02 mm, some are totally altered to calcite. 

 Foraminifera fossils, globigerinids, abundant, some are broken, but most have original 
shape preserved, chamber partially or totally filled with quartz, or calcite + anhydrite, or 

calcite  quartz 

 Pumice, altered to chlorite. 
 

Matrix                            Chlorite 
  
Dispersed 
mineral         
 

Pyrite – common 

Repl. mineral 
abundance                    

Chlorite – abundant 
Calcite – abundant 
Anhydrite – common 
 

Veins                               calcite ± anhydrite 
Cavity fills calcite  quartz 

 
Fossil chamber 
fills 

calcite + anhydrite 

 
 
LHD-1/1450 - 1451 m (700 - 701 m bsl): Altered tuff breccia 
Core 
description                       

Altered tuff breccia, greenish grey, fragment size ranging from 0.3 -1.5 cm, cut by parallel veins 
(0.5 – 1.5 mm wide) 

Vein 
orientation             

320 – 340
o
 

 
Texture                           Fragmental 

 
I.A                                  0.6 

 
Fragments                      Pumice (common); up to 6 mm; partially altered to epidote, chlorite, iron oxide, and other 

clay (paragenesis unknown), or totally to chlorite 
  Rock fragments (common); 1 – 4 mm;  
  Plagioclase broken crystals (abundant); up to 0.4 mm; partially altered to Mg-rich chlorite 

(confirmed by EMP), or to actinolite (confirmed by EMP), or to adularia (confirmed by 
EMP) or to high-relief pumpellyite; or almost completely to calcite 

  Hypersthene (rare), 0.2 – 0.8 mm, partially altered to chlorite and epidote (paragenesis 
unknown) 

 
Matrix                             Small plagioclase crystals, relatively fresh 
  Glass, altered to chlorite and other clay 

 
Dispersed 
mineral         
 

Pyrite 
 

Repl. mineral 
abundances                    

 
Chlorite – abundant 

 Epidote – rare 
 Actinolite – rare 
 Pumpellyite – rare 
 Adularia - rare 
 Calcite – rare 

 
Vein                               Did not survive thin sectioning 
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LHD-1/ 1650 – 1651 m (900 – 901 m bsl): Altered water-laid tuff 
Core 
description                       

Altered tuff is greenish grey, having graded-bedding structure, some cavities are filled with 
secondary minerals 

Vein 
orientation             

n.a 

Texture                           Fragmental 
I.A                                  0.2 
Fragments                      Broken plagioclase crystals (abundant) 0.1 – 0.3 mm, partially altered to micro-crystalline 

quartz  

 Hypersthene (common), 0.25 mm, fresh 

 Augite (common), 0.1 mm, fresh 

 Rock fragments with oxidized groundmass (abundant), 0.2 – 1.5 mm. 

 Foraminifer fossils (Globigerinids), rare, original shape preserved. 
 

 The transition to the finer-grained part is marked by the alignment of Globigerinids fossils 
forming wavy boundary. The finer-grained part has similar mineralogy but with smaller crystal 
size and has no rock fragments. Globigerinids fossil is more abundant.  

  
Dispersed 
mineral         

Pyrite – common 
Titanite – common 
 

Repl. mineral 
abundances                    

Microcrystalline quartz - common 

Cavity fill Chlorite – (identified by SEM) 

 
 
LHD-1/1851 – 1852 m (1101 - 1102 m bsl): Altered andesite lava & altered volcanic breccia 
 
A. Altered andesite lava  

Core 
description                       

Altered andesite lava is grey, cut by vein and has numerous amygdules and open vesicles. 
The available core does not have the altered volcanic breccia part. 
 

Vein orientation     
  

50
o
 

Texture                         Flow, vesicular, amygdaloidal 
I.A                                  0.3 
Phenocrysts                    Plagioclase (abundant), subhedral – euhedral, having zonal arrangement of melt 

inclusions, fresh, or partially altered to chlorite and incipient epidote, or to chlorite and 
hematite, or to wairakite (confirmed by EMP), or to adularia (confirmed by EMP) 

 Augite (fresh) 
 

Groundmass                  Small plagioclase (fresh) 
Glass, partially altered to chlorite 
 

Dispersed 
minerals     

Pyrite – common 
Titanite (common) 
 

Repl. mineral 
abundances                    

Chlorite – common 
Incipient epidote – rare (confirmed by SEM) 
Wairakite – rare (confirmed by EMP) 
Adularia – rare (confirmed by EMP) 
Hematite – rare 
 

Amygdules Chlorite  incipient epidote (recognised by SEM) 
 
 
B. Altered volcanic breccia 

Texture                         Fragmental  
I.A                                  0.75 
Fragments                    Broken plagioclase crystals (predominant), angular, 0.1 – 0.8 mm, partially altered to 

chlorite, or to prehnite 

 Broken augite (common), angular,  0.1 – 0.3 mm, relatively fresh, or partially altered 
chlorite 

 Hypersthene (rare), 0.1 – 0.2 mm, relatively fresh 

 Rock fragment (abundant), angular, 1 – 6 mm (measured in core): 
a) Altered lava, with oxidized groundmass and devitrified vesicle walls. 
b) Altered tuff, with plagioclase altered to secondary albite, small pyroxene survives, and 

matrix dominated by dispersed opaque mineral and titanite. 
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Matrix                   Small crystals, fresh 

 Glass, devitrified or altered to chlorite 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Prehnite – rare 
Iron oxide – common (only in rock fragments) 
Secondary albite, titanite and opaque mineral – rare (only in rock fragments) 
 

Cavity fills Prehnite 
Secondary albite 

 
 
LHD-1/2100 -2101 m (1350 – 1351 m bsl): Altered volcanic-derived siltstone (top) in contact with 
altered tuff breccia  
 
(A) Altered volcanic-derived siltstone 

Core 
description 

Altered volcanic-derived siltstone, grey, having rock fragments concentrated in some parts. 
(not thin-sectioned)  

Texture                         Fragmental 
I.A                                  0.6 
Composition                    Foraminifera fossils (orbulina, globigerinids), abundant, wall (replaced by ?) calcite, 

chambers filled  fully or partially with calcite 

 Very small broken pyroxene crystals, relatively fresh 

 Opaque mineral, leucoxene and iron oxide are dispersed 
 

 
B.  Altered tuff breccia 

Core 
description 

Altered tuff breccia is green, the fragments are dominated by tuff (green or light-green 
colored), and lava (dark grey or brown-colored), the space between fragments are filled with 
white-colored mineral and chlorite.  
 

Texture                         Fragmental 
I.A                                  0.6 
Fragments                    Plagioclase (predominant), 0.2 – 0.6 mm, some partially replaced by epidote, or epidote 

and prehnite, or chlorite, or secondary albite and adularia, or calcite and titanite 

 Augite (common), angular, 0.5 – 0.8 mm, fresh or partially altered to chlorite from the 
surface 

 Glass shard (rare), altered to chlorite, or devitrified 

 Rock fragments (abundant), angular: 
a) Altered lava, 0.1 – 4 mm, with oxidized groundmass and vesicles filled with 

prehnite. 
b) Pumice, 0.5 - 1.6 mm, altered to chlorite and vesicles filled with titanite. 
c) Altered tuff, 0.4 – 1 mm, with oxidized matrix, plagioclase fragments altered 

to adularia, and dispersed titanite. 
 

Matrix                  Small crystals (?) 
Chlorite 
 

Repl. mineral 
abundances                    

Chlorite – common 
Calcite - common 
Epidote – common 
Titanite – rare 
Albite – rare 
Adularia – rare 
 

Cavity fills  Quartz 

 Quartz  epidote 

 Prehnite 
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WELL LHD-3 (Vertical) 
CHF elevation  = 772 m asl 
Production casing = 1197 m depth 
Thin sections were made from cores 
Vein orientation is measured with respect to core axis 

 
LHD-3/700 m (72 m asl): Pumiceous rhyolite lava 
Core 
description                       

The pumiceous rhyolitic lava is dull white, plagioclase and biotite crystals are visible, cut by 
cross-cutting fractures (1- 2 mm wide), some show displacement, partly filled with secondary 
minerals. 

Fracture 
orientation     
  

0
o
 

Texture                         Pumiceous 
I.A                                  ~0 
Phenocrysts                   Primary quartz (abundant), embayed, 0.2 – 2 mm. 

 Plagioclase crystals (common) angular 0.3 – 4 mm long. 

 Biotite (rare) oxidized, 0.2 – 0.4 mm long. 
 

Groundmass                   Small plagioclase crystals, predominant, partially altered to microcrystalline quartz. 

 Devitrified glass, some form spherules.  
 

Repl. mineral 
abundances    
                 

Microcrystalline quartz - rare 

Vesicles Open 
 

Fractures Partly filled with chlorite 
 

XRD Chlorite 
 
 

LHD-3/1001 – 1002 m (229 – 230 m bsl): Fossiliferous siltstone 
Core 
description 

Greenish grey sedimentary rock, very fine-grained, conchoidal fractures, highly reactive with 
HCl, cut by very fine veins of carbonates (?). 
 

Texture                         Fossiliferous 
I.A                                  0.1 
Clasts                   Fossils (Globigerinids), abundant, original shapes preserved, 0.2 – 0.5 mm, chambers 

are filled with calcite or anhydrite, walls recrystalised to quartz  

 Broken plagioclase crystals (rare), angular, fresh 

 Undetermined clasts (common), totally replaced by anhydrite 0.5 mm long 
 

Matrix                  Carbonate mud 
Repl. mineral 
abundances                    

Quartz – common 
Anhydrite – common 
 

Cavity fills Calcite  (also identified by SEM) 
Anhydrite 
Microcrystalline quartz 
 

Veins did not survive thin sectioning 
 

 
LHD-3/1201 – 1202 m (429 – 430 m bsl): Altered volcanic breccia 
Core 
description 

Light greenish grey volcanic breccia, different rock fragments of angular shape (1 mm – 1 cm), 
contains carbonate in matrix. 
 

Vein orientation n.a 
Texture                         Fragmental 
I.A                                  0.6 
Fragments                   Broken plagioclase crystals (predominant), angular, 0.5 – 4 mm,  partially or completely 

altered to calcite, or partially to illite (in cracks) and calcite, or to illite (in cracks) and 
adularia, or to secondary albite.  

 Altered pumice (abundant), angular, 3 – 6 mm, containing calcite and iron oxide as 
replacement. 

 Altered lava (abundant), angular, 2 – 3 mm, containing chlorite, calcite, and iron oxide as 
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replacement. 

 Rock fragment composed of microcrystalline quartz (common), angular, 1 – 3 mm. 
 

Groundmass                  Small broken plagioclase crystals (predominant), altered to calcite and micro-crystalline 
quartz. 

 Chlorite. 
 

Repl. mineral 
abundances                    

Calcite – abundant 
Chlorite – common (only in some rock fragments) 
Micro-crystalline quartz – common  
Illite – common 
Adularia – rare 
Albite – rare 
 

Cavities 
 

Calcite 
Titanite 
 

XRD Type-B chlorite and illite 
 
 

LHD-3/1202 – 1203 m (430 – 431 m bsl): Altered andesite breccia 
Core 
description 

Broken core of volcanic breccia, dark grey, cut by fine veins of secondary minerals.  

Vein orientation Not measurable 
 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                   Rock fragments (lava, pumice), abundant, angular – subangular, 2 – 5 mm, original 

constituents altered to chlorite 

 Broken plagioclase crystals (predominant), angular 1.5 – 2 mm long, some are fresh, 
some are partially altered to chlorite, or to quartz, or to chlorite and quartz,  or to chlorite 
and adularia  

 Broken pyroxene (?) crystals (rare), angular, 0.5 – 2 mm long, completely altered to 
chlorite. 

 
Matrix                  Fine-grained crystals altered to chlorite 

 
Repl. mineral 
abundances                    

Chlorite – abundant 
Quartz – common 
Adularia – rare 
 

Veins 
(1 - 2 mm wide) 
 

a. Calcite ± quartz  

b. Opaque  chlorite 
c. Quartz ± secondary albite ± adularia 
 

 
 
LHD-3 /1620 – 1621 m (848 – 849 bsl): Altered volcanic breccia with altered andesite lava 
fragments 
Core 
description 

The altered volcanic breccia has different rock fragments. The dominant fragment is red lava 
(angular, 6 – 15 cm) with vesicles filled by carbonate. Other fragments are green, or brownish 
grey, or dark grey rocks. Spaces between big fragments are filled with smaller rock fragments 
and green mineral (chlorite ?), and hematite. 
 

Vein  Irregular, orientation not measurable 

 
A. Altered vesicular lava-1 (fragment) 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  0.5 
Phenocrysts                   Plagioclase (predominant), subhedral – euhedral, 0.25 – 1.5 mm long, altered to 

secondary albite, or to adularia, or calcite in cracks, or to calcite and minor iron oxide. 

 Augite, common, subhedral, 0.1 – 0.3 mm, relatively fresh, or partly replaced chlorite, or 
by calcite and iron oxide. 

 
Ground mass                   Small plagioclase crystals, relatively fresh 

 Glass, partially replaced by hematite  
 

Repl. mineral Chlorite – common 
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abundances                    Calcite – common 
Hematite – common 
Adularia – rare 
Albite – rare 
 

Veins 
 

a) Quartz  ± albite + adularia – calcite (segmental & irregular, 0.02 mm wide) 
b) Quartz (irregular, 0.02 – 0.2 mm wide) 
 

Amygdules  Calcite 

 Quartz 

 Quartz + iron oxide 

 Calcite + iron oxide  

 Quartz  chlorite 

 Chlorite  quartz 
 

Patches Calcite, or quartz 
 
 
B. Altered vesicular lava-2 (fragment) 

Texture                         Flow 
I.A                                  0.5 
Phenocrysts                   Plagioclase (predominant), 1 mm long, fresh or partially altered to secondary albite (in 

the middle), or to calcite (in the middle), or to iron oxide (from the cracks). 

 Pyroxene (augite), fresh, or partially altered to chlorite. 
 

Matrix                   Small plagioclase crystals, relatively fresh 

 Hematite, possibly as replacement of glass. 
 

Repl. mineral 
abundances                    

Chlorite – common 
Hematite – common 
Albite – rare 
Adularia – rare 
 

Amygdules  Calcite 

 Calcite  quartz 

 Chlorite 

 Chlorite  quartz 

 Chlorite  open hole 

 Calcite + iron oxide ± secondary albite ? 
 

 
 
C. Altered and brecciated vesicular lava-3 

Texture                         Flow 
I.A                                  0.6 
Phenocryst                   Plagioclase (predominant); 1 mm long; partially altered to calcite from cracks or almost 

completely to chlorite and microcrystalline quartz  calcite + titanite, or to incipient 
epidote or to pumpellyite, or to adularia. 

 
Groundmass                  Small plagioclase (relatively fresh) 

 Augite crystals (some are partly or totally replaced by chlorite),  

 Hematite 

 Chlorite 

 Titanite 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Titanite – common 
Hematite – common 
Micro-crystalline – common 
Calcite – rare 
Incipient epidote – rare 
Pumpellyite – rare 
Adularia – rare 
 

Amygdules Chlorite 
Quartz 

Quartz  chlorite 
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D. Altered tuff (matrix) 

Texture                         Fragmental 
I.A                                  0.7 
Fragments                 Altered lava, angular, 0.5 – 1.6 mm 

 Broken plagioclase crystals, up to 0.1 mm, altered to iron oxide. 
 

Matrix                   Small crystals 

 Chlorite 
Repl. mineral 
abundances                    

Chlorite – abundant 
Iron oxide – common 
 

Patches  Titanite 

 Calcite with bent cleavages 
 
 

LHD-3/1621 – 1622 m (849 – 850 m bsl): Altered volcanic breccia 
Core 
description 

Brownish grey altered breccia, clast-supported, rock fragments size ranges from 0.1 - 1 cm, 
angular or sub-angular. 
 

Texture                         Fragmental 
I.A                                  0.75 
Clasts                 Altered lava (abundant), angular, 1 – 2 mm, plagioclase replaced by quartz and opaque 

minerals 

 Oxidized or choritized tuff (abundant), angular, 1 – 4 mm, composed of chlorite and iron 
oxide. 

 Altered fossiliferous rock fragment (abundant), sub-angular, 0.4 – 2 mm, composed of 
broken plagioclase crystals partly replaced by hematite, globigerinids with shell replaced 
by chlorite and rimmed by opaque mineral.  

 Broken plagioclase crystals (common), angular, 0.4 – 2 mm, partially altered to actinolite 
(confirmed by EMP), illite (from cracks), or to calcite + anhydrite, or to adularia, or to albite 
(confirmed by EMP). 

 Broken pyroxene crystals (rare) angular, 0.75 – 0.2 mm, completely altered to calcite or to 
iron oxide. 

 
Repl. mineral 
abundances                    

Chlorite – common 
Hematite – common 
Calcite – common 
Actinolite – rare 
Albite – rare 
Illite – rare 
Adularia – rare 
 

Cavity fills  Calcite with bent cleavage 

 Chlorite 

 Quartz 
 
 

LHD-3/2201 – 2203 m (1429 – 1430 m bsl): Altered andesite lava with brecciated vein 
Core 
description 

Altered andesite lava is green and has a brecciated vein. The brecciated part contains 
fragments of wall rock, as well as some rocks with oxidized matrix and light green altered tuff. 
The rock is cut by irregular veins. 
 

Vein orientation                         Not measurable 
 
A. Altered andesite lava 

Texture                         Flow 
I.A                                  0.5 
Phenocrysts                   Plagioclase (predominantly andesine), subhedral – euhedral, 0.25 – 2 mm, fresh or 

slightly altered to calcite, and chlorite, or to quartz and calcite, or to chlorite, or to incipient 
epidote and titanite balls, or to prehnite (confirmed by EMP), or pumpellyite (confirmed by 
EMP), or to tourmaline (?) 

 Pyroxene (?), common, euhedral, 0.25 mm, completely altered to chlorite  
 

Groundmass                 Small crystals and glass, fresh 
 

Dispersed 
mineral 

Leucoxene (rare) 

Repl. mineral Calcite – common 
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abundances                    Chlorite – common 
Titanite – common 
Incipient epidote – rare 
Prehnite – rare 
Pumpellyite – rare 
Quartz – rare 

Veins a) Chlorite 
b) Quartz + chlorite 
a) and b) are cut by c) 
c) Wairakite (confirmed by EMP), which is cut by d) 
d) Calcite + adularia + quartz 
e) Quartz, which is cut by f) 
f) Calcite 
 

Patches Clinozoisite (SEM) 
Amygdules  Chlorite  

 Calcite 
 
 
B. Brecciated vein in the altered andesite lava 

The brecciated vein contains angular rock fragments, and cut by veins and patches of secondary minerals 
Rock fragments  Lava, with similar mineralogy and texture with the wall rock, 0.3 – 10 mm 

 Pumice, altered to chlorite, 0.3 mm 

 Tuff, with matrix altered to chlorite, or to microcrystalline quartz, 0.2- 0.4 mm  
 

Spaces 
between rock 
fragments 

Microcrystalline quartz 

Veins a) Quartz + adularia cut by (b) 

b) Calcite  quartz 
c) Quartz (very fine) 
d) Calcite (very fine) 
e) Adularia (very fine) 

f) Albite  adularia 
 

Patches  Chlorite 

 Microcrystalline quartz 

 Calcite 
 
 

WELL LHD-4 (Vertical) 
CHF elevation  = 855 m asl 
Production casing = 1146 m depth 
Thin sections were made from cores 
Vein orientation is measured with respect to core axis 

 

LHD-4/350 m (505 m asl): Pyroxene andesite lava 
Core 
description 

Andesite, dark grey, massive, relatively fresh.  

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~0.1 
Phenocrysts                   Plagioclase (predominant), some show zonal arrangement of melt inclusions subhedral, 

0.2 – 4 mm long, fresh or partially altered to calcite or illite from cracks 

 Augite (abundant), subhedral, 0.1 – 2 mm long, relatively fresh 

 Hypersthene (common), euhedral or subhedral, partially altered to calcite in cracks 
 

Groundmass                  Small plagioclase crystals, predominant, relatively fresh 

 Small pyroxene (?) crystals, common, relatively fresh 

 Glass, fresh 
 

Dispersed 
minerals 

Pyrite (common), euhedral, 0.1 – 0.3 mm 
Leucoxene (common) 
 

Repl. mineral 
abundances                    

Calcite – rare 
Illite – rare 
 

Amygdules Calcite 



342 
 

LHD-4/557 – 560 m (298 – 295 m asl): Altered tuff 
Core 
description 

Altered tuff, white and green, light-weighted, fragmental, having irregular green bands of 
secondary mineral 
 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                Broken plagioclase crystals (abundant), angular, 0.2 – 0.4 mm, partially altered to quartz. 

 Glass shard, common, cuspate shaped, altered to chlorite. 

 Pumice, 0.5 – 2mm, containing quartz and plagioclase, groundmass altered to chlorite, 
and vugs filled with titanite. 

 
Matrix                 Chlorite 

 Quartz 

 Hematite 
 

Bands Closely arranged wavy patches of chlorite, leucoxene, opaque mineral, and quartz 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Quartz – common 
Hematite - rare 
 

Cavity fill Calcite 

 
LHD-4/650 – 651 m (205 – 204 m asl): Altered tuff breccia 
Core 
description 

Altered tuff breccia, grey, compact and hard, cut by a vein, matrix-supported, rock fragment 
size ranges from 0.5 - > 5 cm, both fragment and matrix are altered, elongate cavities filled 
with calcite 

Vein orientation 20
o
 

 
Texture                         Fragmental 
I.A                                  0.8 
Fragments                Glassy tuff (abundant), angular, 1 – 2 mm, composed of broken plagioclase crystals, 

opaque minerals, and broken pyroxene crystals altering to chlorite, embedded in fresh 
glass matrix 

 Chloritized tuff (common), angular, up to 4 cm, composed of broken plagioclase crystals 
partly altered to chlorite, pyroxene totally altered to chlorite or chlorite and calcite, 
embedded in matrix altering to chlorite 

 Crystal-rich tuff (common), angular, up 2 cm, composed of fresh andesine, pyroxene 
altered to chlorite 

 
Matrix                 Small plagioclase crystals, abundant, relatively fresh 

 Small pyroxene crystals, common, altered to chlorite 

 Glass, abundant, altered to smectite. 
 

Dispersed 
mineral 

Pyrite – rare 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common 
Smectite – are 
 

Veins Chlorite  calcite. 
 

Cavity fills Calcite (having continuous optical property) 
 
 

LHD-4/652 – 653 m (203 – 202 m asl): Altered tuff breccia 
Core 
description 

Altered tuff breccia, grey, compact & hard, rock fragment size ranges from 0.5 - > 5 cm, both 
fragment and matrix are altered, elongate cavities filled with calcite 
 

Texture                         Fragmental 
I.A                                  0.8 
Fragments                Glassy tuff (abundant), angular, 0.1-0.75 mm, composed of broken plagioclas crystals, 

opaque minerals, and broken pyroxene altered to chlorite embeded in glass matrix 

 Chloritized tuff (common), angular, up to 3 cm, composed of broken plagioclase crystals 
partly altered to chlorite, pyroxene totally altered to chlorite or chlorite and calcite, 
embedded in matrix altering to chlorite   

 Crystal-rich tuff (common), angular, up to 2 cm, composed of fresh andesine, pyroxene 
altered to chlorite 
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Matrix                 Small plagioclase crystals (abundant) relatively fresh. 

 Small pyroxene crystals (common) altered to chlorite. 

 Glass (?), partially altered to clay smectite. 
 

Dispersed 
mineral 

Pyrite – rare 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common 
Smectite  
 

Cavity fills  Chlorite + iron oxide (minor) 

 Calcite 

 Quartz 
 

XRD Smectite 

 
 
LHD-4/850 – 853 m (5 to - 3 m asl): Altered pyroxene andesite lava 
Core 
description 

Andesite, dark greenish grey, cross-cut by irregular veins  

Vein orientation Not measurable 
 

Texture                         Flow 
I.A                                  0.6 
Phenocrysts                   Plagioclase (predominant), some show zonal arrangement of melt inclusions, subhedral, 

0.2 – 2 mm, partially altered from cracks to hematite or to chlorite, or to albite (confirmed 
by EMP) 

 Augite (common), subhedral, 0.5 – 1.5 mm, partially or almost completely altered to 
chlorite 

 
Groundmass                  Small plagioclase crystals, relatively fresh 

 Glass, partially altered to chlorite and iron oxide 
 

Dispersed  & 
accessory 
minerals 

Pyrite – common, dispersed 
Apatite – rare, primary, accessory 

Repl. mineral 
abundances                    

Chlorite – common 
Hematite – common 
Albite – rare 
 

Veins a) Chlorite ± iron oxide 

b) Iron oxide  chlorite  carbonate (?) ± iron oxide 
a) and b) are cut by (c): 

c) Iron oxide  chlorite  dolomite (confirmed by EMP)   magnesium and iron-rich 

carbonate (confirmed by EMP)  chlorite + calcite 
 

 

LHD-4/1002 – 1003 m (147 – 148 m bsl): Altered volcanic breccia 
Core 
description 

Altered volcanic breccia, light green and white, contains different rock fragments (diameter up 
to 4 cm) 
 

Texture                         Fragmental 
I.A                                  0.5 
Phenocrysts                   Altered lava, common, angular, 1 mm, flow texture is observable, plagioclase partially 

altered to chlorite 

 Altered tuff (common), angular, 2 – 4 mm, composed of broken plagioclase crystals 
embedded in glassy matrix altering to chlorite, vugs are filled with titanite 

 Fine-grained rocks composed of microcrystalline quartz (common), angular, 1 – 2 mm 

 Broken plagioclase crystals, predominant, angular, 0.2 – 2 mm, partly altered to chlorite 
and calcite in cracks, or to calcite and titanite 

 Chlorite, replacing unidentified primary mineral (angular, 0.2 – 0.4 mm, rare) 

 Primary quartz (rare), angular, 0.2 – 2 mm.  
 

Groundmass                  Small plagioclase crystals partly altered to microcrystalline quartz. 

 Glass partly altered to chlorite. 
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Dispersed 
minerals 

Pyrite – common,  0.1 – 0.3 mm 
 

Repl. mineral 
abundance                    

Chlorite – common 
 
Calcite – common 
 

Cavity fills  Calcite ± incipient epidote 

 Calcite 

 Titanite 

 Quartz 
 

 

LHD-4/1350 – 1351 m (495 – 496 m bsl): Altered andesite lava 
Core 
description 

Altered andesite, greenish grey, contains disseminated pyrite, cut by vertical veins 
 

Vein orientation 0
o
 

Texture                         Flow, hard to recognise 
I.A                                  0.8 
Phenocrysts                   Plagioclase (predominant), subhedral, 0.25 – 1.5 mm long, some show zonal 

arrangement of melt inclusions, some are fresh, some partially altered to epidote, or to 
epidote + microcrystalline quartz, or to epidote + calcite in cracks, or to adularia, or to 
secondary albite 

 Pyroxene (common), 0.5 – 1 mm long, partially altered to epidote.  
 

Groundmass                  Small plagioclase crystals, abundant, relatively fresh 

 Glass, predominant, altered to chlorite  
 

Dispersed 
minerals 

Pyrite – common (dispersed, euhedral – subhedral, 0.1 – 0.3 mm) 

Repl. mineral 
abundances                    

Chlorite – abundant 
Epidote – common 
Micro-crystalline quartz – rare 
Adularia – rare 
Albite – rare 
 

Veins 0.1 – 0.2 mm wide: 
a) Quartz ± epidote + calcite 
b) Quartz ± epidote 
c) Quartz ± epidote + calcite  
a), b), and c)  

d) (Quartz)  epidote  calcite ± quartz 
 

Cavity fills a) Quartz 
b) Chlorite 
c) Epidote 
d) Titanite 

e) Chlorite  quartz 

f) Chlorite  quartz ± epidote 

 
LHD-4/1352 – 1353 m (497 – 498 m bsl): Altered andesite lava 
Core 
description 

Altered andesite, greenish grey, contains disseminated pyrite, cut by vertical veins filled with 
calcite and other minerals 

Vein orientation 0
o
 

 
Texture                         Flow, hard to recognise 
I.A                                  0.8 
Phenocrysts                   Plagioclase (predominant), subhedral, 0.25 – 4 mm long, some show zonal arrangement 

of melt inclusions, some are fresh, some partially altered (from cracks) to adularia + 
titanite, or to adularia + epidote, or to calcite + epidote, or to quartz. 

 Pyroxene (?), common, subhedral, 0.3 – 2 mm, completely altered to chlorite, or to 
chlorite + calcite + epidote, or partially to calcite. 

 
Groundmass                  Glass, predominant, altered to chlorite and other clay (illite?) 

 Small plagioclase crystals, abundant, relatively fresh, or partly altered to chlorite and 
quartz. 

 
Dispersed 
minerals 

Pyrite – common, euhedral, 0.1 – 0.3 mm 
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Repl. mineral 
abundances                    

Chlorite – abundant 
Epidote – common 
Calcite – common 
Titanite – common 
Illite – rare 
Adularia – rare 
Albite – rare 
Quartz – rare 
 

Veins Quartz ± epidote + calcite.  
 

Cavity fills Quartz ± epidote. 
 

XRD Type-B chlorite and illite 
 

LHD-4/1600 – 1603 m (745 – 748 m bsl): Altered tuff breccia 
Core 
description 

Altered tuff breccia, having tuff fragments of different colors with diameter ranging from 0.5 - 10 
cm 
 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                   Altered tuff-1: angular, average diameter 1.2 mm, the recognised components are 

plagioclase, fresh or partially altered to incipient epidote and adularia; quartz; groundmass 
consisting of small crystals, and glass partially altered to chlorite; titanite and iron oxide 
present in matrix. 

 Altered tuff-2: angular, diameters ranging from 0.5 – 7 mm, the recognized components 
are plagioclase partially altered to epidote, opaque is abundant in matrix. 

 Altered tuff-3: angular, 1 mm - > 2 cm, plagioclase partially altered to epidote, pyroxene 
almost completely altered to chlorite ± epidote, opaque mineral is present. 

 Fine grained rock: rounded 1 mm, composed of microcrystalline quartz. 

 Altered lava: angular, 0.75 – 1.5 mm, mainly composed of plagioclase, partially altered to 
chlorite.  

 Glass shards completely altered to chlorite. 

 Plagioclase crystal fragments, partially altered to chlorite.  
 

Matrix                 Small plagioclase crystal fragments, fresh 

 Chlorite 

 Titanite 
 

Repl. mineral 
abundance                    

Chlorite – abundant 
Epidote – abundant 
Opaque mineral – abundant 
Titanite - common 
Hematite – common (but only in some fragments, possibly formed in previous event) 
Microcrystalline quartz – common (but only in some fragments, possibly formed in previous 
event) 
 

Cavity fills Chlorite 
Epidote 
 

XRD Chlorite 
 

LHD-4/2304 – 2305 m (1449 – 1450 m bsl): Altered andesite lava 
Core 
description 

Altered andesite, hard, green, big phenocrysts altered to chlorite 
 

Texture                         Flow 
I.A                                  0.6 
Phenocrysts                   Plagioclase (predominant), subhedral, 0.2 – 2 mm, some show zonal arrangement of melt 

inclusions, fresh, or partially altered to chlorite, calcite, and epidote, and from cracks to 
illite 

 Anhydrite, chlorite, and epidote, common as replacement, the original mineral unidentified  
 

Groundmass              Small plagioclase crystals, relatively fresh, or partly altered to chlorite. 

 Glass partially altered to chlorite. 
 

Dispersed 
minerals 

Pyrite – common 
Leucoxene – common 
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Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common 
Anhydrite – common 
Epidote – common 
Illite – rare 
 

Cavity fills  Chlorite  (calcite)  quartz 

 Chlorite  calcite ± epidote  quartz 

 Quartz ± epidote 

 Quartz 
 

 

LHD-4/2306 – 2307 m (1451 – 1452 m bsl): Altered andesite tuff 
Core 
description 

Altered andesite tuff, hard, green.  
 

Texture                         Fragmental 
I.A                                  0.5 
Fragments                  Plagioclase (predominant), angular, 0.25 – 4 mm, partially to epidote, or to epidote and 

hematite in cracks, or completely or partly to chlorite. 

 Augite (rare), angular, 0.2 – 0.5 mm, almost completely altered to epidote, or to chlorite. 

 Altered lava (rare), angular, 1.6 mm, recognized components are fresh plagioclase, 
chlorite matrix, and titanite in vugs. 

 
Matrix           Small plagioclase crystals (relatively fresh). 

 Glass partially altered to microcrystalline quartz. 
 

Dispersed 
minerals 

Pyrite – common, euhedral, 0.1 – 0.3 mm 

Repl. mineral 
abundances                    

Microcrystalline quartz – abundant 
Chlorite – common 
Epidote – common 
Hematite - rare 
 

Cavity fills  Microcrystalline quartz  ± epidote  chlorite 

 Titanite 
 

XRD Type-A chlorite 
 
 

WELL LHD-5 (Vertical) 
CHF elevation  = 878 m asl 
Production casing = 899.5 m depth 
Thin sections were made from cores 
Vein orientation is measured with respect to core axis 

 

LHD-5/ 500 – 501 m (378 – 377 m asl): Andesite lava 
Core 
description 

Andesite lava, slightly altered, dark grey, cut by steeply dipping veins  

Vein orientation 10
o
 / 310 – 340

o
 

 
Texture                         Flow, in places glomeroporphyritic 
I.A                                  0.2 
Phenocrysts                   Plagioclase (predominant), euhedral or subhedral, 0. 75 mm long, sometimes inter-

growing with pyroxene, partially altered to calcite or to titanite (in the middle), or to chlorite 
from the cracks.  

 Augite (common), euhedral, 0.4 mm long, relatively fresh, or partially altered to calcite in 
the middle. 

 Hypersthene (common), euhedral, 0.1 mm long, fresh or partially altered to hematite in 
cracks. 

 
Groundmass              Small plagioclase crystals (fresh) 

 Glass (fresh) 
 

Dispersed 
minerals 

Pyrite – common, euhedral, 0.1 – 1.3 mm 
 
 

Repl. mineral Chlorite – rare 
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abundances                    Calcite – rare 
Hematite – rare 
Titanite – rare 
 

Veins a) Hematite (very fine), cut by, 

b) (Hematite)  calcite ± iron oxide ± opaque – microcrystalline quartz ± hematite – calcite ± 
hematite ± opaque (segmental 0.2 – 0.3 mm wide). 

c) Quartz ± chlorite ± calcite – quartz ± hematite  calcite – hematite  calcite – quartz ± 
chlorite (segmental, broken, and healed, some calcite crystals have bent cleavages). 

 
Cavity fills Hematite 
 
 

LHD-5/650 – 651 m (228 – 227 m asl): Altered volcanic breccia  
Core 
description 

The altered volcanic breccia is light green, and has fragments of altered lava, altered tuff, and 
altered rock with oxidized matrix. 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                   Rock fragments, include andesite lava with plagioclase crystals altered to adularia; tuff 

with minerals altered to chlorite and other clay or to microcrystalline quartz, or to calcite 
and microcrystalline quartz.  

 Broken plagioclase crystals, partly altered to chlorite and microcrystalline quartz, or to 
quartz, or to illite (from the edge and cracks) or totally to chlorite and illite, or to anhydrite, 
or to adularia. 

 
Matrix              Small crystals (?),  

 Microcrystalline quartz,  

 Illite,  

 Chlorite 

 Iron oxide 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Microcrystalline quartz – common 
Calcite – common 
Hematite – common 
Illite – common 
Adularia – rare 
Anhydrite – rare 
Wairakite – rare 
 

Cavity fills  Chlorite 

 Titanite 

 Iron oxide 

 Calcite + chlorite + anhydrite 
 

 

LHD-5/651 – 652 m (227 – 226 m asl): Altered water-laid tuff 
Core 
description 

Altered tuff, yellowish – greenish, rock fragments have different colors. 
 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                   Fragmental rock chips (tuff ?), up to 1 mm, minerals partially altered to chlorite and quartz. 

 Pumice, up to 1 mm, completely altered to chlorite and illite. 

 Plagioclase, partially altered to adularia, or to quartz, or to epidote. 

 Fossil: globigerinids, rare, original shape preserved, wall altered to chlorite, or calcite, 
chamber filled with calcite. 

 
Matrix              Small crystals partly altered to chlorite ± iron oxide, or to calcite (?). 

 Glass, altered to chlorite ± iron oxide 
 

Dispersed 
mineral 
 

Pyrite – common 
 

Repl. mineral 
abundance                    

Chlorite – abundant 
Quartz – common 
Illite – rare 
Adularia – rare 
Epidote – rare 
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Cavity fills  Chlorite 

 Quartz 

 Calcite 

 Anhydrite 
 

XRD Chlorite and illite 
 
 

LHD-5/652 – 653 m (226 – 225 m asl): Altered tuff breccia 
Core 
description 

Altered tuff breccia, yellowish – greenish colored, cut by fine, near vertical veins, rock 
fragments have different colors, size up to > 10 cm, angular. 

Vein orientation 340
o
 

Texture                         Fragmental 
I.A                                  0.75 
Fragments                   Fresh lava 

 Altered tuff with cavities filled by wairakite or titanite, or anhydrite and calcite 

 Broken plagioclase crystals, fresh or partially altered to chlorite and anhydrite from the 
cracks 

 
Matrix              Small crystals 

 Glass, altered to chlorite and illite 
 

Repl. mineral 
abundance                    

Chlorite – abundant 
Anhydrite – rare 
Illite – rare 
 

Vein Anhydrite ± adularia 
 

Cavity fills Chlorite 
Anhydrite 
Titanite 

Chlorite  calcite 

Quartz  calcite 
 

 
LHD-5/750 – 751 m (128 – 127 m asl): Altered diorite 
Core 
description 

The altered diorite is dark grey, cut by near-vertical vein containing calcite and other mineral 
 

Vein orientation 0
o
 

  
Texture                         Interstitial 
  
I.A                                  0.6 
Composition                  Plagioclase (common), 0.25 – 3 mm, partially altered to chlorite, or to chlorite and 

adularia, or completely altered to adularia. 

 Pyroxene, 0.25 – 0.5 mm, totally altered to chlorite and anhydrite, and quartz. 
 

Dispersed 
minerals 

Pyrite – common 
 

Repl. mineral 
abundances           
          

Chlorite – abundant 
Adularia – common 
Quartz – common 
Anhydrite -  common 
 

Veins Chlorite  calcite  chlorite ± opaque  calcite + quartz  calcite 
 
 

LHD-5/752 – 753 m (126 – 125 m asl): Altered diorite 
Core 
description 

The altered diorite is dark grey and massive 
 

Texture                         Interstitial 
I.A                                  0.7 
Composition                  Plagioclase (predominant), 0.25 – 2.8 mm partly altered to chlorite, or to chlorite and 

minor epidote  

 Pyroxene (common), 0.25 – 1 mm, altered to chlorite and calcite, or to calcite and quartz 
or pyrite and titanite, or to chlorite and quartz. 
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Repl. mineral 
abundance           
          

Chlorite – abundant 
Quartz – common 
Pyrite – common 
Titanite – common 
Epidote – rare 
 

 

LHD-5/901 – 902 m (23 – 24 m bsl): Altered diorite 
Core 
description 

Altered diorite is greenish grey and massive 
 

Texture                         Interstitial 
I.A                                  0.7 
Composition                  Plagioclase (predominant), partially altered to chlorite, or calcite, or almost completely to 

chlorite and anhydrite 

 Augite (common), partially or completely altered to chlorite, or to calcite, chlorite and 
quartz  

 Undetermined crystals (rare), completely altered to chlorite, quartz, pyrite, calcite and 
anhydrite.  

 
Repl. mineral 
abundance           
          

Chlorite – abundant 
Calcite – common 
Quartz – common 
Anhydrite – rare 
Pyrite – rare 
 

Cavities and 
patches 

Chlorite 

Calcite ± anhydrite quartz ± pyrite 
 

 

LHD-5/1101 – 1103 m (223 – 225 m bsl): Altered diorite 
Core 
description 

Altered diorite, light greenish grey, contains pyrite (dispersed and fills very fine cracks) 
 

Texture                         Interstitial 
I.A                                  0.6 
Composition                  Plagioclase (predominant), euhedral – subhedral, 0.25 – 2 mm long, partially altered to 

epidote, or chlorite, or microcrystalline quartz, or titanite,  or illite from cracks. 

 Pyroxene (?), common, subhedral, 0.5 – 1 mm long, partially or completely altered to 
chlorite. 

 
Repl. mineral 
abundance           
          

Chlorite – abundant 
Micro-crystalline quartz – common  
Epidote – rare 
Titanite – rare 
Illite – rare 

  
Dispersed 
mineral 

Pyrite – common  

  
Veins  Quartz  (epidote)  open fracture (irregular, total width 0.5 mm) 
Vugs  Chlorite  open hole 

 Microcrystalline quartz  quartz 
 

 
LHD-5/1102 – 1103 m (224 – 225 m bsl): Altered tuff 
Core 
description 

Altered tuff, greenish grey, contains dispersed pyrite 
  

Vein orientation Not measurable 
 

Texture Fragmental 
I.A 0.6 
Fragments                          Broken plagioclase crystals (predominant), angular, 0.3 – 1.7 mm, mostly fresh, the rest 

partially altered to epidote, or to calcite, or to titanite, or completely to adularia (confirmed 
by EMP). 

 Rock fragments (rare), angular, 0.75 – 2 mm:  
a) Lava (recognized minerals are plagioclase, opaque, chlorite and microcrystalline quartz 

groundmass, and titanite in vugs),  
b) Tuff (fragmental, recognized minerals are plagioclase, opaque, and titanite in matrix) 
c)  Rock composed of microcrystalline quartz. 
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Matrix              Chlorite 

 Microcrystalline quartz. 
 

Repl. mineral 
abundance                    

Chlorite – abundant 
Microcrystalline quartz – abundant 
Calcite – common 
Titanite – common 
Pyrite – common 
Epidote – rare 
Adularia – rare 
 

Vein a) Chlorite (very fine) 

b) Microcrystalline quartz  chlorite – opaque (segmental, 0.2 mm) 

c) Illite  quartz ± clinozoisite, cut by d) 

d) Illite  quartz ± clinozoisite 
 
c) and d) are cut by open fractures, in some parts running along these veins  
 

Cavity fills  Titanite 

 Epidote 

 Microcrystalline quartz 

 Pyrite 
 

 
LHD-5/1301 – 1302 m (423 – 424 m bsl): Altered diorite with brecciated vein 
Core 
description 

Greenish grey igneous some parts of the rock are brecciated (white & yellow), the cavities in 
these parts are filled with calcite and other minerals the rock is cut by open fracture 

Open fracture 
orientation 

330
o
 

 
 

Texture                         Interstitial 
I.A                                  0.3 
Composition                 Plagioclase (predominant), euhedral – subhedral, 1 – 2 mm long, partly altered to illite, or 

chlorite, or to calcite, or to titanite, or to adularia and incipient epidote. 
 

Dispersed 
mineral 

Pyrite – common, euhedral 0.1 – 0.2 mm 
 

Repl. mineral 
abundances           
          

Illite – rare 
Chlorite – rare 
Calcite – rare 
Titanite – common 
Incipient epidote - rare 

 
Brecciated vein 
(starting from 
the wall rock) 

 
[quartz ± opaque] – [microcrystalline quartz ± chlorite? ± iron oxide +opaque ?, with some 
broken plagioclase crystals entrapped in this part] – [quartz + opaque, branching] – [chlorite ± 
calcite ± titanite ± opaque] – [quartz ± opaque] – [calcite + illite ± chlorite ± minor opaque] – 
[quartz + opaque] – [calcite ± illite ± chlorite ± opaque] – [chlorite ± minor epidote ± minor 
opaque] – [calcite ± illite + chlorite ± opaque] – [quartz + opaque + illite] – [calcite ± illite + 
opaque] – [microcrystalline quartz ± opaque ± illite] – [quartz] – [calcite ± illite ± chlorite ± 
opaque] – [quartz ± minor epidote ± adularia] – [calcite ± unknown mineral ± minor epidote] – 
[quartz]. 
 

 

LHD-5/1331-1332 m (453 – 454 m bsl): Altered pyroxene andesite lava 
Core 
description 

Greenish grey igneous rock cut by an open fracture 

Open fracture  
orientation 
 

330
o
 

 

Texture                         Flow 
I.A                                  0.5 
Phenocryst                   Plagioclase (predominant), euhedral-subhedral, 0.3 – 1 mm long, partially altered to illite 

(from cracks), or to illite + chlorite + calcite / anhydrite, or to wairakite. 

 Pyroxene (?), abundant, euhedral – subhedral, 0.2 – 0.5 mm long, completely altered to 
chlorite (from the surface and cracks) and calcite, or to chlorite and titanite. 

 
Groundmass              Microliths plagioclase, relatively fresh or partly altered to microcrystalline quartz. 
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 Glass partially altered to chlorite and other clay. 
 

Dispersed 
minerals 

Pyrite – common, euhedral, 0.1-0.2 mm 
 

Repl. mineral 
abundance                    

Chlorite – common 
Illite – common 
Calcite – common 
Anhydrite – rare 
Wairakite – rare 
Titanite – rare 
 

Cavity fills  Chlorite 

 Chlorite + quartz. 
 

 
LHD-5/1404 – 1405 m (526 – 527 m bsl): Altered diorite 
Core 
description 

Altered diorite, greenish grey, contains disseminated pyrite, some primary minerals are altered 
to chlorite, cut by vein dipping 60

o
 containing chlorite and pyrite.  

Vein orientation 330
o
 

Texture                         Interstitial 
I.A                                  0.5 
Composition                 Plagioclase (predominant), subhedral, 0.5 – 4 mm, fresh, or partially altered to epidote in 

cracks, or to calcite, or chlorite, or chlorite + epidote, or calcite + chlorite ± epidote, or  quartz 
and calcite, or to adularia 
 

Dispersed 
mineral 

 Pyrite – abundant, 0.1 – 0.3 mm 

 Titanite – common 
 

Repl. mineral 
abundances           
          

Chlorite – abundant 
Calcite – common 
Quartz – common 
Epidote – common 
Adularia – rare 
 

Veins   Calcite – quartz (segmental, 0.25 mm wide, with some discontinuous, very fine branches) 

 Microcrystalline quartz + opaque ± epidote  (calcite), 1 mm wide 

 Chlorite 
 

 
 

LHD-5/1575 m (697 m bsl): Altered andesite lava 
Core 
description 

Altered andesite lava, greenish grey, contains calcite as replacement, and dispersed pyrite. 
 

Texture                         Flow 
I.A                                  0.5 
Phenocrysts                  Plagioclase (predominant), subhedral – euhedral, 2 – 3 mm, partially altered to epidote 

(together with actinolite – confirmed by EMP), or to chlorite and epidote, or to quartz, or to 
quartz and chlorite, or to adularia 

 Pyroxene (common) euhedral, 0.4 – 1 mm, completely or almost completely altered to 
chlorite ± titanite, or to calcite 

 
Groundmass  Microlith plagioclase, relatively fresh 

 
Dispersed 
mineral 

Pyrite – abundant 
 

Repl. mineral 
abundances           
          

Chlorite – abundant 
Quartz – common 
Actinolite – rare 
Epidote – rare 
Adularia – rare 
 

Vugs  Chlorite 
Quartz 
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LHD-5/1752 m (874 m bsl): Altered andesite lava, 
Core 
description 

The altered andesite lava (?) is light grey, hard, dispersed pyrite visible 
 

Texture                         Flow, hard to recognise 
I.A                                   
Phenocryst                 Plagioclase (predominant), subhedral – euhedral, 0.3 - 1.6 mm, partially altered to calcite and 

incipient epidote 
 

Groundmass Small plagioclase crystals 
Microcrystalline quartz 
 

Dispersed 
mineral 

Pyrite – abundant 
Titanite – common 
Leucoxene – common 
 

Repl. mineral 
abundances           
          

Calcite – abundant 
Microcrystalline quartz - abundant 
Incipient epidote - rare 

 

LHD-5/1893 m (1015 m bsl): Altered diorite 
Core 
description 

Greenish grey-colored altered diorite, massive 
 

Texture                         Interstitial 
I.A                                  0.5 
Composition                  Plagioclase (andesine predominant), subhedral, 1 – 2 mm long, partially or totally altered 

to chlorite, or to anhydrite, or to epidote, or to quartz and epidote. 

 Pyroxene (common), subhedral, 0.2 – 0.5 mm long, completely altered to calcite, or to 
calcite and chlorite. 

 
Dispersed 
mineral 

Pyrite – abundant 
 
 

Repl. mineral 
abundances           
          

Chlorite – common 
Quartz – common 
Calcite – common 
Epidote – common 
Anhydrite – common 
 

 
 
WELL LHD- 6 (Deviated) 
CHF elevation  = 904.6 m asl 
KOP   = 480 m 
Total measured depth = 2146 m 
Vertical depth  = 2097 m 
Production casing = 1000 m measured depth 
Thin sections were made from cuttings 

 

LHD6/503 m MD/ 502 m VD (402.6 m asl): Andesite lava 
Cutting 
description 

Small chips, dark grey andesite, plagioclase altered  to clay 
 

Texture                         Flow 
I.A                                  ~ 0.1 
Phenocryst                  Plagioclase (predominant), euhedral – subhedral, 0.2 – 0.8 mm, fresh or partially altered 

to smectite 

 Augite (common), subhedral –euhedral, 0.5 – 1 mm, fresh 

 Hypersthene (rare), subhedral or euhedral, 0.4 mm, fresh 

 Apatite (rare), accessory mineral, euhedral 0,5 mm, fresh 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, slightly altered to smectite 
 

Dispersed 
mineral 

Pyrite – common 

Repl. mineral 
abundance           

Smectite - rare 

XRD Smectite 
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LHD-6/586 m MD/ 583 m VD (321.6 m asl): Altered andesite lava 
Cutting 
description 

Small - big chips, dark grey andesite, vesicular, slightly altered 
 

Texture                         Flow 
I.A                                  0.3 
Phenocryst                  Plagioclase (predominant), euhedral or subhedral, 0.2 – 0.8 mm, fresh, or partially altered 

to smectite 

 Augite (common), subhedral-euhedral, 04-0.6 mm long, fresh 
 

Groundmass  Small plagioclase, fresh 

 Glass, partially altered to smectite 
Dispersed 
mineral 

Pyrite – common 

Repl. mineral 
abundance           

Smectite - rare 

Vesicles Empty 
XRD Smectite 
 

LHD-6/607 m MD/ 603 m VD (301.6 m asl): Andesite lava 
Cutting 
description 

Small - big chips, dark grey andesite, vesicular, slightly altered 

Texture                         Flow 
I.A                                  ~ 0.1 
Phenocrysts                  Plagioclase (predominant), euhedral – subhedral, 0.3 – 0.8 mm long, relatively fresh or 

slightly altered to smectite.  

 Augite (common), subhedral, 0.4 – 0.8 mm long, fresh 

 Hypersthene (common), subhedral –euhedral, 0.4 – 0.8 mm long, fresh 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh 
 

Dispersed 
mineral 

Pyrite – common 

Repl. mineral 
abundance           

Smectite - rare 

Vesicles Empty 
XRD Smectite 
 
 

LHD-6/631 m MD/ 627 m VD (277.6 m asl): Andesite lava 
Cutting 
description 

Small chips, dark grey altered andesite, with sign of loss of circulation (mica flakes and straw) 

Texture                         Flow 
I.A                                  ~ 0.1 
Phenocrysts                  Plagioclase (predominant), subhedral –euhedral, 0.2 – 0.8 mm long, relatively fresh, or 

slightly altered to smectite 

 Augite (common), euhedral, 0.4 mm long, fresh 

 Hypersthene (common), euhedral, relatively fresh or slightly altered to hematite or 
smectite 

 
Groundmass  Small plagioclase crystals, fresh 

 Glass, partially altered to hematite 
 

Repl. mineral 
abundances           

Smectite – rare 
Hematite – rare 

 
 

LHD-6/820 m MD/ 810 m VD (94.6 m asl): Andesite lava 
Cutting 
description 

Small – medium chips, dark grey andesite, vesicles filled by needle-like crystals (zeolite?) 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~ 0.1 
Phenocrysts                  Plagioclase (predominant), 0.2 – 0.3 mm, relatively fresh or altered to hematite  or 

smectite along the twinning boundary or in the wormy structure 

 Augite (common), 0.2 – 0.4 mm, fresh 

 Hypersthene (common), 0.2 – 0.8 mm, fresh 
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Groundmass  Small crystals, fresh 

 Glass, fresh 
 

Repl. mineral 
abundances           

Smectite - rare 

  
Vesicles (do not survive thin sectioning) 

 
XRD Smectite 
 

LHD-6/850 m MD/ 839 m VD (65.6 m asl): Andesite lava 
Cutting 
description 

Big chips, dark grey andesite, vesicles filled by needle-like crystals (zeolite?) 
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~ 0.1 
Phenocrysts                  Plagioclase (predominant), subhedral – euhedral, 0.2 – 0.6 mm, relatively fresh or 

slightly altered to smectite 

 Augite (common), subhedral – euhedral, 0.4 – 0.6 mm long, fresh.  

 Hypersthene (rare), euhedral, 0.4 – 0.6 mm long, fresh. 
 

Groundmass  Small crystals, fresh 

 Glass, partially altered to smectite 
 

Repl. mineral 
abundances     
       

Smectite - rare 

Vesicles Mordenite 
 

XRD Smectite 
 

LHD-6/898 m MD/ 886 m VD (18.6 m asl): Altered andesite lava 
Cutting 
description 

Small – medium chips, dark grey andesite, vesicular 
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~0.3 
Phenocrysts                  Plagioclase (predominant), euhedral – subhedral, 0.2 – 1.0 mm long, slightly altered (in 

the middle) to chlorite, or partly altered to hematite from the cracks, or totally altered to 
calcite and hematite, or to wairakite 

 Augite (common), subhedral – euhedral, 0.2 – 0.8 mm long, fresh 

 Hypersthene (rare), subhedral – euhedral, 0.2 – 0.6 mm long, fresh 

 Apatite (rare), accessory mineral, euhedral, 0.3 mm long, fresh 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, slightly altered to smectite 
 

Repl. mineral 
abundances           

Smectite – rare 
Chlorite – rare 
Hematite – rare 
Calcite – rare 
Wairakite – rare 
 

Vesicles  Chlorite 

 Calcite 

 Wairakite 
 

XRD Smectite 
 

LHD-6/928 m MD /915 m VD (10.4 m bsl): Altered andesite lava (IA ~ 0.4) 
Cutting 
description 

Small – big chips, brownish grey tuff, altered, small, vesicles filled by silica (?), or needle-like 
crystals (zeolite?) 
 

Texture                         Flow 
I.A                                  ~0.4 
Phenocrysts                  Plagioclase (predominant), 0.2 – 1.0 mm long, relatively fresh, or altered to chlorite in the 

surface 

 Augite (common), subhedral, 0.4 – 0.8 mm long, relatively fresh, or altered to chlorite in 
the surface 

 Hypersthene (rare), euhedral, 0.2 – 0.4 mm long, fresh 
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Groundmass Small plagioclase crystals, fresh 

Glass, fresh, or partially altered to hematite 
 

Repl. mineral 
abundances           

Chlorite – common 
Hematite – rare 
 

Vesicles  Microcrystalline quartz chlorite 

 Microcrystalline quartz + mordenite 

 Chlorite ± microcrystalline quartz 
 

XRD  Chlorite 

 Mordenite 
 

LHD-6/1003 m MD/ 988 m VD (83.4 m bsl): Altered andesite tuff 
Cutting 
description 

Small – big chips, yellowish grey tuff (60%); big andesite chips presents (40%), possibly from 
shallower levels 
 

Texture                         Fragmental 
I.A                                  0.6 
Fragments                Broken plagioclase crystals (abundant), 0.2 – 0.4 mm, fresh, or slightly altered to 

smectite and other carbonate (?) 

 Broken augite crystals (common), 0.1 – 0.2 mm, fresh 

 Altered andesite lava (common), 0.2 – 0.4 mm, with plagioclase slightly altered to 
smectite 

 
Matrix Microcrystalline quartz 

 
Repl. mineral 
abundances           

Microcrystalline quartz – abundant 
Smectite – common 
 

Patches Quartz 
 

LHD-6/1087 m MD/ 1069 m VD (164.4 m bsl): Altered tuff 
Cutting 
description 

Small – big chips of altered grey tuff (> 90%) mix with chips of grey andesite (< 10%)  
 

Texture                         Fragmental 
I.A                                  0.6 
Fragment                Broken plagioclase, partly altered to clay (XRD: smectite) from the surface and cracks, or 

to calcite (very small) 

 Broken augite, partly altered to chlorite from the surface, or to calcite (in one grain)  
 

Matrix Smectite – abundant 
Micro-crystalline quartz – common 
 

Dispersed 
mineral 

Leucoxene – common 
 

Repl. mineral 
abundance           

Smectite – abundant 
Micro-crystalline quartz – common 
Calcite- rare 
 

XRD Smectite 

 
LHD-6/1240 m MD/ 1218 m VD (313 m bsl): Altered andesite lava (IA =0.4) 
Cutting 
description 

Medium chips, dark grey andesite, plagioclase crystals altered to clay (?) 

Texture                         Flow 
I.A                                  ~0.4 
Phenocryst                  Plagioclase (predominant), 0.1 – 1.0 mm long, relatively fresh, or partially altered to 

smectite and other carbonate (?) from the middle 

 Augite (common), subhedral, 0.3 – 0.5 mm long, fresh 

 Hypersthene (rare), euhedral, 0.3 – 0.5 mm long, fresh 
 

Groundmass Small plagioclase crystals, fresh 
Glass, fresh, or partially altered to smectite 
 

Repl. mineral 
abundance           

Smectite – common 
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LHD-6/1351 m MD/ 1326 m VD (420.4 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, dull or brownish grey andesite (60%); mix with small chips of tuff (40%) 
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~0.4 
Phenocryst                  Plagioclase (predominant), 0.3 – 0.8 mm long, relatively fresh, or partially altered to 

smectite or to micro-crystalline quartz  from the wormy structure 

 Augite (common), subhedral, 0.3 – 0.5 mm long, fresh 

 Hypersthene (rare), euhedral, 0.3 – 0.5 mm long, fresh 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh, or partially altered to smectite 
 

Dispersed 
mineral 

Pyrite – common 
Leucoxene - rare 

Repl. mineral 
abundance           

Smectite – common 
 

Patches Micro-crystalline quartz 
XRD Smectite 

 
LHD-6/ 1402 m MD/ 1375 m VD (470.4 m bsl): Altered tuff 
Cutting 
description 

Small – big chips of grey, altered tuff (> 60%); mix with chips of andesite (< 40%) 
 

Texture                         Fragmental 
I.A                                  0.5 
Fragment                Broken plagioclase, partly altered to smectite or to calcite 

 Broken augite, partially altered to calcite 
 

Matrix Smectite – common 
Micro-crystalline quartz – common 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Chlorite – abundant 
Micro-crystalline quartz – common 
Calcite- rare 
 

XRD Smectite 

 
LHD-6/1500 m MD/ 1470 m VD (565.4 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, dark grey andesite (~80%); mix with tuff (~20%), and discrete calcite (?) crystals 
(~1%)  
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  ~0.6 
Phenocryst                  Plagioclase (predominant), 0.2 – 0.5 mm long, relatively fresh, or partially altered to 

smectite and calcite from the middle 

 Augite (common), subhedral, 0.3 – 0.5 mm long, partially altered to smectite from the 
surface 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh, or partially altered to hematite and smectite 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Smectite – common 
Calcite – rare 
 

Discrete crystals Calcite (possibly space-fill) 
 

LHD-6/1603 m MD/ 1570 m VD (665.4 m bsl): Altered andesite lava  
Cutting 
description 

Small chips, dark grey andesite (70%); mix with tuff (20%), and discrete crystals (10%) 
 

Texture                         Flow 
I.A                                  0.5 
Phenocryst                  Plagioclase (predominant), 0.2 – 0.6 mm long, relatively fresh, or partially altered to 

calcite 
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Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh, or partially altered smectite 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Smectite – common 
Calcite – rare 
 

Patches Micro-crystalline quartz 
Discrete crystals  Calcite (possibly space-fill) 

 Micro-crystalline quartz 

 Broken plagioclase, fresh, or partially altered to calcite 

 Broken augite, fresh 

 Broken hypersthene, altered to calcite from the surface 
 

XRD Smectite 
 

LHD-6/1651 m MD/1617 m VD (712.4 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, dark grey andesite (60%), tuff (30%), discrete crystals (10%) 

Texture                         Flow 
I.A                                  0.5 
Phenocrysts                  Plagioclase (predominant), 0.2 – 0.6 mm long, partially altered to smectite from cracks 

 Augite, 0.3 – 0.5 mm long, fresh 
 

Groundmass  Smectite 

 Calcite 
Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Smectite – common 
Calcite – rare 
 

Patches Micro-crystalline quartz 
Discrete crystals  Fresh hypersthene 

 Fresh augite 

 Calcite 

 Micro-crystalline quartz (possibly space fill) 
 

XRD Smectite 
 
LHD-6/1750 m MD/1669 m VD (764.4 m bsl): Altered andesite lava 

Cutting 
description 

Small chips, dark grey-colored andesite (90%), and discrete crystals (10%) 
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  0.5 
Phenocrysts                  Plagioclase (predominant), 0.2 – 0.8 mm long, partially altered to smectite from cracks, 

or to calcite 

 Augite, 0.2 – 0.4 mm long, fresh, or partially to smectite 
 

Groundmass Small plagioclase crystals, fresh 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Smectite – common 
Calcite – rare 
 

Patches  Micro-crystalline quartz 

 Hematite 
Discrete crystals  Calcite 

 Clusters of microcrystalline quartz 

 Hematite 
 

XRD Smectite 
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LHD-6/1897 m MD/ 1856 m VD (951.4 m bsl): Altered tuff 
Cutting 
description 

Small chips, light grey crystal rich tuff (?) contains calcite and chlorite as replacement, quartz 
occurs possibly as cavity or vein filling 
 

Texture                         Fragmental texture is hard to recognise 
I.A                                  0.75 
Fragment                Plagioclase (predominant), partially altered to quartz ± hematite, or to calcite 

 Pyroxene (common), completely altered to chlorite  

 Fine-grained andesite lava with flow texture (common); fresh plagioclase phenocrysts, 
oxidized groundmass.  

 
Matrix  Very small broken crystals, 

 Microcrystalline quartz 
 

Repl. mineral 
abundance           

Quartz and micro-crystalline quartz – abundant 
Hematite – common 
Chlorite – common 
Calcite – common 
 

Patches  Hematite 

 Micro-crystalline quartz 
Discrete crystals Calcite with ideal cleavage (possibly space fill) 

 
XRD Chlorite 
 

LHD-6/1909 m MD/1868 m VD (963.4 m bsl): Altered tuff (IA = 0.5 – 0.6) 
Cutting 
description 

Small chips, light grey crystal-rich tuff contains calcite and chlorite as replacement, some 
andesite rock fragments present, quartz occurs possibly as cavity or vein filling. 

Texture                         Fragmental 
I.A                                  0.5 
Fragment                Broken plagioclase crystal (abundant), almost completely altered to calcite or quartz 

 Rock fragments (abundant): 
a) Andesite lava fragment, relatively fresh (IA ~ 0.1), flow texture, patches of microcrystalline 

quartz 
b) Rock fragment with plagioclase almost completely altered to calcite and hematite 
c) Rock fragment with phenocryst/fragment totally altered to quartz and groundmass/matrix 

oxidized  
d) Rock fragment with fresh phenocryst plagioclase and groundmass totally altered to calcite 
e) Rock fragment with flow / banded structure, composed of small plagioclase crystals and 

chlorite 
 

Matrix Chlorite 
Repl. mineral 
abundance           

Calcite – common 
Quartz / microcrystalline quartz – common 
Hematite – common 
Chlorite – common 
 

Patches / vein Mordenite 
Discrete crystals  Fresh broken plagioclase with apatite 

 Plagioclase, partly altered to calcite 

 Plagioclase, almost totally altered to calcite, and hematite in the wormy structures 

 Pyroxene, fresh 
 

XRD Chlorite 
 

LHD-6/1954 m MD/ 1911 m VD (1006.4 m bsl): Altered tuff 
Cutting 
description 

Small chips, light grey crystal rich tuff contains calcite and chlorite as replacement, some 
andesite rock fragments present 
 

Texture                         Fragmental 
I.A                                  0.75 
Fragment                Broken plagioclase crystals (abundant), sometimes with glass inclusions, relatively fresh 

or partially altered to calcite 

 Andesite lava (common), having flow texture, with plagioclase phenocryst partially altered 
to calcite, matrix altered to hematite. Titanite and pyrite dispersed.  

 Pumice (common), altered to chlorite 
Matrix  Micro-crystalline quartz 

 Chlorite 
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Repl. mineral 
abundance           

Microcrystalline quartz – abundant 
Chlorite – common 
Calcite – common 
Hematite – common (but only in andesite lava fragments) 
Titanite – common (but only in andesite lava fragments) 
Pyrite – rare (but only in andesite lava fragments) 

Patches Quartz 
Discrete crystals a) Quartz + incipient epidote  

b) Quartz  chlorite  epidote 
c) Calcite + other carbonate (?) + microcrystalline quartz 
d) Calcite 
 

 

LHD-6/2047 m MD/2002 m VD (1097.4 m bsl): Altered tuff 
Cutting 
description 

Small chips, light greenish grey tuff, contains calcite and chlorite as replacement, some 
oxidized andesite rock fragments present, calcite occurs also as cavity or vein filling 

Texture                         Fragmental 
I.A                                  0.7 
Fragment                Broken plagioclase fragments, partially altered to quartz 

 Altered andesite lava: plagioclase phenocryst partially altered to calcite and epidote in 

the middle, or to chlorite and microcrystalline quartz, or to chlorite  calcite + epidote, 
groundmass of small crystals, dispersed opaque and semi-opaque mineral, with quartz 
in vesicles and patches 

 
Matrix  Small crystals 

 Chlorite 

 Illite 
Repl. mineral 
abundance           

Quartz – common 
Chlorite – common 
Illite – common 
Calcite – common (but only in altered andesite lava fragments) 
Epidote – rare (but only in altered andesite lava fragments) 
 

Patches Microcrystalline quartz 
Discrete crystals Chips of chlorite  quartz (possibly space fill) 

 
XRD Chlorite and Illite 
 

LHD-6/2146 m MD/ 2098 m VD (1193.4 m bsl): Altered tuff 
Cutting 
description 

Small chips, light greenish grey tuff, contains calcite and chlorite as replacement, some 
oxidized andesite rock fragments present 
 

Texture                         Fragmental 
I.A                                  0.7 
Fragment                Broken plagioclase crystals partially replaced by calcite or epidote 

 Andesite lava, plagioclase partially altered to calcite, glass matrix partially altered to 
hematite 

 
Matrix  Microcrystalline quartz 

 Chlorite 

 Illite 

 Hematite 
 

Repl. mineral 
abundance           

Micro-crystalline quartz – abundant 
Chlorite – common 
Illite – common 
Calcite – common 
Epidote - rare 

Patches / vein Calcite + epidote 
Vugs Epidote 

Titanite 
Discrete crystals  Orthopyroxene, relatively fresh 

 Calcite (possibly space fill) 

 Wairakite  epidote (possibly space fill) 

 Quartz + wairakite  epidote (possibly space fill) 
XRD Chlorite and Illite 
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WELL LHD-7 (Vertical) 
CHF elevation  = 906.5 m asl 
Production casing = 1328.15 m depth 
Thin sections were made from cores 
Vein orientation is measured with respect to core axis 

 
 

LHD-7/560 – 560.7 m (346.5 – 345.8 m asl): Altered pyroxene andesite lava 
Core 
description 

Altered pyroxene andesite, dark grey, cut by very fine veins 

Fracture 
orientation 

120
o
 

Vein orientation 110 
 

Texture                         Flow, in places glomeroporphyritic 
I.A                                  0.4 
Phenocrysts                  Plagioclase (predominantly), euhedral, 0.2 – 4 mm long, fresh or partially altered to 

epidote, or hematite in cracks  

 Augite (common), subhedral – euhedral, up to 2 mm long, partially altered to hematite in 
cracks 

 Hypersthene (common), up to 0.2 - 2 mm long, relatively fresh or partially altered to 
chlorite in cracks, sometimes associated with hematite 

 
Groundmass  Small plagioclase (predominant), relatively fresh 

 Glass, partially altered to hematite 
 

Repl. mineral 
abundances           
          

Hematite – abundant 
Chlorite – common 
Epidote – rare 
 

Veins a) Quartz – epidote cut by 
b) Calcite - epidote, cut by 
c) Calcite ± hematite  
 

Vugs  Chlorite  calcite 
 
 

LHD-7/901 – 902 m (5.5 – 4.5 m asl): Altered andesite lava 
Core 
description 

Altered andesite, yellowish grey, vesicular, contains calcite as replacement mineral cut by fine 
vein dipping 110

o
  

Vein orientation 110
o
 

Texture                         Flow 
I.A                                  0.3 
Phenocrysts                  Plagioclase (predominant), euhedral – subhedral, mostly fresh, some are partially altered 

to chlorite in cracks. 

 Hypersthene (common), 1 – 2 mm, partially altered to chlorite. 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundance           
          

Chlorite - common 

Veins  Chlorite  calcite + chlorite (0.2 mm wide) 

 Chlorite (very thin) 
 

Vugs   Chlorite  calcite 

 Chlorite  quartz 

 Chlorite  calcite ± quartz 

 Titanite 
 

 

LHD-7/902 – 903 m (4.5 – 3.5 m asl): Altered andesite lava 
Core 
description 

Altered andesite, yellowish grey, vesicular, contains calcite as replacement mineral cut by fine 
vein 

Vein orientation 110
o
 

 
Texture                         Flow, in parts glomeroporphyritic 
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I.A                                  0.3 
Phenocrysts                  Plagioclase (predominant), subhedral – euhedral, 0.5 – 2 mm long, fresh or partially 

altered to chlorite from cracks or from the zoning boundaries.  

 Augite (common) subhedral – euhedral, 0.2 -2 mm long, almost completely altered to 
chlorite. 

 Hypersthene (common), subhedral – euhedral, 0.2 mm, partially altered to chlorite in the 
middle. 

Groundmass  Small plagioclase crystals (0.25 mm and less), fresh 

 Small augite crystals (0.1 mm),  fresh 

 Glass, fresh 
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundance           
          

Chlorite – common 

Veins a) (0.5 mm wide, segmental): magnesium and iron-rich carbonate  calcite, some have bent 
cleavages – quartz/chlorite (non mirror) – chlorite – quartz ± chlorite, cut by: 

b) (0.3 – 0.7 mm): microcrystalline quartz  quartz  (opaque)  open hole 
 

Vugs   Mg-rich chlorite  Fe-rich chlorite  titanite or open hole 

 Chlorite  calcite  open hole 
 

LHD-7/1567 – 1568 m (660.5 – 661.5 m bsl): Altered tuffaceous siltstone 
Core 
description 

The altered tuffaceous siltstone (broken core) is light green, well-sorted with graded bedding 
structure, cut by veins 

Vein orientation Not measurable 

 
I.A 0.75 
Composition                          Plagioclase (abundant), angular, 0.1 – 0.2 mm, partly altered to chlorite 

 Pyroxene (abundant), angular, 0.1 mm, partly altered to calcite 

 Chlorite (predominant), possibly as replacement of matrix 

 Very small, unidentified crystals (abundant)  

 Titanite, abundant, dispersed 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – abundant 
 

Dispersed 
mineral 

Titanite – abundant 

Veins a) (1.5 mm wide, segmental): calcite with bent cleavages displaced and healed – calcite  
wairakite + pyrite 

b) (0.5 mm wide): calcite  (chlorite) 
 

Patches Opaque mineral 
Titanite 
Calcite. 
 

 

LHD-7/1568 – 1571 m (661.5 – 664.5 m bsl): Altered welded rhyolithic tuff 
Core 
description 

Altered tuff, light greenish grey, fine grained, conchoidal fractures, cut by fine vein 

Vein orientation Not measurable 
 

Texture Fragmental, Welded 
I.A 0.8 
Fragments                          Broken plagioclase (dominant), angular, 0.25 – 2 m, partially or almost completely altered 

to calcite and incipient epidote, or to adularia or secondary albite 

 Primary quartz (common), angular, 0.1 - 0.5 mm 

 Pyroxene (common), 0,25 – 1.5 mm completely altered to chlorite, or to calcite  

 Altered tuff fragments (common), angular, 0.5 – 2.5 mm, recognized minerals are chlorite, 
iron oxide, titanite, and opaque mineral. 

 
Matrix Small plagioclase crystals altered to illite 

 
Glass mold Completely replaced by chlorite 
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Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common 
Hematite – common (but only in altered  tuff fragments) 
Titanite – common (but only in tuff fragments) 
Incipient epidote – rare 
Illite – rare 
Adularia – rare 
Albite – rare 
 

Dispersed 
mineral 

Pyrite – common, euhedral  

Vein (5 – 6 mm wide): quartz ± calcite (with bent cleavage) 
Vugs Hematite 

 
LHD-7/1754 – 1755 m (847.5 – 848.5 m bsl): Altered welded rhyolithic tuff 
Core 
description 

Altered welded tuff, greenish grey, angular rock fragments consist of andesite & tuff, some are 
flattened, cut by vein (0.5 cm) 

Vein orientation 330
o
 

 
Texture Fragmental, welded 
I.A 0.7 
Fragments                          Plagioclase broken crystals (abundant), 0.2 – 4 mm, partly replaced by calcite from the 

cracks, sometimes associated with incipient epidote 

 Primary quartz (common), embayed, 0.5 – 2 mm, some crystals are associated with 
epidote or chlorite in the middle part 

 Pyroxene (common), angular, 0.2 – 0.3 mm, altered to chlorite.  

 Altered andesite lava (common), angular, 0.5 - 2 mm, the recognisable components are 
plagioclase altered to calcite or incipient epidote, pyroxene altered to chlorite. 

 
Matrix  Devitrified glass, forming spherules, partly altered to chlorite 

 Hematite 

 Chlorite 
 

Glass mold Completely altered to chlorite 
 

Dispersed 
mineral 

Pyrite – common, euhedral, 0.1 – 0.2 mm 

  
Repl. mineral 
abundances                    

Chlorite – abundant 
Calcite – common  
Hematite – common 
Incipient epidote – rare 
 

Veins (0.2 – 0.5 mm wide): 
a) Quartz, cut by 

b) Quartz illite ± epidote  
c) Calcite ± quartz 
 

Patches Micro-crystalline quartz 
 

LHD-7/1755 – 1756 m (848.5 – 849.5 m bsl): Altered welded rhyolithic tuff 
Core 
description 

Altered welded tuff, greenish grey, angular rock fragments consist of andesite & tuff, some are 
flattened, cut by vein (0.5 cm)  

Vein orientation 330
o
 

 
Texture Fragmental, welded 
I.A 0.7 
Fragment                          Plagioclase broken crystals (abundant), 0.2 – 5 mm, partly replaced by calcite or quartz in 

the middle part or by quartz and iron oxide 

 Pyroxene (common), angular, 0.2 – 0.3 mm, altered to chlorite. 

 Primary quartz (common), embayed, 0.5 – 2 mm 

 Altered andesite lava (common) angular, 0.5 - 2 mm, the recognized components are 
plagioclase replaced by calcite, pyroxene totally replaced by chlorite, glass replaced by 
chlorite;  

 Fine-grained  tuff replaced by chlorite (common), angular, up to 1 mm 
 

Matrix  Chlorite 

 Micro-crystalline quartz 
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Glass mold Quartz 
 

Dispersed 
mineral 

Pyrite – common, euhedral, 0.1 – 0.2 mm 

Repl. mineral 
abundances                    

Chlorite – abundant 
Micro-crystalline quartz – abundant 
Iron oxide – common 
Calcite – common (but only in altered andesite lava fragments) 
 

Vein 0.2 – 0.5 mm wide: 

a) Quartz calcite (bent cleavage) ± titanite, cut by open fracture (at some  places along this 
vein) 

b) Quartz 
 

Vugs Titanite 

 
LHD-7/2051 – 2052 m (1144.5 – 1145.5 m bsl): Altered welded rhyolithic tuff 
Core 
description 

The altered welded tuff is light greenish grey, containing rock fragments with diameter up to 
0.8 cm 
 

Texture Fragmental, welded 
I.A 0.7 
Fragments                          Broken plagioclase crystals (predominant), angular, 0.2 – 2 mm, partially altered from 

cracks to  epidote, or calcite, or to calcite + epidote ± iron oxide, or to microcrystalline 
quartz, or to adularia 

 Pyroxene (?), common, 0.2 – 0.6 mm, altered in the middle to chlorite  epidote 

 Primary quartz (common), embayed, 0.2 – 1 mm 

 Rock fragments (abundant) :   
a) Rock composed of microcrystalline quartz (angular, 0.1 – 5 mm)  
b) Altered lava (angular, 2 mm, having flow texture, composed of plagioclase, opaque 

minerals, and possibly glass, secondary minerals recognized are titanite in vugs, epidote 
and chlorite replacing plagioclase) 

c) Pumice (angular, 1 – 2 mm, stretched, composed of glass and very small crystals, the 
recognized secondary mineral is titanite in vesicles) 

 
Matrix  Small plagioclase crystals partially altered to microcrystalline quartz. 

 Leucoxene 
 

Glass mold Chlorite 
  
Repl. mineral 
abundances                    

Microcrystalline quartz – abundant 
Chlorite – abundant 
Calcite – common 
Epidote – rare 
Adularia – rare 
 

Vugs Titanite 
Patches Micro-crystalline quartz 
 
 

WELL LHD-8 (deviated) 
CHF elevation  =  855 m asl 
KOP    =  204 m 
Total measured depth = 1506 m 
Vertical depth  = 1460 m 
Production casing = 1115 m depth 
Thin sections were made from cuttings 

 

LHD-8/141 m MD/ 141 m VD (715m asl): Altered pyroxene andesite 
Cutting 
description 

Big chips, dark grey or  reddish grey basaltic andesite 
 

Texture                         Flow 
I.A                                  ~0.5 
Phenocryst                  Plagioclase (predominant), fresh, or altered to chlorite in the  

 Pyroxene (common), partially or completely altered to calcite, or partially altered to 
hematite from cracks 
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Groundmass  Small plagioclase, relatively fresh 
 

Dispersed 
mineral 

Pyrite – common 
Leucoxene – common 
 

Repl. mineral 
abundances           

Smectite – common 
Calcite – common 
Hematite – common 
 

XRD Smectite 
 

LHD-8/200 m MD / 200 m VD (656 m asl): Altered andesite lava 
Cutting 
description 

Medium chips, dark grey or dark brownish grey andesite, iron oxide occurs in ground mass 
and patches. 

Texture                         Flow 
I.A                                  0.3 
Phenocryst                  Plagioclase (predominant), subhedral – euhedral, altered to smectite in the middle, or to 

hematite from cracks 

 Augite (common), subhedral – euhedral, altered to smectite or hematite in surface and 
cracks.   

 Hypersthene (rare) – fresh  
 

Groundmass Small plagioclase crystals – fresh 
Glass – fresh  
 

Dispersed 
mineral 

Opaque – common 

  
Repl. mineral 
abundances           

Smectite – rare  
Hematite – rare  

  
Patches  Smectite or hematite 

Smectite + hematite 
 

XRD Smectite 
 

LHD-8/450 m MD / 441 m VD (415 m asl): Altered andesite lava 
Cutting 
description 

Small chips, dark grey andesite 

Texture                         Flow 
I.A                                  0.5 
Phenocryst                  Plagioclase (predominant), almost completely altered to diamond-shaped adularia  

 Augite (common), partially altered to hematite 

 Unknown primary mineral, completely altered to chlorite and hematite. 
 

Groundmass Small plagioclase crystals, fresh 
  
Dispersed 
mineral 

Pyrite 

  
Repl. mineral 
abundances           

Chlorite – common 
Hematite – common 
Adularia – rare 

  
XRD Smectite (?) 
 

LHD-8/547 m MD/535 m VD (321 m asl): Altered tuff, I.A ~ 0.4 
Cutting 
description 

Small – big chips, light grey tuff, containing rock and crystal fragments 

Texture                         Fragmental 
I.A                                  ~0.4 
Phenocrysts                  Plagioclase (predominant), some are fresh, containing glass inclusions, some are partly or 

completely altered to  illite, and calcite / other carbonate 

 Andesite  lava (common), 1 – 2 mm (IA ~ 0.2) with plagioclase phenocrysts altered to illite 
from cracks 

 
Groundmass Very small plagioclase (?) crystals, fresh 

Micro-crystalline quartz 



365 
 

 
Repl. mineral 
abundances           

Micro-crystalline quartz – common 
Calcite – common 
Illite – rare 
 

XRD Illite 
 

LHD-8/610 m MD/596 m VD (260 m asl): Altered pumiceous tuff  
Cutting 
description 

Medium – big chips, dull white tuff 

Texture                         Fragmental 
I.A                                  ~0.5 
Fragments                 Andesite lava (common), fresh, with plagioclase phenocrysts and microliths plagioclase 

groundmass 

 Pumice (common), I.A ~0.8, completely altered to smectite and leucoxene 

 Primary quartz (common), fresh 
 

Matrix  Broken plagioclase crystal , fresh or partially altered to smectite or calcite, or hematite 
 

Dispersed 
mineral 

Leucoxene - common 

  
Repl. mineral 
abundances           

Smectite – common  
Hematite – rare 
 

Patches Hematite 
XRD Smectite 
 

LHD-8/655 m MD/639 m VD (217 m asl): Altered andesite lava 
Cutting 
description 

Small chips, mix of grey altered andesite (85%) and tuff (15%) 

Texture                         Flow 
I.A                                  ~0.3 
Phenocrysts                 Plagioclase (predominant), altered to chlorite or iron oxide from cracks 

 Augite (common), relatively fresh or partially altered to chlorite, or to calcite and incipient 
epidote 

 
Groundmass  Small plagioclase laths forming flow texture 

 Titanite 

 Hematite (needle-shaped) 

 Glass, fresh 
 

Dispersed 
mineral 

Pyrite – common 

  
Repl. mineral 
abundances           

Chlorite – common 
Hematite – rare 
Incipient epidote – rare 
Titanite – rare 
 

Patches  Chlorite 

 Hematite 
 

LHD-8/702 m MD / 685 m VD (171 m asl): Altered andesite lava 
Cutting 
description 

Small chips, mix of grey altered andesite (95%) and tuff (5%) 

Texture                         Flow 
I.A                                  0.4 
Phenocrysts                Plagioclase (predominant), 0.2 – 0.7 mm long, partially altered to smectite from crack or 

wormy structures, or to hematite or calcite from the surface 
  
Groundmass Small plagioclase crystals, fresh, or partially altered to smectite or to microcrystalline quartz 

Glass, partially altered to micro-crystalline quartz, or hematite 
 

Dispersed 
mineral 

Pyrite 

  
Repl. mineral Smectite – common 
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abundances           Microcrystalline quartz – common 
Hematite – rare 
Calcite - rare 

 

LHD-8/852 m MD/829 m VD (27 m asl): Altered andesite lava 
Cutting 
description 

Small chips, mix of dark grey andesite (98 %), mixed with tuff (~2%) 
Sign of circulation loss (?): straw and mica 

Texture                         Flow 
I.A                                  ~0.5 
Phenocrysts                 Plagioclase (predominant), 0.2 – 0.4 mm long, fresh, or altered to chlorite in the middle, 

or to hematite from the cracks 

 Hypersthene and augite (common), 0.1 mm long (average), fresh, or partially or 
completely altered to chlorite 

 
Groundmass Small plagioclase crystals, fresh, or altered to chlorite (?), or hematite 

 
Dispersed 
mineral 

Pyrite 

  
Repl. mineral 
abundances           

Chlorite – common 
Hematite – common  
 

Vugs Titanite 
 

LHD-8/1002 m MD/974 m VD (118 m bsl): Andesite lava 
Cutting 
description 

Small chips, mix of dark grey andesite (95%) and tuff (5%)  

Texture                         flow 
I.A                                  ~0.1 
Phenocrysts                 Plagioclase (predominant), subhedral – euhedral, relatively fresh or altered to chlorite 

 Pyroxene (rare) fresh, or altered to chlorite, or to calcite 
 

Groundmass Small plagioclase crystals, fresh 
 

Repl. mineral 
abundance           

Chlorite – rare 
Calcite – rare  
 

Patches / veins 
(?) 

Micro-crystalline quartz (comb texture) chlorite 

Micro-crystalline quartz (comb texture) hematite 
 
 

LHD-8/1038 m MD/ 1009 m VD (153 m bsl): Altered tuff 
Cutting 
description 

Small – medium chips, mix of dull white crystal-rich tuff containing calcite as replacement, 
and dark grey, altered andesite 
 

Texture                         Fragmental 
I.A                                  ~0.4 
Fragment                 Broken plagioclase crystals (abundant), partially altered to quartz at the surface, or to 

chlorite, incipient epidote, or hematite, or completely altered to adularia 

 Augite (common), completely altered to chlorite, or partially altered to calcite from the 
surface 

 Andesite lava with fresh plagioclase phenocrysts, and dispersed pyrite and leucoxene  

 Pumice, altered to chlorite 
 

Matrix Glass, partially altered to hematite 
 

Dispersed 
mineral 

Pyrite and leucoxene – rare (but only in altered andesite lava fragments) 
 

Repl. mineral 
abundances           

Chlorite – abundant 
Calcite – common 
Incipient epidote – rare 
Adularia – rare  
Hematite – rare  

Patches / veins 
(?) 

Calcite and other carbonate 
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LHD-8/1122 m MD/ m 1090 VD (234 m bsl): Altered vesicular andesite lava  
Cutting 
description 

Mix of small chips of grey-colored andesite (90%) and big chips of dull white-colored tuff 
(10%) 

Texture                         Flow, hard to recognize 
I.A                                  ~0.75 
Phenocrysts                Plagioclase (abundant), altered to chlorite or titanite 

 
Groundmass Small plagioclase (?) crystals 

Hematite 
  
Repl. mineral 
abundances           

Hematite – abundant 
Chlorite – abundant  
Titanite – common  

  
Vesicles Chlorite 

Quartzchlorite 
 

LHD-8/1164 m MD/1130 mVD (274 m bsl)): Altered tuff, I.A ~ 0.5 
Cutting 
description 

Small chips, dark grey altered andesite 
 

Texture                         Fragmental 
I.A                                  ~0.5 
Fragments                 Andesite lava (common)  0.2 mm, angular, plagioclase phenocrysts are fresh, 

groundmass oxidized 

 Broken plagioclase crystals partly altered to calcite or titanite 
 

Matrix  Microcrystalline quartz 

 Chlorite 

 Calcite 
Repl. mineral 
abundances 

Chlorite – abundant 
Microcrystalline quartz – common  
Calcite – rare 
Iron oxide – common (but only on altered andesite lava fragments) 
 

 

LHD-8/1173 m MD/ 1139 m VD (283 m bsl): Altered pyroxene andesite lava 
Cutting 
description 

Small chips, dark grey vesicular altered andesite (98%), mix with tuff (2%) 

Texture                         Flow 
I.A                                  ~ 0.5 
Phenocrysts                 Broken plagioclase crystal (predominant), 0.5 – 1 mm, fresh, or altered to epidote or to 

chlorite in the middle, or to calcite in the surface.  

 Pyroxene (?), common, 1 – 5 mm, completely altered to chlorite. 
 

Groundmass  Smaller plagioclase crystals, fresh 

 Glass, fresh 
  
Dispersed 
mineral 

Pyrite 

  
Repl. mineral 
abundances           

Chlorite – abundant 
Calcite – common 
Epidote – rare  
 

Patches/Vein? Calcite with bent cleavage 
 

LHD-8/1197 m MD/1162 m VD (306 m bsl): Altered coarse-grained tuff  
Cutting 
description 

Small and medium grey chips, altered tuff with rocks and crystal fragments 
 

Texture                         Fragmental 
I.A                                  ~0.4 
Fragment                Broken plagioclase crystals (abundant), up to 0.8 mm long, relatively fresh 

 Broken pyroxene crystals (common), up to 0.4 mm, partially altered to chlorite, or to 
calcite 

 Altered andesite fragments (common), angular, up to 2 mm; plagioclase is fresh or 
slightly altered to chlorite 

 Altered tuff fragments (rare), angular, up to 0.5 mm; partially altered to micro-crystalline 
quartz 
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Matrix  Small broken plagioclase crystals (fresh) 

 Small broken pyroxene (?) crystals, almost totally altered to chlorite 
 

Dispersed 
mineral 

Pyrite – common  
Leucoxene – rare  

  
Repl. mineral 
abundances           

Chlorite – common 
Calcite – common  
 

Cavities  Titanite 

 Calcite 
 

LHD-8/1296 m MD/ 1258 m VD (402 m bsl): Altered tuff 
Cutting 
description 

Big chips, fragmental, light greenish grey, crystal-rich tuff, dispersed pyrite visible 

Texture                         Fragmental 
I.A                                  ~ 0.5 
Fragment                Broken plagioclase crystals (abundant) partially replaced by quartz or calcite, or 

completely to chlorite 

 Primary quartz fragments (rare) 

 Pyroxene (?), common, almost completely altered to chlorite 

 Pumice (rare), completely altered to clay 

 Andesite lava (rare), fresh, having  flow texture 
 

Matrix  Micro-crystalline quartz 

 Small plagioclase broken crystals 
 

Dispersed 
minerals 

 Titanite 

 Pyrite 
 

Repl. mineral 
abundances           

Chlorite – abundant  
Micro-crystalline quartz – common  
 

Cavities Calcite 
 

LHD-8/1505 m MD/ 1495 m VD (603 m asl): Altered andesite breccia 
Cutting 
description 

Small - big chips, grey, mix of crystals and rock fragments (grey, fine-grained lava). 
Dispersed pyrite visible 
 

Texture                         Fragmental 
I.A                                  0.7 
Fragment                Plagioclase broken crystals, fresh 

 Pyroxene, altered to dusty epidote 

 Andesite lava fragments (abundant), up to 0.4 mm, angular; plagioclase crystals are 
fresh, augite partially altered to chlorite; dispersed pyrite and titanite.  

 
Matrix  Smaller plagioclase crystals (partially altered to microcrystalline quartz) 

 
Dispersed 
minerals 

Pyrite – common  
Titanite – common (but only in altered andesite lava fragments) 
 

Repl. mineral 
abundances           

Chlorite – common 
Micro-crystalline quartz – common  
Epidote – common  
 

Patches Epidote 
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WELL LHD-10 (Deviated) 
CHF elevation  = 855 m asl 
KOP   = 530 m 
Total measured depth = 2501 m 
Vertical depth  = 2308 m 
Production casing = 1201 m measured depth 
Thin sections were made from cuttings, unless indicated 
Vein orientation in core is measured with respect to core axis 

 
LHD-10/23 m MD/ 23 m VD (832 m asl): Altered tuff  
Cutting 
description 

Small chips, grey tuff, calcite is present in cavities 

Texture                         Fragmental 
I.A                                  ~0.6 
Fragment               Broken plagioclase fragments (predominant), fresh or partially altered to hematite, or calcite, 

or titanite 
 

Matrix Microcrystalline quartz 
Chlorite 

  
Repl. mineral 
abundances           

Microcrystalline quartz – common  
Chlorite – common 
Hematite – rare 
Calcite – rare  

 

LHD-10/102 m MD / 102 m VD (752 m asl): Altered andesite lava  
Cutting 
description 

Medium – big chips, mix of dark grey and reddish grey-colored andesite 
 

Texture                         Flow, hard to recognize 
I.A                                  0.7 
Phenocrysts                Plagioclase, almost completely altered to hematite from the surface and cracks, and to illite 

(XRD) in the middle, or completely to hematite.  
 

Groundmass Small crystals replaced by illitic clay (XRD) and hematite 
  
Repl. mineral 
abundances           

Hematite – abundant 
Illite – common 
 

Patches/Vein? Vein: chlorite  heulandite 
 
 

LHD-10/446 m MD/ 446 m VD (409 m asl): Altered vesicular andesite lava 
Cutting 
description 

Medium – big chips, mix of dark grey andesite 
 

Texture                         Flow 
I.A                                  ~0.6 
Phenocrysts                 Plagioclase (predominant), 0.5 – 1.5 mm long, subhedral to euhedral, partially altered to 

microcrystalline quartz in the surface or from cracks; or to chlorite from cracks 

 Hypersthene (rare) almost totally altered to chlorite 

 Augite (common), relatively fresh.  
 

Groundmass  Small crystals 

 Calcite 
 

Dispersed 
mineral 

Pyrite 

Repl. mineral 
abundances           

Microcrystalline quartz – abundant 
Chlorite – common 
Calcite – common 
 

Vesicles  Microcrystalline quartz  chlorite  

 Chlorite ± microcrystalline quartz  hematite 

 Chlorite ± microcrystalline quartz  heulandite 
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LHD-10/624 m MD/615 m VD (240 m asl): Altered lithic tuff 
Cutting 
description 

Small – medium chips, dull grey and yellowish grey tuff containing crystals and rock 
fragments 
 

Texture                         Fragmental 
I.A                                  0.7 
Fragment                Lava with oxidized and chloritized groundmass (common), recognized phenocrysts are 

plagioclase altered to chlorite in the middle. 

 Tuff (?), common recognized components are broken plagioclase, (fresh, or altered to 
calcite or chlorite in the middle), and pyroxene (?) completely altered to chlorite. 

 Broken plagioclase crystals (abundant), partly altered to microcrystalline quartz and 
chlorite in the cracks 

 Broken pyroxene (?), common, completely altered to calcite, and microcrystalline quartz 

 Broken augite, common, fresh 
 

Matrix Small crystals 
  
Repl. mineral 
abundances           

Chlorite – abundant 
Microcrystalline quartz – common 
Calcite – rare 
 

Vesicles  Microcrystalline quartz (spaces between clasts) 

 Microcrystalline quartz chlorite & contains plagioclase broken crystals 

 Chloritecalcite 
 

LHD-10/735 m MD/715 m VD (140 m asl): Altered andesite lava 
Cutting 
description 

Small chips, dark grey andesite 
 

Texture                         Flow 
I.A                                  ~0.4 
Phenocrysts                 Plagioclase, 0.3 – 0.8 mm long, subhedral-euhedral, fresh, or altered to calcite from the 

crack, or to calcite and incipient epidote 

 Hypersthene (?), almost completely altered to chlorite 

 Augite, 0.3 – 0.5 mm, subhedral, fresh, or altered to chlorite from the surface, in the 
cracks, or in the middle 

 
Groundmass  Small plagioclase crystals, relatively fresh 

 Small pyroxene crystals, partially altered to hematite or chlorite 
 

Dispersed 
mineral 

Pyrite – rare  

  
Repl. mineral 
abundances           

Chlorite – common  
Incipient epidote – rare 
Calcite –rare 
 

Patches Hematite 
 

LHD-10/774 m MD/750 m VD (105 m asl): Altered lithic tuff 
Cutting 
description 

Small – medium chips, altered tuff, mix of rock and crystal fragments, dispersed pyrite 

Texture                         Fragmental 
I.A                                  ~0.5 
Fragment                Broken plagioclase crystals (abundant), 0.3 – 0.7 mm, fresh, or altered to chlorite in very 

fine cracks, or to chlorite in the surface 

 Pyroxene (?), common, completely altered to chlorite 

 Lava (common), average diameter 1 mm, flow texture observable, composed of 
plagioclase phenocrysts (partially altered to calcite and other secondary mineral), 
plagioclase groundmass relatively fresh or altered to microcrystalline quartz 

 
Matrix  Smaller plagioclase crystals, relatively fresh or altered to micro-crystalline quartz 

 
Dispersed 
mineral 

Pyrite – common  
Titanite – common 
 

Repl. mineral 
abundances           

Chlorite – abundant 
Micro-crystalline quartz – common 
Calcite – rare 
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Space fill  Calcite  (patches) 

 Chlorite (patches) 

 Micro-crystalline quartz  (between lava fragments and matrix) 

 Chlorite  micro-crystalline quartz 
 

 
LHD-10/993 m MD/948 m VD (93 m bsl): Altered andesite lava  
Cutting 
description 

Small chips, dark grey fresh andesite (80%), mix with altered reddish grey andesite (10%), 
and altered tuff (10%) 
 

Texture                         Flow 
I.A                                  ~0.1 
Phenocrysts                 Plagioclase (predominant), 0.4 – 0.8 mm, subhedral, fresh 

 Augite (common), 0.2 – 0.6 fresh, or slightly altered to chlorite 
 

Groundmass Small plagioclase crystals, fresh 
Glass, fresh 
 

Repl. mineral 
abundances           

Chlorite - rare 

  
Patches/veins (?) Calcite 
 

LHD-10/1200 m MD/ 1134 m VD (279 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, mix of grey andesite (80%) and altered tuff (20%) 
 

Texture                         Flow 
I.A                                  ~0.5 
Phenocrysts                 Plagioclase (predominant), 0.2 – 0.6 mm, subhedral - euhedral, fresh or altered to 

chlorite from cracks, or to incipient epidote in the middle 

 Augite (common), 0.1 – 0.3 mm, subhedral, fresh, or partially altered to chlorite 
 

Groundmass  Small plagioclase crystals, fresh 

 Small pyroxene crystals, altered to chlorite 

 Glass – fresh  
 

Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Chlorite – abundant 
Incipient epidote – rare  
 

Vugs Titanite 
 

LHD-10/1242 m MD/1172 m VD (317 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, mix of grey andesite (70%) and altered tuff (30%) 
 

Texture                         Flow 
I.A                                  ~0.5 
Phenocrysts                 Plagioclase (predominant), 0.2 – 0.8 mm long, subhedral - euhedral, partly altered to 

carbonate (?), or titanite, or hematite, or to illite 

 Augite (common), up to 0.3 mm, subhedral, altered to iron oxide calcitechlorite 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, fresh 
 

Dispersed 
mineral 

Pyrite 
 

Repl. mineral 
abundances           

Chlorite – common  
Titanite – common  
Carbonate (?) – rare  
Illite – rare  
Hematite – rare 

 

LHD-10/1305 m MD/1229 m VD (374 m bsl): Altered andesite lava 
Cutting 
description 

Small chips,  grey andesite 

Texture                         Flow 
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I.A                                  0.4 
Phenocrysts                 Plagioclase (predominant), 0.2 – 0.8 mm (andesine), partially altered to: 

chlorite in the cracks,  
or chlorite and hematite, or 
quartz, or 
calcite and hematite, or 
calcite and microcrystalline quartz, or 
illite in cracks 

 Pyroxene, fresh, or altered to hematite in cracks 
 

Groundmass  Small plagioclase crystals, fresh 

 Glass, partially altered to micro-crystalline quartz 
 

Dispersed 
mineral 

Pyrite - rare 
 

Repl. mineral 
abundances           

Chlorite – common 
Calcite – common 
Microcrystalline quartz – common 
Hematite – rare 
Illite – rare 
 

Space fill Titanite (vugs) 

Calcite  incipient epidote (vugs) 
Hematite (patches) 

 
LHD-10/1335 m MD/1256 m VD (401 m bsl): Altered tuff 
Cutting 
description 

Small chips, light greenish grey tuff, containing crystals, and dispersed pyrite visible 
 

Texture                         Fragmental, hard to recognise 
I.A                                  ~ 0.8 
Fragment                Pumice fragments (common), 0.3 mm, angular,  altered to chlorite 

 Broken plagioclase crystals, partially altered to chlorite, or calcite or titanite, or epidote, 
or totally to calcite (in the surface) and epidote (in the middle). 

 
Matrix  Microcrystalline quartz 

 
Dispersed 
mineral 

Pyrite – common 
Leucoxene – common  
 

Repl. mineral 
abundances           

Chlorite – abundant 
Micro-crystalline quartz – abundant 
Calcite – common 
Epidote – common 
Titanite – common 
 

Patches Hematite 
 

LHD-10/1401 m MD/1316 m VD (461 m bsl): Volcanic breccia 
Cutting 
description 

Small – medium chips, breccia ?, composed of altered rock fragments and greenish grey tuff 
 

Texture                         Fragmental 
I.A                                  ~0.6 
Fragment                Altered lava (abundant), 0.5 – 0.1 mm, angular, flow texture recognised, I.A ~0.5 to 0.6, 

plagioclase phenocrysts partially altered to calcite, matrix partially altered to hematite 

 Broken plagioclase crystals (abundant), 0.2 – 0.3 mm partially altered to secondary 
quartz, or epidote, or to quartz in the surface and epidote in the middle.  

 
Matrix  Very fine-grained crystals 

 
Dispersed 
mineral 

Leucoxene 

Repl. mineral 
abundances           

Calcite – common (but only in altered lava fragments) 
Secondary quartz – common 
Epidote – common 
 

 
LHD-10/1587 m MD/ 1483 m VD (628 m bsl): Altered tuff  
Cutting Small chips, cream-colored tuff 
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description 
Texture                         Fragmental, hard to recognise 
I.A                                  ~0.8 
Fragment                Broken plagioclase crystals, altered to calcite in the middle, and to titanite 

 Broken pyroxene (?) crystals, altered to calcite 
 

Matrix  Small plagioclase crystals 

 Micro-crystalline quartz 
 

Repl. mineral 
abundance           

Micro-crystalline quartz – abundant  
Calcite – common 
Titanite – common 
 

Patches Hematite 
Discrete mineral Calcite + incipient epidote   titanite (possibly space fill) 

 

 
LHD-10/1701 m MD/1586 m VD (731 m bsl): Altered tuff  
Cutting 
description 

Small chips, grey tuff, dispersed pyrite observable 
 

Texture                         Flow 
I.A                                  ~0.5 
Fragments                Plagioclase broken crystal fragments, some altered to untwined wairakite 

 
Matrix  Microcrystalline quartz  

 Chlorite 
Repl. mineral 
abundance           

Micro-crystalline quartz – abundant 
Chlorite – common 
Untwined wairakite – rare 
 

Space fill Hematite 
 

LHD-10/2187 m MD/2025 m VD (1170 m bsl): Altered volcanic breccia 
Core 
description 

The altered volcanic breccia is greenish grey, clast-supported, rock fragments include tuff and 
lava.  
 

Texture                         Fragmental 
I.A                                  0.8 
Fragments                   Altered tuff, angular, 0.4 – 0.8 mm, composed of plagioclase partially altered from the 

surface to chlorite and in the middle to epidote, or to epidote or adularia only; pyroxene, 
altered to chlorite and iron oxide; quartz; opaque, sometimes with titanite). 

 Altered lava, angular, up to 2 mm, flow texture still discernible, plagioclase phenocrysts 
partially altered to epidote, matrix altered to chlorite and micro-crystalline quartz 

 Rock composed of microcrystalline quartz (angular to sub rounded, 0.4 mm). 
 

Matrix Micro-crystalline quartz 
  
Dispersed 
mineral 

Titanite (common) 

  
Repl. mineral 
abundances                    

Chlorite – abundant 
Micro-crystalline quartz - abundant 
Iron oxide – common (but only in altered tuff fragments) 
Epidote – rare 
Adularia – rare 

Space between 
clasts 

Micro-crystalline quartz 
Epidote  

 
LHD-10/2202 m MD/2038 m VD (1183 m bsl): Altered tuff, I.A ~ 0.7 
Cutting 
description 

Small chips, dull white tuff 

Texture                         Fragmental 
I.A                                  ~0.7 
Fragments                Broken plagioclase crystals, almost completely altered to adularia and epidote, or to 

albite 

 Pyroxene (?) totally replaced by epidote 

 Primary quartz, embayed, unaltered 
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Matrix  Small plagioclase crystals altered to calcite and microcrystalline quartz 

 Small, broken pyroxene crystals, altered to calcite in the surface, or completely to 
epidote 

 Glass, partially altered to hematite 
 

Dispersed 
mineral 

Pyrite – common  
 

Repl. mineral 
abundances           

Microcrystalline quartz – abundant 
Calcite – common 
Hematite – common  
Epidote – common 
Adularia – common 
Albite - rare 
 

Space fills Hematite 
Titanite 

 

LHD-10/2365 m MD/ 2185 m VD (1330 m bsl): Altered lava  
Cutting 
description 

Small chips, grey rock, dispersed pyrite visible 
 

Texture                         Hard to recognise 
I.A                                  ~0.7 to ~0.9 
Phenocrysts                Plagioclase, 0.3 – 0.5 mm long, almost completely altered to adularia sometimes with 

incipient epidote 
 

Groundmass Small plagioclase crystals, fresh 
Glass, partially altered to hematite 
 

Dispersed 
mineral 

Pyrite – common 
Leucoxene – common 
Titanite – common 
 

Repl. mineral 
abundances           

Adularia – common 
Incipient epidote – common 
Hematite – common 
 

 

LHD-10/2451 m MD/2263 m VD (1408 m bsl): Altered tuff 
Cutting 
description 

Small chips, mix of white- and greenish white tuff (?).  Dispersed pyrite visible 
 

Texture                         Hard to recognise 
I.A                                  ~1 
Fragments                Primary minerals (?) totally replaced by quartz or epidote, or to quartz + epidote 

 
Matrix  Microcrystalline quartz 

 Calcite 
 

Dispersed 
mineral 

Pyrite – abundant  

  
Repl. mineral 
abundance           

Quartz and microcrystalline quartz – abundant  
Epidote – common 
Calcite – common 
 

Space fill Epidote  
Quartz  
Titanite  
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WELL LHD-13 (Vertical) 
CHF elevation  = 809 m asl 
Production casing = 1044 m measured depth 
Thin sections were made from cuttings, unless indicated 
Vein orientation in core is measured with respect to core axis 

 
 
LHD-13/105 m (704 m asl): Altered lava 
Cutting 
description 

Small – medium chips of andesite, grey with some vugs filled by acicular gypsum crystals 
(did not survive thin-sectioning) 
 

Texture                         Flow 
I.A                                  ~0.5 
Phenocrysts                 Plagioclase (predominant), partially altered to chlorite from the cracks or in the middle, 

or to hematite in the cracks 

 Hypersthene (rare), partially altered to chlorite or hematite in the surface 

 Augite (rare), partially altered to calcite in the surface 

 Primary mineral completely altered to hematite 
 

Groundmass  Plagioclase crystal, fresh or partially altered to hematite 

 Glass, fresh 
 

Repl. mineral 
abundances           

Chlorite – common 
Hematite – common  
Calcite – rare  
 

Space fills  Chlorite, or chlorite  open space (vesicles) 

 Calcite (veinlets) 

 Hematite (veinlets) 
 

 

LHD-13/145 m (664 m asl): Altered lava 
Cutting 
description 

Small – big chips, andesite, grey with some vugs filled by acicular crystals, and some by 
native sulfur (did not survive thin-sectioning) 

Texture                         Hard to recognise 
I.A                                  ~0.8 
Phenocrysts                 Plagioclase (predominant), subhedral - euhedral, fractured, fresh, or partially altered to 

adularia (?) in the middle and to chlorite in the surface, or to chlorite from surface and 
cracks 

 Pyroxene (?) common, subhedral – euhedral  almost completely altered to chlorite, or to 
chlorite and iron oxide (?), or to calcite and chlorite 

 
Groundmass Small crystals partially altered to chlorite 

 
Dispersed 
mineral 

Leuxoxene – common  

  
Repl. mineral 
abundances           

Chlorite – abundant  
Calcite - rare 
Adularia – rare  
Hematite – rare  
 

Space fills  Chlorite  heulandite 
 

 

LHD-13/357 m (452 m asl): Altered tuff 
Cutting 
description 

Small – big chips, mix of white tuff (10%) and dark grey altered andesite (90%). First 
appearance of tuff  
 

Texture                         Hard to recognise 
I.A                                  1.0 
Compositions               All the primary compositions have altered to: 

 Micro-crystalline quartz, or 

 Calcite, or 

 Illite 
Dispersed 
mineral 

Leucoxene – common 
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Repl. mineral 
abundances           

Micro-crystalline quartz – abundant  
Calcite – abundant  
Illite – common  
 

Space fill Chlorite 
 

LHD-13/420 m (389 m asl): Altered tuff  
Cutting 
description 

Small chips, mix of light greenish grey altered crystal tuff (80%) and andesite chips (20%) 
 

Texture                         Fragmental 
I.A                                  ~ 0.7 

 
Fragment               Broken plagioclase crystals, partially altered to quartz 

Pyroxene (?), completely altered to chlorite 
 

Matrix Small broken plagioclase crystals, fresh 
  
Dispersed 
mineral 

Pyrite – common 
 

Repl. mineral 
abundances           

Quartz – abundant  
Chlorite – common  
 

Space fills  Hematite (patches) 

 Titanite (vugs) 
 

Discrete minerals  Chlorite  (calcite ± quartz) 

 Chlorite quartz 
 

 
LHD-13/785 m (24 m asl): Altered andesite lava 
Cutting 
description 

Small chips, mix of dark grey andesite (95%) and altered tuff (5%) 
 

Texture                         Flow 
I.A                                  ~ 0.3 
Phenocrysts                 Plagioclase (predominant), up to 0.8 mm long, fresh or partially altered to calcite or to 

illite in the middle 

 Pyroxene (?), common, 0.1 mm, partially altered to calcite in the middle 
 

Groundmass  Small plagioclase crystals, fresh 

 Chlorite 
 

Dispersed 
mineral 

Pyrite – common  
 

Repl. mineral 
abundances           

Calcite – common  
Chlorite – common  
Illite – rare  
 

Patches / Veins ? a) Micro-crystalline quartz  incipient epidote, cut by (b) 
b) Calcite 

 

LHD-13/923 m (114 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, mix of dark grey andesite (95%) and altered tuff (5%) 
 

Texture                         Flow 
I.A                                  ~ 0.6 
Phenocrysts                 Plagioclase (predominant), 0.4 – 0.7 mm long, fresh or partly altered to microcrystalline 

quartz, or to a carbonate mineral from cracks 

 Augite, almost completely altered to chlorite 
 

Groundmass  Small plagioclase crystals altered to iron oxide 
 

Dispersed 
mineral 

Leucoxene 

Repl. mineral 
abundances           

Microcrystalline quartz – common 
Chlorite – common 
Hematite – common 
Carbonate – are  

Patches / Veins ? Hematite 
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LHD-13/1070 m (261 m bsl): Altered tuff 
Cutting 
description 

Small chips, light greenish grey-colored crystal-rich tuff 

Texture                         Fragmental 
I.A                                  ~0.7 
Fragment                Broken plagioclase crystals, fresh or altered to calcite  hematite 

 
Matrix  Calcite 

 Microcrystalline quartz 
 

Repl. mineral 
abundance           

Microcrystalline quartz – abundant 
Calcite – common 
Hematite – rare  

 

LHD-13/1182 m (373 m bsl): Altered tuff 
Core 
description 

Altered tuff, greenish grey, having small cavities, cut by veins  

Vein orientation 40
o
 and 310 – 330

o
 

 
Texture                         Fragmental 
I.A                                  0.6 
Fragments                   Plagioclase (abundant), sometimes associated with apatite (rare, fresh), angular, 1.6 – 3 

mm, partially altered (in the middle) to epidote, or to epidote + chlorite, or to iron oxide , or 
calcite + epidote, or to adularia (confirmed by EMP), or to quartz. 

 Augite, (common) angular, 0.3 – 0.8 mm, totally altered to high-birefringence chlorite, or 
partly to epidote. 

 Pyroxene (rare), 0.5 mm, completely altered to actinolite 

 Rock fragment (common), angular, 0.4 mm, contains oxidized biotite 
 

Matrix  Small plagioclase crystals, relatively fresh 

 Chlorite, possibly as replacement of glass. 
 

Dispersed 
minerals 

Pyrite – common, euhedral 
Titanite – common 
 

Repl. mineral 
abundance                    

Chlorite – abundant 
Epidote – common 
Actinolite – rare 
Adularia – rare 
Calcite – rare 
Leucoxene - rare 
 

Veins Opaque mineral  epidote-1  epidote-2 

Actinolite  calcite 
  
Patches Albite 

Chlorite (confirmed by EMP: Fe-Mg rich and Mg-rich type) 
 

LHD-13/1232 m (423 m bsl): Altered andesite lava 
Cutting 
description 

Small chips, grey andesite  

Texture                         Flow 
I.A                                  ~0.4 
Phenocrysts                 Plagioclase, fresh or partially altered to calcite from the surface, or to titanite 

 
Groundmass  Small plagioclase crystals, fresh 

 Glass, partially altered to hematite 
 

Repl. mineral 
abundances           

Calcite – common 
Hematite – common   
Titanite – rare  

  
Patches / Veins? Chlorite  calcite 

 
LHD-13/1481 m (672 m bsl): Altered tuff 
Cutting 
description 

Medium chips, mix of light greenish grey and grey-colored tuff 

Texture                         Hard to recognise 
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I.A                                  ~0.8 
Fragment                Broken plagioclase crystals, 0.3 mm long, partially altered to illite or totally to wairakite 

or adularia 

 Primary mineral altered to epidote 

 Altered rocks: 
a) Tuff, angular, diameter 0.3 – 0.8 mm, mainly composed of  plagioclase and glass, some 

are rich in titanite, others are rich in microcrystalline quartz 
b) Coarse-grained lava: plagioclase fresh or partly altered to quartz and titanite 
c) Oxidized lava, red-colored, trace of flow texture is observable 
d) Pumice with glasss devitrivied, cavities filled by titanite and epidote 
 

Matrix  Very small crystals 
 

Dispersed 
mineral 

Leucoxene 
 

Repl. mineral 
abundance           

Epidote – common 
Titanite – common  
Quartz/micro-crystalline quartz – common 
Wairakite – common 
Adularia – rare 
Illite – rare 
 

Space fill  Microcrystalline quartz  calcite 

 Epidote  calcite 

 
LHD-13/1490 m (681 m bsl): Altered tuff 
Cutting 
description 

Small chips, grey-colored tuff  

Texture                         Hard to recognise 
I.A                                  ~0.8 
Composition               Broken plagioclase crystals, partially altered to epidote 

 Primary mineral (?) completely altered to epidote 

 Microcrystalline quartz 
Dispersed 
mineral 

Leucoxene 

Repl. mineral 
abundance           

Micro-crystalline quartz - abundant 
Epidote – common 

 

LHD-13/1925 m (1166 m bsl): Altered tuff  
Cutting 
description 

Small chips, light green and dull white-colored altered tuff  

Texture                         Fragmental 
I.A                                  ~ 0.5 
Fragments               Broken plagioclase crystals (predominant), partially altered to epidote 

 
Matrix Small crystals 

Glass, partially altered to hematite 
 

Dispersed 
mineral 

Leucoxene – common  

  
Repl. mineral 
abundances           

Epidote – common 
Hematite, abundant 
 

Space fill Microcrystalline quartz 
 

 
LHD-13/1967 m (1158 m bsl): Altered lava 
Cutting 
description 

Small chips, grey, altered andesite 

Texture                         Flow 
I.A                                  ~ 0.5 
Phenocrysts                 Plagioclase (predominant), fresh or altered to incipient epidote, or to calcite  and illite 

from the cracks, or to calcite and incipient epidote 
 

Groundmass  Small plagioclase crystals, some are altered to epidote, or to microcrystalline quartz 

 Glass, partially altered to hematite 
Dispersed Titanite – common  
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mineral 
  
Repl. mineral 
abundances           

Microcrystalline quartz – abundant  
Hematite – common  
Calcite – common  
Incipient epidote – common 
Illite - rare 

 

LHD-13/2093 m (1284 m bsl): Altered lava 
Cutting 
description 

Small chips, dark grey andesite 

Texture                         Flow 
I.A                                  ~0.9 
Phenocrysts                 Plagioclase inter-growing with pyroxene, relatively fresh or partially altered to illite 

 
Groundmass  Small plagioclase crystals 

 Glass, altered to hematite 
  
Repl. mineral 
abundances           

Illite – common  
Hematite – abundant 
 

Space fills Hematite (patches) 
Chlorite (vesicles) 

 

LHD-13/2500 m (1691 m bsl): Altered rhyolithic tuff 
Core 
description 

The altered rhyolithic tuff, light greenish grey, contains altered andesite lava and pumice 
fragments (up to 5 cm), cut by vein of calcite (0.2 mm wide)  
 

Vein orientation 5
o
 

Texture                         Fragmental 
I.A                                  0.6 
Fragments                   Plagioclase (predominant) angular, 0.2 – 2 mm, altered to secondary albite, or to calcite + 

chlorite + titanite + leucoxene. 

 Primary quartz (common), embayed, 0.15 mm. 

 Primary apatite (rare), unaltered 

 Pyroxene, completely altered to chlorite 

 Rock fragments (abundant), angular, : 
a) Andesite lava 1.5 – 2 mm composed of plagioclase, fresh or partially altered to calcite or 

chlorite; pyrite, leucoxene and titanite are dispersed. 
b) Tuff,1.5 mm, plagioclase partially altered to epidote or chlorite + epidote, matrix composed 

of small crystals, pyrite is dispersed 
 

Matrix  Small plagioclase crystals, fresh or altered to micro-crystalline quartz. 

 Chlorite. 
 

Dispersed 
minerals 

Pyrite – common 
Leucoxene – common 
Titanite – common 
 

Repl. mineral 
abundances                    

Chlorite – abundant 
Micro-crystalline quartz 
Calcite – common 
Epidote – common (but only in altered tuff fragments) 
Albite – rare 
 

Veins (2 mm): (actinolite)  calcite  
 

Patches Micro-crystalline quartz. 
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Appendix C: X-Ray Diffractometry (XRD)  
 
C.1.A. Surface rocks – bulk rock analysis 
Scanning parameters: 

Start – end: 0 – 62
o 
2 Speed: 2

o
/min Time/Step: 0.01

o
 Wavelength: 1.5418Å(Cu)  

 

Sample Code Description o
2 d (Å) I Mineral name 

PF-1S  White sheaves deposited around gas 
vent (Pine forest, Lahendong  thermal 
area) 6.59 13.41 42 

 
Alunogen 

  13.20 6.71 6 Alunogen 
  19.80 4.48 100 Alunogen 
PF-1B White soft mud pool deposit  (Pine forest, 

Lahendong thermal area) 29.57 3.02 22 Alunite 

  30.92 2.89 8 Alunite 

  39.80 2.27 6 Alunite 

ATD-1 Altered lava (Tondangow thermal area) 21.90 4.06 100 Cristobalite 

  28.26 3.15 9 Cristobalite 

  31.38 2.85 11 Cristobalite 

  20.80 4.27 6 Feldspar 

  25.22 3.53 7 Feldspar 

  26.59 3.35 12 Quartz 

  35.99 2.50 13 Hematite 

LIN-1 White sheaves deposited around gas 
vent 
(Linau thermal area) 6.63 13.54 46 Alunogen 

  13.10 6.76 6 Alunogen 

  19.73 4.50 100 Alunogen 

ALM-1 Altered tuff (Leilem thermal area) 21.70 4.10 96 Cristobalite 

  21.96 4.05 100 Cristobalite 

  28.48 3.14 23 Cristobalite 

  31.46 2.84 21 Cristobalite 

  20.60 4.31 79 Quartz 

  26.64 3.35 57 Quartz 

  23.32 3.81 53 Feldspar 

  25.30 3.52 27 Feldspar 

  27.46 3.25 25 Feldspar 

  30.04 2.98 27 Feldspar 

KSR-2 Altered lava (Kasuratan thermal area) 21.87 4.06 100 Cristobalite 

  28.36 3.15 12 Cristobalite 

  31.24 2.86 11 Cristobalite 

  35.96 2.50 17 Hematite 

  53.78 1.70 5 Hematite 
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C.1.B. Surface rocks – clay identification 
Scanning parameters: 

Start – end: 2
 
– 32

o 
2 Speed: 2

o
/min (air-dried and heated); 1

o
/min (glycol solvated) 

Time/Step: 0.01
o
 Wavelength: 1.5418Å (Cu)  

 
Sample code Air-dried Glycol solvated Heated 550 

o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I   

MV  (mud volcano 12.29 7.2 14 12.38 7.15 100 collapsed Kaolinite 

deposit, LHD 24.80 3.59 11 24.89 3.58 17 collapsed Kaolinite 

thermal area)         

         

PF-1 (white  12.28 7.21 11 12.30 7.20 11 collapsed Kaolinite 

mud pool dep. 24.74 3.6 10 24.74 3.60 14 collapsed Kaolinite 

LHD thermal 
area)       

  

         

PF-2 (white  12.30 7.2 100 12.32 7.18 100 collapsed Kaolinite 

mud pool dep. 24.82 3.59 62 24.85 3.58 67 collapsed Kaolinite 

LHD thermal 
area)       

  

         

PF-8 (black mud  12.28 7.21 100 12.34 7.17 100 collapsed Kaolinite 

pool dep. LHD 24.80 3.59 70 24.86 3.58 71 collapsed Kaolinite 

thermal area)         

 

 
B.2. Subsurface rocks – clay identification 
Scanning parameters: 

Start – end: 2
 
– 32

o 
2 Speed: 2

o
/min (air-dried and heated); 1

o
/min (glycol solvated) 

Time/Step: 0.01
o
 Wavelength: 1.5418Å (Cu)  

 
LHD-1 

Depth 
(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

117 5.88 15.03 41 5.22 16.93 80 collapsed Smectite  

 unseen 10.42 8.49 5 collapsed Smectite  

 unseen 15.68 5.65 4 collapsed Smectite  

 unseen 26.18 3.4 7 collapsed Smectite  

         

159 5.84 15.13 100 5.27 16.76 100 collapsed Smectite  

 unseen 10.58 8.36 7 collapsed Smectite  

 unseen 26.58 3.35 6 collapsed Smectite  

         

250 5.86 15.08 100 5.27 16.76 100 collapsed Smectite  

 unseen 10.50 8.43 8 collapsed Smectite  

         

373 5.90 14.98 100 5.26 16.80 100 collapsed Smectite ? 

 12.49 7.13 16 12.38 7.15 12 collapsed Chlorite-A ? 

           

400 6.20 14.30 76 6.24 14.17 74 6.16 14.35 86 Chlorite-B 

 12.46 7.10 100 12.49 7.09 100 12.12 7.30 14 Chlorite-B 

 18.72 4.47 34 18.76 4.73 33 17.86 4.97 32 Chlorite-B 

 25.10 3.54 54 25.18 3.54 56 25.52 3.49 35 Chlorite-B 

 8.44 10.48 89 9.00 9.83 76 8.90 9.94 100 Illite 

 17.62 5.03 32 17.52 5.06 30 8.90 9.94 100 Illite 

           

463 6.24 14.16 51 6.18 14.30 49 6.38 13.85 100 Chlorite-B 

 12.46 7.10 100 12.50 7.08 100 12.18 7.27 12 Chlorite-B 

 18.74 4.74 24 18.82 4.72 27 18.04 4.92 17 Chlorite-B 
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 8.68 10.19 20 8.90 9.94 24 8.86 9.98 29 Illite 

 17.96 4.94 14 17.74 5.00 14 17.74 5.00 14 Illite 

 26.66 3.34 41 26.70 3.34 45 26.66 3.34 45 Illite 

           

478 6.16 14.35 95 6.12 14.44 78 collapsed Chlorite-A 

 12.38 7.15 100 12.46 7.10 60 collapsed Chlorite-A 

 18.64 4.76 47 18.76 4.73 42 collapsed Chlorite-A 

           

530 5.90 14.98 100 5.26 16.80 100 collapsed Chlorite-A 

 12.30 7.20 17 12.30 7.20 11 collapsed Chlorite-A 

           

545 5.86 15.08 100 5.26 16.80 100 collapsed Smectite ? 

           

650 6.20 14.26 53 6.22 14.21 55 collapsed Chlorite-A 

 12.47 7.10 100 12.47 7.10 100 collapsed Chlorite-A 

 18.72 4.74 25 18.76 4.73 28 collapsed Chlorite-A 

 25.10 3.55 45 25.12 3.55 46 collapsed Chlorite-A 

           

801 6.24 14.16 44 6.28 14.07 34 6.32 13.99 50 Chlorite-A 

 12.48 7.09 66 12.49 7.01 54 12.08 7.32 4 Chlorite-A 

 18.74 4.74 24 18.80 4.72 19 18.32 4.84 7 Chlorite-A 

 8.14 10.86 81 9.44 9.34 33 8.44 10.48 36 Illite 

 17.70 5.01 25 17.08 5.19 17 17.66 5.02 9 Illite 

 27.38 3.26 34 26.69 3.34 61 26.66 3.34 30 Illite 

           

902 6.20 14.26 35 6.12 14.44 44 collapsed Chlorite-A 

 12.44 7.12 44 12.44 7.12 54 collapsed Chlorite-A 

 18.70 4.75 9 18.70 4.75 28 collapsed Chlorite-A 

 25.00 35.56 20 25.14 3.54 47 collapsed Chlorite-A 

           

1552 6.10 14.49 100 6.02 14.68 69 collapsed Chlorite-A 

 12.30 7.20 63 12.36 7.16 50 collapsed Chlorite-A 

 18.60 4.77 31 18.68 4.75 28 collapsed Chlorite-A 

 24.96 3.57 42 25.06 3.55 46 collapsed Chlorite-A 

           

1650 6.18 14.30 83 6.16 14.34 87 collapsed Chlorite-A 

 12.44 7.12 100 12.46 7.10 100 collapsed Chlorite-A 

 18.70 4.75 33 18.74 4.73 42 collapsed Chlorite-A 

 25.06 3.55 54 25.14 3.54 76 collapsed Chlorite-A 

           

1750 6.12 14.44 100 5.96 14.83 100 collapsed Chlorite-A 

 12.40 7.14 55 12.44 7.12 41 collapsed Chlorite-A 

 18.64 4.76 24 18.66 4.76 23 collapsed Chlorite-A 

 25.06 3.55 30 25.14 3.54 40 collapsed Chlorite-A 

           

1850 6.21 14.22 57 6.21 14.22 63 collapsed Chlorite-A 

 12.45 7.11 100 12.47 7.10 100 collapsed Chlorite-A 

 18.72 4.74 26 18.74 4.74 27 collapsed Chlorite-A 

 25.08 3.55 41 25.14 3.54 50 collapsed Chlorite-A 

           

2200 6.20 14.26 62 6.02 14.68 60 collapsed Chlorite-A 

 12.48 7.09 43 12.44 7.12 49 collapsed Chlorite-A 

 25.12 3.55 67 25.12 3.55 76 collapsed Chlorite-A 
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LHD-3 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

60 5.78 15.29 40 5.24 16.86 51 collapsed Smectite ? 

           

141 5.68 15.56 44 5.12 17.27 100 collapsed Smectite ? 

           

700 6.42 13.77 14 6.21 14.22 20 collapsed Chlorite-A 

 18.88 4.70 16 18.76 4.73 14 collapsed Chlorite-A 

 8.72 10.14 9 8.26 10.70 8 collapsed Chlorite-A 

           

1201 6.20 14.25 55 6.22 14.21 57 collapsed Chlorite-A 

 12.48 7.09 100 12.46 7.11 100 collapsed Chlorite-A 

 18.64 4.76 22 18.74 4.74 22 collapsed Chlorite-A 

 8.74 10.12 41 8.88 9.96 40 8.78 10.07 56 Illite 

 17.62 5.03 12 17.72 5.01 12 17.70 5.01 22 Illite 

 26.68 3.34 28 26.68 3.34 37 26.69 3.34 64 Illite 

 

LHD-4 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

127 5.74 15.40 95 5.15 17.17 100 collapsed Smectite ? 

           

225 5.86 15.08 100 5.28 16.74 100 collapsed Smectite ? 

           

375 5.92 14.93 100 5.24 16.86 100 collapsed Smectite ? 

           

557 8.90 9.94 85 8.94 9.89 100 8.85 9.99 100 Illite 
 17.86 4.97 28 17.82 4.98 18 17.74 5.00 25 Illite 
 26.98 3.31 57 26.89 3.32 86 26.76 3.33 65 Illite 
           

582 6.32 13.99 18 6.48 13.64 31 collapsed Chlorite-A ? 

 12.42 7.13 15 12.30 7.20 14 collapsed Chlorite-A ? 

 8.82 10.03 100 8.90 9.94 100 8.86 9.98 100 Illite 
 17.78 4.99 31 17.74 5.00 22 17.82 4.98 21 Illite 
 19.60 4.53 20 19.60 4.53 21 19.86 4.47 11 Illite 
 26.68 3.34 44 26.86 3.32 67 26.96 3.31 48 Illite 
           

652 5.9 14.98 100 5.25 16.84 100 collapsed Smectite ? 

           

785 2.80 31.55 88 2.84 31.11 100 collapsed Chlorite-A 

 5.96 14.83 88 5.26 16.80 92 collapsed Chlorite-A 

 12.18 7.27 18 11.50 7.70 15 collapsed Chlorite-A 

           

957 5.76 15.34 53 5.06 17.46 40 collapsed Smectite ? 

 12.28 7.21 33 12.08 7.36 18 collapsed Chlorite-A ? 

           

1002 6.22 14.21 70 6.26 14.12 80 6.40 13.81 100 Chlorite-B ? 

 12.46 7.10 100 12.51 7.08 100 12.58 7.04 6 Chlorite-A  

 18.72 4.74 29 18.82 4.72 30 18.00 4.93 7 Chlorite-A  

 25.01 3.55 47 25.19 3.53 53 25.54 3.49 11 Chlorite-A  

           

1059 5.90 15.00 100 5.26 16.79 100 collapsed Smectite ? 

           

1350 6.22 14.02 73 6.20 14.26 84 collapsed Chlorite-A 

 12.46 7.10 71 12.42 7.13 80 collapsed Chlorite-A 
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 18.82 4.72 36 18.70 4.75 38 collapsed Chlorite-A 

 25.18 3.54 54 25.20 3.53 59 collapsed Chlorite-A 

           

1356 6.20 14.26 76 6.16 14.25 74 collapsed Chlorite-A 

 12.44 7.12 100 12.43 7.12 100 collapsed Chlorite-A 

 18.72 4.74 35 18.78 4.73 40 collapsed Chlorite-A 

 25.12 3.55 48 25.12 3.55 58 collapsed Chlorite-A 

 8.74 10.12 18 8.80 10.05 20 8.78 10.07 21 Illite 
 26.64 3.35 36 26.64 3.35 42 26.64 3.35 35 Illite 
           

1599 6.22 14.21 63 6.24 14.17 69 6.06 14.58 100 Chlorite-B 

 12.47 7.10 100 12.48 7.09 100 12.12 7.30 25 Chlorite-B 

 18.76 4.73 41 18.78 4.73 42 18.74 4.73 26 Chlorite-B 

 25.12 3.55 69 25.14 3.54 71 25.10 3.55 65 Chlorite-B 

 31.54 2.84 35 31.50 2.84 31 31.08 2.88 30 Chlorite-B 

           

1600 6.24 14.10 61 6.26 14.12 59 6.18 14.30 86 Chlorite-B 

 12.49 7.09 100 12.5 7.07 100 12.14 7.29 14 Chlorite-B 

 18.78 4.73 34 18.82 4.72 37 18.90 4.70 23 Chlorite-B 

           

1647 6.24 14.16 56 6.24 14.16 48 collapsed Chlorite-A 

 12.49 7.09 96 12.49 7.09 79 collapsed Chlorite-A 

 18.76 4.73 54 18.76 4.73 45 collapsed Chlorite-A 

           

1752 6.24 14.16 51 6.22 14.21 54 collapsed Chlorite-A 

 12.48 7.09 94 12.48 7.09 100 collapsed Chlorite-A 

 18.76 4.73 31 18.78 4.73 34 collapsed Chlorite-A 

 25.08 3.55 55 25.14 3.54 58 collapsed Chlorite-A 

 31.70 2.82 35 31.56 2.84 22 collapsed Chlorite-A 

 8.80 10.05 93 8.83 10.01 99 8.82 10.03 100 Illite 
 17.74 5.00 27 17.66 5.02 25 17.74 5.00 31 Illite 
 26.84 3.32 62 26.82 3.32 62 26.72 3.34 74 Illite 
           

1812 6.22 14.21 73 6.22 14.21 72 collapsed Chlorite-A 

 12.45 7.11 100 12.47 7.10 100 collapsed Chlorite-A 

 18.76 4.73 45 18.74 4.74 47 collapsed Chlorite-A 

 25.10 3.55 69 25.10 3.55 72 collapsed Chlorite-A 

           

2305 6.26 14.12 63 6.24 14.16 64 6.28 14.07 100 Chlorite-B 

 12.49 7.09 100 12.49 7.08 100 12.30 7.12 14 Chlorite-B 

 18.78 4.72 35 18.80 4.72 37 18.70 4.75 12 Chlorite-B 

 25.12 3.55 63 25.16 3.54 71 25.08 3.55 20 Chlorite-B 
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LHD-5 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

51 6.20 14.26 69 5.06 17.46 100 collapsed Smectite ? 

           

141 5.94 14.88 100 5.26 16.80 100 collapsed Smectite ? 

           

381 6.28 14.07 32 6.30 14.03 28 6.34 13.94 59 Chlorite-B ? 

 12.44 7.12 22 12.44 7.12 10 collapsed Chlorite-A  

 18.78 4.73 10 18.72 4.74 5 collapsed Chlorite-A  

 25.04 3.56 15 25.10 3.55 7 collapsed Chlorite-A 

           

594 5.90 14.98 82 5.30 16.67 100 collapsed Smectite ? 

 6.12 14.44 72 6.14 14.39 63 collapsed Chlorite-A  

 12.42 7.12 58 12.46 7.10 68 collapsed Chlorite-A 

 18.66 4.76 27 18.78 4.73 36 collapsed Chlorite-A 

 25.00 3.56 43 25.18 3.54 53 collapsed Chlorite-A 

           

651 6.10 14.49 56 6.30 14.03 99 6.30 14.03 100 Chlorite-B 

 12.42 7.13 75 12.30 7.20 14 12.50 7.08 10 Chlorite-B 

 24.67 3.61 100 25.12 3.54 38 24.72 3.60 59 Chlorite-B 

 8.62 10.26 17 8.56 10.33 23 8.84 10.03 32 Illite 
 18.74 4.74 10 17.56 5.05 20 18.10 4.90 8 Illite 
 26.62 3.35 20 26.68 3.34 41 26.68 3.34 20 Illite 
           

900 12.38 7.15 43 12.44 7.12 37 collapsed Chlorite-A ? 

 18.42 4.82 32 18.62 4.77 37 collapsed Chlorite-A ? 

 
6.14 14.39 100 5.70 15.50 100 

 
collapsed 

Chl/Sme  
(60% Chlo) 

 
11.62 7.62 48 11.64 7.60 54 

 
collapsed 

Chl/Sme  
(60% Chlo) 

           

1101 6.10 14.49 100 5.67 15.58 100 collapsed Chlorite-A  

 12.28 7.21 26 12.44 7.12 21 collapsed Chlorite-A  

 18.28 4.85 10 18.94 4.67 22 collapsed Chlorite-A  

 26.70 3.39 8 26.68 3.34 9 collapsed Chlorite-A  

 8.80 10.05 33 8.86 9.98 33 8.68 10.19 33 Illite 
 26.68 3.34 54 26.64 3.35 55 26.66 3.34 50 Illite 
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LHD-6 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

503 5.88 15.03 39 5.18 17.06 66 collapsed Smectite ? 

           

586 5.70 15.50 42 5.20 16.99 68 collapsed Smectite ? 

           

607 5.90 14.98 40 5.02 17.60 64 collapsed Smectite ? 

           

631 5.82 15.19 57 5.16 17.13 77 collapsed Smectite ? 

           

820 No clay 

           

850 5.70 15.50 58 5.12 17.26 96 collapsed Smectite ? 

           

898 5.98 14.78 39 5.18 17.06 60 collapsed Smectite ? 

           

928 5.82 15.19 99 5.24 16.86 100 collapsed Smectite ? 

           

1003 5.92 14.93 100 5.28 16.74 100 collapsed Smectite ? 

           

1087 5.86 15.08 100 5.28 16.74 100 collapsed Smectite ? 

           

1240 5.82 15.19 100 5.82 15.19 100 collapsed Smectite ? 

           

1351 5.90 14.98 100 5.24 16.86 100 collapsed Smectite ? 

           

1402 5.90 14.98 100 5.28 16.74 100 collapsed Smectite ? 

           

1500 5.88 15.03 100 5.26 16.80 100 collapsed Smectite ? 

           

1603 5.84 15.13 100 5.84 15.13 100 collapsed Smectite ? 

           

1651 5.90 14.98 100 5.26 16.80 100 collapsed Smectite ? 

           

1750 5.86 15.08 100 5.86 15.08 100 collapsed Smectite ? 

           

1897 6.14 14.39 100 5.28 14.74 100 collapsed Smectite 

 12.42 7.13 44 12.46 7.10 31 collapsed Smectite 

 18.66 4.76 15 18.72 4.74 13 collapsed Smectite 

 24.96 3.57 22 25.20 3.53 25 collapsed Smectite 

           

2047 6.22 14.21 79 6.18 14.30 86 collapsed Chlorite-A 

 12.45 7.11 100 12.44 7.12 99 collapsed Chlorite-A 

 18.72 4.74 29 18.76 4.73 35 collapsed Chlorite-A 

 25.10 3.55 45 25.12 3.55 64 collapsed Chlorite-A 

 8.66 10.21 22 8.96 9.87 30 8.72 10.14 31 Illite 
 17.76 4.99 16 17.66 5.02 18 17.74 5.00 20 Illite 
 26.66 3.34 30 26.70 3.34 49 26.68 3.34 35 Illite 
           

2146 6.22 14.21 59 6.18 14.30 55 collapsed Chlorite-A 

 12.44 7.12 67 12.46 7.10 62 collapsed Chlorite-A 

 18.76 4.73 34 18.82 4.72 36 collapsed Chlorite-A 

 25.10 3.55 54 25.20 3.53 62 collapsed Chlorite-A 
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LHD-7 
Depth (m) Air-dried Glycol solvated Heated 550 

o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

177 5.86 15.08 100 5.28 16.74 100 collapsed Smectite ? 

         

255 5.82 15.19 100 5.20 16.99 100 collapsed Smectite ? 

         

349 5.48 16.13 100 5.12 17.26 100 collapsed Smectite ? 

         

450 5.88 15.03 100 5.16 17.03 100 collapsed Smectite ? 

         

507 5.44 16.25 100 5.10 17.33 100 collapsed Smectite ? 

         

651 5.98 14.78 84 5.16 17.13 100 collapsed Smectite ? 

726 5.80 15.24 47 5.06 17.46 75 collapsed Smectite ? 

         

902 5.90 15.00 100 5.33 16.60 100 collapsed Smectite ? 

 

LHD-8 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

141 5.98 14.78 100 5.26 16.80 100 collapsed Smectite ? 

           

200 5.90 14.98 100 5.26 16.80 100 collapsed Smectite ? 

           

450 5.92 14.90 100 5.28 16.70 100 collapsed Smectite ? 

           

547 6.08 14.50 100 5.20 16.99 100 collapsed Smectite ? 

 19.56 4.50 13 19.60 4.53 10 collapsed Smectite ? 

           

610 5.86 15.08 100 5.10 17.33 100 collapsed Smectite ? 

 19.66 4.52 8 15.67 5.67 5 collapsed Smectite ? 

           

852 5.92 14.93 100 5.28 16.74 100 collapsed Smectite ? 

           

1122 No clay 

           

1178 5.86 15.08 100 5.24 16.86 100 collapsed Smectite ? 

           

1197 6.22 14.20 40 6.28 14.07 50 collapsed Chlorite-A 

 12.49 7.09 57 12.50 7.08 74 collapsed Chlorite-A 

 18.80 4.73 16 18.78 4.73 25 collapsed Chlorite-A 

 25.08 3.55 27 25.18 3.54 42 collapsed Chlorite-A 

           

1296 6.24 14.16 46 6.26 14.20 60 collapsed Chlorite-A 

 12.50 7.08 84 12.50 7.08 100 collapsed Chlorite-A 

 18.80 4.72 20 18.82 4.72 28 collapsed Chlorite-A 

 25.12 3.55 41 25.18 3.54 47 collapsed Chlorite-A 

 8.80 10.05 76 8.92 9.91 87 8.80 10.05 66 Illite 
 17.74 5.00 24 17.78 4.99 26 17.84 4.97 22 Illite 
 26.88 3.32 42 26.78 3.33 58 26.76 3.31 46 Illite 
           

1505 6.22 14.21 64 6.24 14.16 73 collapsed Chlorite-A 

 12.47 7.10 100 12.49 5.94 100 collapsed Chlorite-A 

 18.68 4.75 44 18.78 4.73 54 collapsed Chlorite-A 

 25.12 3.55 72 25.16 3.54 87 collapsed Chlorite-A 

 31.46 2.84 34 31.62 2.83 42 collapsed Chlorite-A 
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LHD-10 

Depth 
(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

624 5.29 14.93 100 5.28 16.74 100 collapsed Smectite ? 

           

735 6.32 13.99 78 5.24 16.86 100 collapsed Smectite ? 

           

993 6.10 14.49 100 5.26 16.79 100 collapsed Smectite ? 

           

1164 6.22 14.21 89 6.14 14.39 99 collapsed Chlorite-A 

 12.44 7.11 100 12.44 7.12 100 collapsed Chlorite-A 

 18.72 4.74 29 18.66 4.76 29 collapsed Chlorite-A 

 8.78 10.07 11 8.94 9.89 13 8.84 10.00 11 Illite ? 

 26.70 3.30 12 26.66 3.34 17 26.72 3.34 8 Illite ? 

           

 6.16 14.35 78 16.12 14.44 72 collapsed Chlorite-A 

 12.42 7.13 76 12.44 7.12 68 collapsed Chlorite-A 

 18.70 4.75 23 18.80 4.72 22 collapsed Chlorite-A 

 8.54 10.35 26 8.86 9.98 24 8.86 9.98 29 Illite ? 
 26.66 3.34 24 26.68 3.34 38 26.66 3.34 26 Illite ? 
           

1200 5.29 14.93 100 5.28 16.73 100 collapsed Smectite ? 

           

1335 6.21 14.24 60 6.20 14.26 64 collapsed Chlorite-A 

 12.46 7.10 100 12.46 7.10 100 collapsed Chlorite-A 

 18.74 4.74 25 18.78 4.73 28 collapsed Chlorite-A 

 25.10 3.55 44 25.15 3.54 53 collapsed Chlorite-A 

 31.48 2.84 10 31.38 2.83 13 collapsed Chlorite-A 

 8.36 10.58 17 8.90 9.94 16 8.76 10.09 17 Illite 
 17.70 5.01 6 17.28 5.13 7 17.70 5.01 6 Illite 
 26.96 3.31 10 26.68 3.34 18 26.72 3.34 14 Illite 
           

1701 6.14 14.39 59 6.06 14.58 6.14 collapsed Chlorite-A 

 12.40 7.14 58 12.48 7.09 12.40 collapsed Chlorite-A 

 18.62 4.77 40 18.82 4.72 18.62 collapsed Chlorite-A 

 25.10 3.55 51 25.20 3.53 25.10 collapsed Chlorite-A 

           

2365 6.24 14.16 57 6.26 14.12 51 collapsed Chlorite-A 

 12.48 7.09 85 12.5 7.08 84 collapsed Chlorite-A 

 18.78 4.73 41 18.82 4.72 35 collapsed Chlorite-A 

 31.62 2.83 43 25.18 3.54 38 collapsed Chlorite-A 

 8.68 10.19 16 8.78 10.07 20 8.82 10.03 20 Illite ? 
 26.66 3.34 100 26.68 3.34 100 26.62 3.35 100 Illite ? 
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LHD-13 
Depth 

(m) 

Air-dried Glycol solvated Heated 550 
o
C Clay name 

 o
2 d (Å) I o

2 d (Å) I o
2 d (Å) I  

105 5.84 15.13 100 5.22 16.93 100 collapsed Smectite ? 

 12.48 7.09 5 12.40 7.14 3 collapsed Chlorite-A ? 

           

145 5.86 15.08 100 5.16 17.13 100 collapsed Smectite ? 

 12.20 7.26 11 12.20 7.26 6 collapsed Chlorite-A 

 24.90 3.58 19 25.76 3.45 13 collapsed Chlorite-A 

           

273 5.86 15.08 100 5.22 16.92 100 collapsed Smectite ? 

           

348 6.22 14.21 60 6.28 14.07 42 collapsed Chlorite-A 

 12.48 7.09 31 12.50 7.08 25 collapsed Chlorite-A 

 18.78 4.73 7 18.72 4.74 7 collapsed Chlorite-A 

 17.54 5.06 17 17.12 5.18 9 17.88 4.96 23 Illite ? 

           

785 5.94 14.88 100 5.26 16.80 100 collapsed Smectite ? 

           

1481 6.24 14.16 57 6.20 14.26 60 collapsed Chlorite-A 

 12.47 7.10 100 12.48 7.09 100 collapsed Chlorite-A 

 18.74 25.14 29 18.78 4.72 31 collapsed Chlorite-A 

 31.56 2.84 16 31.56 2.84 17 collapsed Chlorite-A 

 8.88 9.96 29 8.88 9.96 36 8.80 10.05 26 Illite 
 17.76 4.99 9 17.82 4.98 11 17.64 5.03 9 Illite 
 26.70 3.34 22 26.68 3.34 28 26.68 3.34 13 Illite 
           

1490 12.46 7.10 8 12.52 7.07 8 12.54 7.07 8 Chlorite-B 

 25.10 3.55 6 25.20 3.53 7 25.20 3.53 7 Chlorite-B 

           

2500 6.24 14.16 56 6.25 14.13 59 collapsed Chlorite-A 

 12.50 7.08 100 12.51 7.08 100 collapsed Chlorite-A 

 18.78 4.73 27 18.81 4.72 29 collapsed Chlorite-A 

 25.14 3.54 48 25.17 3.54 49 collapsed Chlorite-A 

 31.54 2.84 13 31.64 2.83 13 collapsed Chlorite-A 

 8.88 9.96 8 8.96 9.87 8 8.88 9.96 13 Illite 
 26.58 3.35 10 26.78 3.33 12 24.82 3.59 10 Illite 
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APPENDIX D: Fluid Inclusion Microthermometry 
 

Introduction 
The doubly polished fluid inclusion plates were prepared using the method suggested by Shepherd et 
al. (1985) with modification. All the plates were kindly made by Mr. Andrés Arcilla - Geology 
Department UoA.  
 
Criteria for determining the fluid inclusion shape and origin, estimating the phase ratios, as well as the 
interpretation of the processes taking place after their entrapment are based on Roedder (1984), and 

Shepherd et al. (1985). The phase ratios were visually estimated, assuming that vol%  area%. The 
photomicrographs presented here were taken on transmitted light at room temperature.  
 
The fluid inclusion petrography and the plots of the fluid inclusions’ homogenization temperatures, ice 
melting temperatures and the apparent salinities are reported in Chapter Five, and not reproduced 
here.  
 

Homogenisation and ice melting temperatures (Th and Tm) measurements 
The plates containing measurable fluid inclusions were analysed on Fluid Inc. adapted USGS gas 
heating and freezing device connected to Leitz Labourlux

TM
 microscope. The plate was positioned in 

the insulated chamber, and in order to obtain reliable temperature measurements the distance 

between the inclusions and the thermocouple was made  4 mm. 
 
Homogenisation temperatures (Th) for liquid-rich inclusions were measured by heating the fluid 
inclusions slowly until the vapor bubbles disappeared. True Th values were reached if the bubbles re-
nucleated instantly upon cooling. The precision of the Th measurement was 1

o
C.  

 
Ice melting temperatures (Tm) were measured by supercooling the fluid inclusions to form ice (at about 
-40

o
C) using N2 gas; and then heat them slowly until the last ice melted. The morphology of the vapor 

bubbles was observed. True Tm values were attained when the recovered bubbles gained their original 
size and shape. The precision of the Tm measurement was 0.1

o
C.   

 

Apparent fluid salinity estimation 
Apparent fluid salinity was estimated by using the formula of Potter et al. (1978). Their formula 
assumes that dissolved solutes controlling the freezing temperature are entirely Na

+
 and Cl

-
 

 

Ws = (1.76958) – (4.2384 X 10
-2

 
-2

) + (5.2778 X 10
-4

 
3
)    0.028 

Where Ws = weight% (equivalent) of NaCl in solution; and  = 0 - Tm 
 

Abbreviations 
Origin  : P = primary; PS = pseudosecondary; S = secondary; U = unknown 
Shape  : E = elongate; F = flat; I = irregular; O = oblate; M = multi-facet; N = negative crystal 
Fluid phase : L = liquid; V = vapor 
Others  : n.m = not measurable; n.a = not applicable 
  

Results 
 

            LHD-1/900 m: Segmental vein of calcite ± quartz (Stage 31) 
 

A. Host: Calcite 

No Origin Shape Th (
o
C) Tm (

o
C) App. Salinity* 

1 P E 257.3 -0.1 0.18 

2 P E 255.4 -0.1 0.18 

3 P O 260.1 -0.2 0.35 

4 P E 261.3 -0.1 0.18 

5 P O 252.5 -0.3 0.53 

6 P O 247.9 -0.3 0.53 

7 P E 262.1 -0.4 0.70 

8 PS O 258.7 n.m n.a 

9 PS O 257.7 n.m n.a 

10 PS O 260.0 n.m n.a 
11 PS O 260.0 n.m n.a 



391 
 

B. Host: Quartz 

No Origin Shape Th (
o
C) Tm (

o
C) Apparent Salinity* 

1 P O 255.4 -0.1 0.18 

2 P O 254.7 -0.1 0.18 

3 P E 255.5 -0.1 0.18 

4 P O 260.0 -0.2 0.35 

5 P O 260.0 -0.2 0.35 

6 P MF 264.6 -0.3 0.53 

7 P E 254.2 -0.1 0.18 

8 P E 255.0 -0.1 0.18 

9 P E 255.0 -0.1 0.18 

10 P O 256.1 -0.1 0.18 

*)  0.028 wt% NaCl  
 

 LHD-1/1450 m: Mirror vein of wairakite → quartz 

 
Host: Quartz (Stage 51) 

No Origin Shape Th (
o
C) Tm (

o
C) Apparent  Salinity* 

1 P Flat 246.9 -0.6 1.05 

2 P Flat 246.9 -0.6 1.05 
3 P O 246.7 -0.6 1.05 
4 P O 234.1 -0.6 1.05 
5 P O 259.3 -0.7 1.22 

6 P O 269.2 -0.6 1.05 

7 P O 257.2 -0.7 1.22 

8 P N 240.8 -0.5 0.87 

9 P O 259.5 -0.6 1.05 

10 P O 264.0 -0.7 1.22 

11 P O 265.8 -0.8 1.39 

12 P O 265.8 -0.8 1.39 
13 P O 264.0 -0.8 1.39 

*)  0.028 wt% NaCl  
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LHD-5/750 m: Mirror vein of chlorite →calcite-1→chlorite→calcite-2→  botyroidal chalcedony 
 

Host: Calcite-1 (Stage 25 - 35)     
No Origin Shape Th (

o
C) Tm (

o
C) Apparent Salinity* 

1 P M 264.5 -1.5 2.56 

2 P M 264.8 -1.5 2.56 
3 P M 265.0 -1.5 2.56 
4 U E 264.4 -1.3 2.23 

5 U E 259.7 -1.2 2.06 

6 U E 258.3 -1.2 2.06 
7 U O 255.1 -1.2 2.06 
8 U O 255.1 -1.2 2.06 
9 U O 255.1 -1.2 2.06 

 
Host: Calcite-2 (Stage 45) 

No Origin Shape Th (
o
C) Tm (

o
C) Apparent Salinity* 

1 P O 244.1 n.m n.a 

2 P O 245.6 n.m n.a 

3 P O 245.6 n.m n.a 

4 P O 246.1 n.m n.a 

5 P O 247.2 n.m n.a 

*)  0.028 wt% NaCl 
 

     LHD-5/900 m: Vein of euhedral quartz crystals 
     

No Origin Shape Th (
o
C) Tm (

o
C) Apparent Salinity*) 

1 P F 226.5 -0.1 0.18 

2 P F 226.5 -0.1 0.18 

3 P E 234.4 -0.1 0.18 

4 P E 237.8 -0.1 0.18 

5 P O 240.0 -0.1 0.18 

6 P O 240.6 -0.1 0.18 

7 P N 240.8 -0.1 0.18 

8 P O 245.2 -0.2 0.35 

9 P E 246.7 -0.2 0.35 

10 P E 246.9 -0.2 0.35 

11 P E 246.9 -0.1 0.18 

12 P O 253.7 -0.2 0.35 

13 P O 257.2 -0.2 0.35 

14 P N 259.3 -0.2 0.35 

15 P N 259.5 -0.3 0.53 

16 P O 264.0 -0.5 0.87 

17 P O 264.0 -0.5 0.87 

18 P O 265.8 -0.6 1.05 

19 P O 265.8 -0.6 1.05 

20 P N 269.2 -0.6 1.05 

21 PS O 233.6 -0.1 0.18 

22 PS O 234.1 -0.1 0.18 

23 PS E 234.1 -0.1 0.18 

24 PS E 237.4 0.0 0.00 

25 PS F 238.7 -0.1 0.18 

26 PS F 238.7 -0.1 0.18 

*)  0.028 wt% NaCl 
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LHD-7/1568 m: Vein of calcite  quartz (Stage 37) 
 

Host: Calcite       
No Origin Shape Th (

o
C) Tm (

o
C) Apparent Salinity* 

1 P E 227.0 -0.1 0.18 

2 P E 227.0 -0.1 0.18 
3 P E 227.0 -0.1 0.18 
4 P E 227.0 -0.1 0.18 
5 P O 227.0 -0.1 0.18 
6 P O 227.0 -0.1 0.18 
7 P F 227.0 -0.1 0.18 
8 P O 229.0 -0.1 0.18 
9 P O 229.0 -0.1 0.18 
10 P O 229.0 -0.1 0.18 
11 P O 229.0 -0.1 0.18 
12 P O 229.0 -0.1 0.18 
13 P E 232.8 -0.2 0.35 

14 P E 235.0 -0.2 0.35 
15 P O 240.1 -0.2 0.35 
16 P O 240.5 -0.2 0.35 
17 P O 240.5 -0.1 0.18 
18 P O 240.5 -0.1 0.18 
19 P O 240.5 -0.2 0.35 
20 P O 240.5 -0.2 0.35 
21 P O 246.9 -0.2 0.35 
22 P O 246.9 -0.3 0.53 

23 P O 246.9 -0.4 0.70 

24 P O 260.8 -0.4 0.70 

25 P E 261.0 -0.4 0.70 
26 P E 261.0 -0.4 0.70 
27 P E 261.0 -0.3 0.53 
28 P E 262.0 -0.3 0.53 
29 P E 262.0 -0.3 0.53 
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  Host: Calcite (continued) 
No Origin Shape Th (

o
C) Tm (

o
C) Apparent Salinity* 

30 P E 262.8 -0.5 0.87 

31 P E 262.8 -0.5 0.87 
32 P E 262.8 -0.5 0.87 
33 P E 265.2 -0.5 0.87 
34 P E 265.2 -0.5 0.87 
35 P E 265.9 -0.5 0.87 
36 P E 268.8 -0.5 0.87 
37 P E 271.5 -0.8 1.39 

   
Host: Quartz 

No Origin Shape Th (
o
C) Tm (

o
C) Apparent Salinity* 

1 U N 240.0 -0.2 0.35 
2 U N 241.3 -0.2 0.35 
3 U O 235.0 -0.1 0.18 
4 U O 235.0 -0.1 0.18 
5 U E 237.1 -0.1 0.18 

*)  0.028 wt% NaCl 
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Appendix E: X-Ray Fluorescence (XRF) 
 
E.1. Major elements 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lab 
Code Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

LOI 
(%) Total 

    (m) 

POST-TONDANO 
ANDESITE % % % % % % % % % % %   % 

PW-13 LHD-1 300 Pyroxene andesite lava  58.46 16.38 7.54 0.14 3.17 6.76 3.24 1.38 0.75 0.16 1.16 0.72 99.86 

PW-5 LHD-4 350 Pyroxene andesite lava 58.50 16.13 7.36 0.15 3.23 6.91 3.15 1.27 0.70 0.14 0.81 1.12 99.47 

PW-7 LHD-5 500 Andesite lava  56.38 16.62 8.03 0.16 3.33 7.27 3.00 1.42 0.78 0.19 0.36 2.21 99.75 

PW-25 LHD-7 560 
Altered pyroxene andesite 
lava  58.92 16.65 7.07 0.13 2.78 6.81 3.38 1.43 0.72 0.16 0.50 0.76 99.31 

PW-34 LHD-7 902 Altr. Vesicular andesite lava 48.45 17.01 10.02 0.20 5.91 10.64 2.10 0.15 0.73 0.11 2.92 1.65 99.90 

      TONDANO RHYOLITE                           

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff  44.94 16.45 8.09 0.19 2.35 12.59 2.52 1.08 0.69 0.15 0.70 10.10 99.85 

PW-29 LHD-3 500 Altered volcanic breccia  59.36 16.06 6.81 0.11 2.19 5.70 3.55 1.34 0.72 0.15 2.30 0.98 99.26 

PW-4 LHD-3 700 Pumiceous rhyolitic lava  77.00 11.52 0.89 0.02 0.05 0.70 3.64 3.70 0.12 0.02 1.07 0.64 99.36 

PW-21 LHD-4 652 Altered tuff breccia  60.48 15.82 5.96 0.12 2.53 6.58 2.19 0.87 0.73 0.18 1.89 2.21 99.56 

PW-26 LHD-7 1754 Altered welded rhyolitic tuff 67.90 14.93 3.33 0.08 0.82 2.87 3.75 2.69 0.35 0.08 0.17 2.45 99.41 

PW-35 LHD-7 2052 Altered welded rhyolitic tuff 69.39 14.90 3.02 0.07 0.79 2.83 3.62 2.71 0.33 0.07 0.41 1.63 99.77 

      PRE-TONDANO ANDESITE                           

PW-1 LHD-1 650 Altered tuff  46.55 19.59 9.63 0.18 4.37 9.99 2.42 0.09 0.82 0.17 0.15 5.82 99.78 

PW-14 LHD-1 801 Altered tuff breccia  67.95 14.10 5.47 0.07 2.36 2.43 2.08 1.10 0.55 0.11 0.49 2.78 99.49 

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff  44.94 16.45 8.09 0.19 2.35 12.59 2.52 1.08 0.69 0.15 0.70 10.10 99.85 

PW-16 LHD-1 902 Altered tuff breccia  51.24 18.95 8.20 0.10 4.85 5.94 4.27 0.36 0.68 0.10 0.42 3.61 98.72 

PW-2 LHD-1 1150 Altered andesite lava  61.01 17.03 5.63 0.13 1.52 4.86 4.45 1.82 0.75 0.24 0.12 1.91 99.47 

PW-17 LHD-1 1152 Altered tuffaceous siltstone  46.47 10.55 5.18 0.18 2.26 16.93 2.80 1.30 0.49 0.12 0.21 13.05 99.55 

PW-18 LHD-1 1450 Altered tuff breccia  46.24 18.17 11.25 0.18 6.88 10.09 2.58 0.44 0.74 0.10 0.74 2.53 99.93 

PW-19 LHD-1 1650 Altered water-laid tuff  50.55 17.68 8.85 0.19 5.04 5.76 5.49 0.53 0.85 0.10 0.39 3.83 99.26 

PW-20 LHD-1 1851 Altered andesite lava  49.21 18.54 10.60 0.18 4.90 8.66 3.87 0.66 0.90 0.18 0.29 1.48 99.47 

PW-3 LHD-1 2101 Altered vol-deriv.siltstone 45.73 18.77 10.48 0.20 4.60 11.37 0.91 0.12 0.98 0.11 0.12 6.79 100.18 

PW-30 LHD-3 1001 Fossiliferous siltstone 24.59 5.09 2.64 0.15 0.83 33.94 0.18 0.89 0.21 0.09 1.99 29.05 99.64 

PW-31 LHD-3 1201 Altered volcanic breccia  67.54 14.04 3.34 0.11 1.12 3.11 3.42 1.99 0.36 0.08 0.75 2.80 98.66 

PW-32 LHD-3 1620 Altr. Tuff with lava fragment 44.92 16.71 9.18 0.18 5.89 10.47 2.51 0.45 0.64 0.07 3.58 5.41 100.01 

PW-33 LHD-4 850 Altr. Pyroxene andesite lava 58.42 16.81 7.47 0.09 2.35 6.21 3.30 1.51 0.74 0.17 1.48 1.20 99.73 

PW-22 LHD-4 1002 Altered volcanic breccia  24.72 5.16 2.68 0.16 0.85 34.41 0.16 0.97 0.20 0.09 1.45 29.10 99.96 

PW-6 LHD-4 1350 Altered andesite lava  59.82 15.14 6.63 0.13 2.97 6.40 2.90 1.23 0.65 0.13 0.18 3.37 99.57 

PW-23 LHD-4 2304 Altered andesite lava  58.02 15.88 7.00 0.13 3.07 6.75 2.78 1.66 0.67 0.13 0.19 3.38 99.66 

PW-24 LHD-5 650 Altered volcanic breccia  56.35 18.47 8.52 0.12 2.69 6.19 2.03 0.37 0.80 0.12 0.28 3.58 99.53 

PW-11 LHD-5 1330 Altered andesite lava  53.31 17.85 8.09 0.15 3.33 8.92 3.05 0.84 0.92 0.18 0.02 2.52 99.18 

PW-27 LHD-10 2187 Altered volcanic breccia  69.03 14.01 4.20 0.08 1.18 3.20 3.66 2.18 0.46 0.10 0.11 1.10 99.31 

      DIORITE INTRUSION                           

PW-8 LHD-5 750 Altered diorite  46.34 18.93 9.75 0.22 4.87 10.94 2.33 0.34 0.83 0.14 0.95 4.44 100.07 

PW-9 LHD-5 1101 Altered diorite  54.41 17.17 7.98 0.18 3.16 8.38 2.56 0.18 0.74 0.16 0.12 3.50 98.56 

PW-10 LHD-5 1893 Altered diorite 64.36 15.30 4.62 0.08 1.59 4.06 3.52 2.29 0.53 0.14 0.47 1.81 98.77 

  Unit Location SURFACE ROCKS                           

LINAU-1 Linau Linau Andesite lava 60.28 16.27 7.24 0.14 2.94 6.54 3.28 1.43 0.69 0.14 0.31 0.46 99.73 

PANGO-1 Pangolombian Lahendong Altered tuff/Pangolombian 58.55 17.30 2.26 0.02 0.45 0.27 0.00 0.18 0.69 0.10 10.01 9.70 99.55 

KASUR-2 Kasuratan Kasuratan Altered lava (?) 86.90 2.70 0.27 0.00 0.02 0.11 0.08 0.14 1.18 0.05 3.06 5.29 99.80 
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E.2. Trace elements 

 
 
 
 
 
 
 
 

Lab Code Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y Zr Nb Ba La Ce Pb Th U As 

    (m) POST-TONDANO ANDESITE ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

PW-13 LHD-1 300 Pyroxene andesite lava  23 179 28 10 44 60 16 34 257 28 123 4 220 8 21 7 3 2 7 

PW-5 LHD-4 350 Pyroxene andesite lava 28 196 21 10 64 53 16 28 196 21 10 64 53 16 20 6 3 3 9 

PW-7 LHD-5 500 Andesite lava  28 201 26 11 57 67 17 31 274 28 106 4 186 9 28 6 1 2 n.a 

PW-25 LHD-7 560 Altered pyroxene andesite lava  24 182 22 9 97 55 17 35 277 27 124 4 214 6 28 5 3 1 7 

PW-34 LHD-7 902 Altr. Vesicular andesite lava 40 301 216 23 93 69 17 2 295 17 37 2 80 4 6 4 0 2 n.a 

      TONDANO RHYOLITE                                       

PW-15 LHD-1 852 Altered rhyolitic lapilli tuff  42 203 19 11 41 75 17 18 367 20 45 1 185 3 9 5 0 2 8 

PW-29 LHD-3 500 Altered volcanic breccia  24 147 65 6 41 56 16 32 258 28 111 3 277 5 25 9 4 3 7 

PW-4 LHD-3 700 Pumiceous rhyolitic lava  4 5 3 0 5 15 11 92 51 30 105 5 423 15 36 15 6 3 10 

PW-21 LHD-4 652 Altered tuff breccia  30 189 22 8 46 46 16 32 264 26 100 3 171 6 24 9 3 1 26 

PW-26 LHD-7 1754 Altered welded rhyolitic tuff 8 56 7 4 18 39 13 63 200 23 160 4 372 10 25 12 5 2 n.a 

PW-35 LHD-7 2052 Altered welded rhyolitic tuff 7 49 19 3 17 33 13 75 176 23 157 4 350 7 20 13 6 2 n.a 

      PRE-TONDANO ANDESITE                                       

PW-1 LHD-1 650 Altered tuff  41 286 79 22 100 78 18 1 298 20 53 2 45 7 16 4 0 1 8 

PW-14 LHD-1 801 Altered tuff breccia  24 154 9 6 47 65 14 22 351 19 98 3 268 6 18 7 2 2 9 

PW-16 LHD-1 902 Altered tuff breccia  30 202 13 9 24 68 17 3 451 21 101 2 117 5 19 5 0 2 n.a 

PW-2 LHD-1 1150 Altered andesite lava  22 90 4 2 24 64 17 38 351 36 143 4 268 9 26 9 2 2 n.a 

PW-17 LHD-1 1152 Altered tuffaceous siltstone  18 119 37 22 37 77 13 35 303 21 79 4 396 11 21 11 4 2 n.a 

PW-18 LHD-1 1450 Altered tuff breccia  37 296 42 27 70 69 17 9 312 16 30 1 71 3 14 3 0 3 n.a 

PW-19 LHD-1 1650 Altered water-laid tuff  31 293 53 29 99 87 19 7 690 21 77 2 128 10 24 6 1 2 n.a 

PW-20 LHD-1 1851 Altered andesite lava  37 353 20 21 91 84 18 6 781 23 71 2 271 5 18 5 0 2 n.a 

PW-3 LHD-1 2101 Altered vol-deriv.siltstone 25 305 23 12 41 69 19 4 171 18 66 2 33 3 16 6 1 3 n.a 

PW-30 LHD-3 1001 Fossiliferous siltstone 12 54 28 20 28 34 7 45 682 15 39 3 163 13 18 9 3 2 n.a 

PW-31 LHD-3 1201 Altered volcanic breccia  7 47 17 2 11 41 13 48 181 25 157 4 317 10 24 9 4 2 n.a 

PW-32 LHD-3 1620 Altr. Tuff with lava fragment 44 204 154 37 52 62 16 7 293 15 44 1 35 2 13 6 1 1 n.a 

PW-33 LHD-4 850 Altr. Pyroxene andesite lava 33 189 35 11 24 48 17 37 280 29 130 4 217 11 30 7 3 2 9 

PW-22 LHD-4 1002 Altered volcanic breccia  11 53 25 16 26 48 6 46 682 15 38 3 178 13 17 10 4 3 n.a 

PW-6 LHD-4 1350 Altered andesite lava  24 162 32 10 50 52 15 27 242 25 122 3 190 8 25 8 2 2 n.a 

PW-23 LHD-4 2304 Altered andesite lava  25 168 30 11 58 53 16 35 253 25 128 4 212 7 25 7 2 3 n.a 

PW-24 LHD-5 650 Altered volcanic breccia  35 270 58 16 84 70 17 10 235 20 71 2 91 2 15 4 2 2 10 

PW-11 LHD-5 1330 Altered andesite lava  18 94 8 4 24 35 15 53 230 28 165 5 314 12 34 8 3 2 n.a 

PW-27 LHD-10 2187 Altered volcanic breccia  13 71 15 5 35 43 13 48 172 29 150 4 336 9 26 9 3 2 n.a 

      DIORITE INTRUSION                                       

PW-8 LHD-5 750 Altered diorite  42 268 69 28 99 67 18 9 336 19 37 2 67 2 15 4 1 1 7 

PW-9 LHD-5 1101 Altered diorite  33 224 34 11 63 76 17 3 259 23 96 3 81 4 24 3 1 2 n.a 

PW-10 LHD-5 1893 Altered diorite 36 288 16 8 108 71 18 19 301 25 78 3 146 6 22 4 2 2 n.a 

  Unit Location SURFACE ROCKS                                       

LINAU-1 Linau Linau Andesite lava 27 178 25 7 66 61 16 34 227 31 128 4 229 11 25 7 3 2 n.a 

PANGO-1 Pangolombian Lahendong Altered tuff/Pangolombian 15 107 6 1 4 25 18 42 36 54 195 6 190 17 35 7 3 2 n.a 

KASUR-2 Kasuratan Kasuratan Altered lava (?) 3 39 5 0 8 2 4 19 7 6 202 6 184 3 9 6 2 3 n.a 
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Appendix F: Rock Particle Density Determination  
 
Method: Oven-dry core samples (~60 

o
C) for ± 72 hours to remove pore water then weigh the dry samples (md). Saturate the dry samples with water under vacuum for about 72 hours. 

Weigh the sample in air (mw) and in water (mw’). Assuming that density of water (f) at room temperature (20 
o
C) is 1 g/cc, the volume of the sample (V), the dry density (d), the wet 

density (w), the porosity (), and particle density (p) can be derived as follow: 
V = (mw) – (mw

’
)  

d = mw / V  

w = mw’ / V  

= w – d 

p = d /(1 – ) 
 
POST-TONDANO ANDESITE 

No Sample Rock (I.A) md (g) mw (g) mw' (g) V (cc)  d (g/cc) w (g/cc)  (%) p (g/cc)

1 LHD-1/300 Pyroxene andesite lava (<0.1) 83.45 83.97 52.92 31.05 2.70 2.70 1.7 2.73 

2 LHD-4/350 Pyroxene andesite lava (<0.1) 143.50 144.18 91.17 53.01 2.70 2.72 1.4 2.74 

3 LHD-5/500 Andesite lava (0.2) 32.45 32.57 20.37 12.20 2.70 2.70 1.0 2.69 

4 LHD-7/560 Altered pyroxene andesite lava (0.4) 37.31 37.61 23.50 14.11 2.70 2.67 2.1 2.70 

5 LHD-1/902 Altered tuff breccia (0.4) 186.35 203.76 117.89 85.87 2.17 2.37 20.3 2.72 

 

TONDANO RHYOLITE 

No Sample Rock (I.A) md (g) mw (g) mw’ (g) V (cc)  d (g/cc) w (g/cc)  (%) p (g/cc)

1 LHD-1/852 Altered rhyolitic lapilli tuff (0.75) 195.40 211.28 122.65 88.63 2.20 2.38 17.9 2.69 

2 LHD-3/500 Altered volcanic breccia (0.5) 66.00 71.60 39.32 32.28 2.04 2.22 17.3 2.47 

3 LHD-3/700 Pumiceous rhyolitic lava (<0.1) 12.55 14.15 6.29 7.86 1.60 1.80 20.4 2.00 

4 LHD-4/652 Altered tuff breccia (0.8) 108.35 110.68 65.70 44.98 2.41 2.46 5.2 2.54 

5 LHD-7/1754 Altered welded rhyolitic tuff (0.7) 66.65 68.11 41.41 26.70 2.50 2.55 5.5 2.64 

6 LHD-7/2052 Altered welded rhyolitic tuff (0.7) 47.60 49.20 29.60 19.60 2.43 2.51 8.2 2.64 

 

PRE-TONDANO ANDESITE 

No Sample Rock (I.A) md (g) mw (g) mw' (g) V (cc)  d (g/cc) w (g/cc)  (%) p (g/cc)

1 LHD-1/650 Altered tuff (0.6) 138.80 149.20 86.45 62.75 2.21 2.38 16.6 2.65 

2 LHD-1/801 Altered tuff breccia (0.75) 144.80 154.85 90.50 64.35 2.25 2.41 15.6 2.67 

3 LHD-1/902 Altered tuff breccia (0.4) 186.35 203.76 117.89 85.87 2.17 2.37 20.3 2.72 

4 LHD-1/1150 Altered andesite lava (0.5) 204.60 214.20 125.95 88.25 2.32 2.43 10.9 2.60 

5 LHD-1/1152 Altered tuffaceous siltstone (0.8) 44.40 46.70 27.90 18.80 2.36 2.48 12.2 2.69 

6 LHD-1/1450 Altered tuff breccia (0.6) 186.88 191.40 119.83 71.57 2.61 2.67 6.3 2.79 

7 LHD-1/1650 Altered water-laid tuff (0.2) 118.90 125.50 75.51 49.99 2.38 2.51 13.2 2.74 

8 LHD-1/1851 Altered andesite lava (0.3) 113.61 117.45 73.25 44.20 2.57 2.66 8.7 2.81 

9 LHD-1/2101 Altered volcanic-derived siltstone (0.5) 190.35 198.45 116.55 81.90 2.32 2.42 9.9 2.58 

10 LHD-3/1001  Fossiliferous siltstone (0.1) 40.10 42.45 25.20 17.25 2.32 2.46 13.6 2.69 
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PRE-TONDANO ANDESITE (Continued) 

No Sample Rock (I.A) md (g) mw (g) mw’ (g) V (cc)  d (g/cc) w (g/cc)  (%) p (g/cc)

11 LHD-3/1201 Altered volcanic breccia (0.6) 112.60 122.60 70.10 52.50 2.14 2.34 19.0 2.65 

12 LHD-3/1620 Altered tuff with lava fragment (0.7) 82.20 85.60 51.85 33.75 2.44 2.54 10.1 2.71 

13 LHD-4/850 Altered pyroxene andesite lava (0.6)  46.20 47.10 29.10 18.00 2.57 2.62 5.0 2.70 

14 LHD-4/1002 Altered volcanic breccia (0.5) 58.55 62.20 36.65 25.55 2.29 2.43 14.3 2.67 

15 LHD-4/1350 Altered andesite lava (0.8) 157.35 160.40 97.75 62.65 2.51 2.56 4.9 2.64 

16 LHD-4/2304 Altered andesite lava (0.6) 103.75 104.59 64.80 39.79 2.61 2.63 2.1 2.66 

17 LHD-5/650 Altered volcanic breccia (0.75) 34.60 37.30 21.52 15.78 2.19 2.36 17.1 2.65 

18 LHD-5/1330 Altered andesite lava (0.5) 119.00 122.71 73.65 49.06 2.43 2.50 7.6 2.62 

19 LHD-10/2187 Altered volcanic breccia (0.8) 193.38 197.60 118.25 79.35 2.44 2.49 5.3 2.57 

 
DIORITE 

No Sample Rock (I.A) md (g) mw (g) mw' (g) V (cc)  d (g/cc) w (g/cc)  (%) p (g/cc)

1 LHD-5/750 Altered diorite (0.7) 97.98 99.41 62.51 36.90 2.66 2.69 3.9 2.76 

2 LHD-5/1101 Altered diorite (0.6) 136.00 136.51 86.3 50.21 2.71 2.72 1.0 2.74 

3 LHD-5/1893 Altered diorite (0.5) 121.53 122.45 77.75 44.70 2.72 2.74 2.1 2.78 
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Appendix G: Converted Concentration of Constituents (input for mass transfer using modified isocon method) 
 

 
G.1. Post Tondano andesite unit 

 
G.1.A. Major elements  plus water 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   % % % % % % % % % % % 

LHD-1 300 Pyroxene andesite lava  58.46 16.38 7.54 0.14 3.17 6.76 3.24 1.38 0.75 0.16 0.72 

LHD-5 500 Andesite lava  56.38 16.62 8.03 0.16 3.33 7.27 3.00 1.42 0.78 0.19 2.21 

LHD-7 560 Altered pyrox. andesite lava  58.92 16.65 7.07 0.13 2.78 6.81 3.38 1.43 0.72 0.16 0.76 

LHD-7 902 Altr.ves.and.lava 48.45 17.01 10.02 0.20 5.91 10.64 2.10 0.15 0.73 0.11 2.92 

LHD-4 350 Pyroxene andesite lava  58.50 16.13 7.36 0.15 3.23 6.91 3.15 1.27 0.70 0.14 0.81 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-1 300 Pyroxene andesite lava  584649.50 163847.07 75350.03 1373.57 31690.18 67599.18 32376.97 13833.79 7456.51 1569.79 7231.90 

LHD-5 500 Andesite lava  563763.99 166196.88 80273.29 1558.70 33317.31 72674.60 30005.06 14223.18 7793.52 1948.38 22146.42 

LHD-7 560 Altered pyrox.andesite lava  589213.83 166456.86 70689.86 1283.48 27841.54 68122.91 33765.27 14315.68 7207.21 1579.66 7604.47 

LHD-7 902 Altr.ves.and.lava 484483.81 170146.67 100198.54 2003.97 59069.43 106401.31 20993.98 1526.83 7347.89 1145.13 29209.66 

LHD-4 350 Pyroxene andesite lava  585017.38 161306.33 73641.98 1470.88 32261.27 69131.29 31476.80 12747.61 6962.16 1372.82 8098.18 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-1 300 Pyroxene andesite lava  273622.20 43364.66 26351.28 1063.77 19106.85 48312.68 12009.46 5742.05 4521.10 342.51 7231.90 

LHD-5 500 Andesite lava  263847.56 43986.58 28073.03 1207.15 20087.89 51940.05 11129.66 5903.68 4725.44 425.12 22146.42 

LHD-7 560 Altered pyrox. andesite lava  275758.36 44055.39 24721.53 994.00 16786.40 48686.99 12524.42 5942.07 4369.94 344.67 7604.47 

LHD-7 902 Altr.ves.and.lava 226743.59 45031.95 35041.26 1551.99 35614.53 76044.30 7787.22 633.75 4455.24 249.86 29209.66 

LHD-4 350 Pyroxene andesite lava  273794.37 42692.22 25753.94 1139.13 19451.18 49407.67 11675.57 5291.21 4221.36 299.54 8098.18 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-1 300 Pyroxene andesite lava  5.44 4.64 4.42 3.03 4.28 4.68 4.08 3.76 3.66 2.53 7.86 

LHD-5 500 Andesite lava  5.42 4.64 4.45 3.08 4.30 4.72 4.05 3.77 3.67 2.63 8.35 

LHD-7 560 Altered pyrox. andesite lava  5.44 4.64 4.39 3.00 4.22 4.69 4.10 3.77 3.64 2.54 7.88 

LHD-7 902 Altr.ves.and.lava 5.36 4.65 4.54 3.19 4.55 4.88 3.89 2.80 3.65 2.40 8.47 

LHD-4 350 Pyroxene andesite lava  5.44 4.63 4.41 3.06 4.29 4.69 4.07 3.72 3.63 2.48 7.91 
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   G.1.B. Trace elements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-1 300 Pyroxene andesite lava  23.00 179.30 28.30 9.60 44.20 60.00 16.30 33.70 257.20 28.40 

LHD-5 500 Andesite lava  27.50 200.90 25.50 10.50 57.00 66.60 17.30 31.20 273.70 28.00 

LHD-7 560 Altered pyrox. andesite lava  24.40 181.90 22.40 8.50 97.10 55.40 16.90 34.70 276.50 26.50 

LHD-7 902 Altr.ves.and.lava 39.90 301.20 216.10 22.60 93.20 69.10 16.80 294.90 16.50 37.30 

LHD-4 350 Pyroxene andesite lava  28.20 195.80 21.40 9.70 64.40 53.30 16.40 28.20 195.80 21.40 

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-1 300 Pyroxene andesite lava  1.36 2.25 1.45 0.98 1.65 1.78 1.21 1.53 2.41 1.45 

LHD-5 500 Andesite lava  1.44 2.30 1.41 1.02 1.76 1.82 1.24 1.49 2.44 1.45 

LHD-7 560 Altered pyrox. andesite lava  1.39 2.26 1.35 0.93 1.99 1.74 1.23 1.54 2.44 1.42 

LHD-7 902 Altr.ves.and.lava 1.60 2.48 2.33 1.35 1.97 1.84 1.23 2.47 1.22 1.57 

LHD-4 350 Pyroxene andesite lava  1.45 2.29 1.33 0.99 1.81 1.73 1.21 1.45 2.29 1.33 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm  

LHD-1 300 Pyroxene andesite lava  123.20 3.80 219.80 8.10 21.00 7.30 2.60 1.50 7.00  

LHD-5 500 Andesite lava  105.80 3.60 185.60 9.30 27.70 6.10 0.60 1.70 0.00  

LHD-7 560 Altered pyrox. andesite lava  123.80 4.00 214.10 5.90 27.80 4.90 2.80 0.70 7.00  

LHD-7 902 Altr.ves.and.lava 1.70 79.60 3.50 6.30 3.90 0.00 1.60 0.00 1.70  

LHD-4 350 Pyroxene andesite lava  9.70 64.40 53.30 16.40 20.40 5.70 3.00 2.50 9.00  

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm  

LHD-1 300 Pyroxene andesite lava  2.09 0.58 2.34 0.91 1.32 0.86 0.41 0.18 0.85  

LHD-5 500 Andesite lava  2.02 0.56 2.27 0.97 1.44 0.79 -0.22 0.23 n.a  

LHD-7 560 Altered pyrox. andesite lava  2.09 0.60 2.33 0.77 1.44 0.69 0.45 -0.15 0.85  

LHD-7 902 Altr.ves.and.lava 0.23 1.90 0.54 0.80 0.59 n.a 0.20 n.a 0.23  

LHD-4 350 Pyroxene andesite lava  0.99 1.81 1.73 1.21 1.31 0.76 0.48 0.40 0.95  
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G.2. Tondano rhyolite unit 
 
 
G.2. A. Major elements plus water 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   % % % % % % % % % % % 

LHD-3 700 Pumiceous rhyolitic lava  77.00 11.52 0.89 0.02 0.05 0.70 3.64 3.70 0.12 0.02 0.64 

LHD-1 852 Altered rhyolitic lapilli tuff  44.94 16.45 8.09 0.19 2.35 12.59 2.52 1.08 0.69 0.15 10.10 

LHD-7 1754 Alt. welded rhyolitic tuff 67.90 14.93 3.33 0.08 0.82 2.87 3.75 2.69 0.35 0.08 2.45 

LHD-3 500 Altered volcanic breccia  59.36 16.06 6.81 0.11 2.19 5.70 3.55 1.34 0.72 0.15 2.30 

LHD-4 652 Altered tuff breccia  60.48 15.82 5.96 0.12 2.53 6.58 2.19 0.87 0.73 0.18 1.89 

LHD-7 2052 Alt. welded rhyolitic tuff 69.39 14.90 3.02 0.07 0.79 2.83 3.62 2.71 0.33 0.07 0.41 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-3 700 Pumiceous rhyolitic lava  770028.06 115184.80 8943.53 196.56 491.40 6977.92 36363.80 36953.48 1179.37 196.56 6415.11 

LHD-1 852 Altered rhyolitic lapilli tuff  449361.53 164531.06 80883.29 1872.71 23453.48 125917.54 25237.01 10790.38 6866.61 1516.00 101026.36 

LHD-7 1754 Alt. welded rhyolitic tuff 679017.23 149259.16 33298.52 778.91 8178.58 28722.41 37485.18 26872.49 3505.11 778.91 24500.00 

LHD-3 500 Altered volcanic breccia  593585.64 160603.64 68070.42 1063.60 21852.15 56950.96 35485.57 13440.04 7155.13 1547.05 22995.98 

LHD-4 652 Altered tuff breccia  604834.48 158208.13 59639.67 1150.60 25313.30 65776.23 21861.49 8725.42 7287.16 1821.79 18858.50 

LHD-7 2052 Alt. welded rhyolitic tuff 693906.19 148969.19 30208.46 691.04 7897.64 28332.78 36230.41 27148.13 3257.78 691.04 4064.74 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-3 700 Pumiceous rhyolitic lava  360381.35 30485.44 3127.72 152.23 296.28 4987.07 13488.28 15338.44 715.08 42.89 6415.11 

LHD-1 852 Altered rhyolitic lapilli tuff  210305.99 43545.69 28286.36 1450.33 14140.73 89992.42 9361.07 4478.81 4163.42 330.78 101026.36 

LHD-7 1754 Alt. welded rhyolitic tuff 317787.30 39503.75 11645.10 603.23 4931.09 20527.71 13904.23 11154.08 2125.25 169.95 24500.00 

LHD-3 500 Altered volcanic breccia  277804.41 42506.24 23805.47 823.71 13175.24 40702.47 13162.53 5578.62 4338.36 337.55 22995.98 

LHD-4 652 Altered tuff breccia  283068.99 41872.23 20857.08 891.09 15262.06 47009.83 8109.00 3621.70 4418.42 397.50 18858.50 

LHD-7 2052 Alt. welded rhyolitic tuff 324755.50 39427.00 10564.45 535.18 4761.70 20249.24 13438.81 11268.49 1975.28 150.78 4064.74 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-3 700 Pumiceous rhyolitic lava  5.56 4.48 3.50 2.18 2.47 3.70 4.13 4.19 2.85 1.63 7.81 

LHD-1 852 Altered rhyolitic lapilli tuff  5.32 4.64 4.45 3.16 4.15 4.95 3.97 3.65 3.62 2.52 9.00 

LHD-7 1754 Alt. welded rhyolitic tuff 5.50 4.60 4.07 2.78 3.69 4.31 4.14 4.05 3.33 2.23 8.39 

LHD-3 500 Altered volcanic breccia  5.44 4.63 4.38 2.92 4.12 4.61 4.12 3.75 3.64 2.53 8.36 

LHD-4 652 Altered tuff breccia  5.45 4.62 4.32 2.95 4.18 4.67 3.91 3.56 3.65 2.60 8.28 

LHD-7 2052 Alt. welded rhyolitic tuff 5.51 4.60 4.02 2.73 3.68 4.31 4.13 4.05 3.30 2.18 7.61 
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G.2. B. Trace elements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-3 700 Pumiceous rhyolitic lava  3.80 5.40 3.40 0.30 4.70 15.40 10.80 92.10 51.40 30.00 

LHD-1 852 Altered rhyolitic lapilli tuff  42.10 203.00 18.90 10.60 40.70 74.70 16.70 17.50 367.40 19.90 

LHD-7 1754 Alt. welded rhyolitic tuff 7.80 56.40 7.30 4.20 17.90 39.00 13.20 62.80 200.20 22.60 

LHD-3 500 Altered volcanic breccia  24.30 146.90 64.70 5.50 41.00 55.60 16.40 32.10 257.60 27.90 

LHD-4 652 Altered tuff breccia  29.80 188.90 22.00 7.70 45.70 45.80 15.70 32.10 264.00 26.10 

LHD-7 2052 Alt. welded rhyolitic tuff 7.20 49.20 19.20 2.60 17.00 32.80 13.30 75.10 176.20 22.70 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm  

LHD-3 700 Pumiceous rhyolitic lava  105 5 423 15 36 15 6 3 10  

LHD-1 852 Altered rhyolitic lapilli tuff  45 1 185 3 9 5 0 2 8  

LHD-7 1754 Alt. welded rhyolitic tuff 160 4 372 10 25 12 5 2 0.0  

LHD-3 500 Altered volcanic breccia  111 3 277 5 25 9 4 3 7  

LHD-4 652 Altered tuff breccia  100 3 171 6 24 9 3 1 26  

LHD-7 2052 Alt. welded rhyolitic tuff 157 4 350 7 20 13 6 2 0.0  

                         

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-3 700 Pumiceous rhyolitic lava  0.58 0.73 0.53 -0.52 0.67 1.19 1.03 1.96 1.71 1.48 

LHD-1 852 Altered rhyolitic lapilli tuff  1.62 2.31 1.28 1.03 1.61 1.87 1.22 1.24 2.57 1.30 

LHD-7 1754 Alt. welded rhyolitic tuff 0.89 1.75 0.86 0.62 1.25 1.59 1.12 1.80 2.30 1.35 

LHD-3 500 Altered volcanic breccia  1.39 2.17 1.81 0.74 1.61 1.75 1.21 1.51 2.41 1.45 

LHD-4 652 Altered tuff breccia  1.47 2.28 1.34 0.89 1.66 1.66 1.20 1.51 2.42 1.42 

LHD-7 2052 Alt. welded rhyolitic tuff 0.86 1.69 1.28 0.41 1.23 1.52 1.12 1.88 2.25 1.36 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm  

LHD-3 700 Pumiceous rhyolitic lava  2.02 0.71 2.63 1.17 1.55 1.17 0.74 0.41 1.00  

LHD-1 852 Altered rhyolitic lapilli tuff  1.65 0.04 2.27 0.53 0.97 0.73 n.a 0.30 0.90  

LHD-7 1754 Alt. welded rhyolitic tuff 2.20 0.61 2.57 0.98 1.40 1.08 0.70 0.38 n.a  

LHD-3 500 Altered volcanic breccia  2.05 0.53 2.44 0.72 1.40 0.96 0.56 0.46 n.a  

LHD-4 652 Altered tuff breccia  2.00 0.51 2.23 0.76 1.38 0.97 0.46 -0.15 n.a  

LHD-7 2052 Alt. welded rhyolitic tuff 2.20 0.64 2.54 0.87 1.31 1.13 0.75 0.34 n.a  
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G.3. A.  Pre-Tondano andesite unit: Major elements plus water 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   % % % % % % % % % % % 

LHD-1 300 Pyroxene andesite lava  58.46 16.38 7.54 0.14 3.17 6.76 3.24 1.38 0.75 0.16 0.72 

LHD-5 1330 Altered andesite lava  53.31 17.85 8.09 0.15 3.33 8.92 3.05 0.84 0.92 0.18 2.52 

LHD-4 1350 Altered andesite lava  59.82 15.14 6.63 0.13 2.97 6.40 2.90 1.23 0.65 0.13 3.37 

LHD-4 1002 Altered volcanic breccia  24.72 5.16 2.68 0.16 0.85 34.41 0.16 0.97 0.20 0.09 29.10 

LHD-10 2187 Altered volcanic breccia  69.03 14.01 4.20 0.08 1.18 3.20 3.66 2.18 0.46 0.10 1.10 

LHD-1 2101 Altered vol-deriv.siltstone 45.73 18.77 10.48 0.20 4.60 11.37 0.91 0.12 0.98 0.11 6.79 

LHD-1 1650 Altered water-laid tuff  50.55 17.68 8.85 0.19 5.04 5.76 5.49 0.53 0.85 0.10 3.83 

LHD-3 1201 Altered volcanic breccia  67.54 14.04 3.34 0.11 1.12 3.11 3.42 1.99 0.36 0.08 0.75 

LHD-3 1620 Altr. Tuff with lava frag. 44.92 16.71 9.18 0.18 5.89 10.47 2.51 0.45 0.64 0.07 3.58 

LHD-4 850 Altr. Pyrox. andesite lava 58.42 16.81 7.47 0.09 2.35 6.21 3.30 1.51 0.74 0.17 1.48 

LHD-1 1150 Altered andesite lava  61.01 17.03 5.63 0.13 1.52 4.86 4.45 1.82 0.75 0.24 0.12 

LHD-1 1450 Altered tuff breccia  46.24 18.17 11.25 0.18 6.88 10.09 2.58 0.44 0.74 0.10 0.74 

LHD-1 1851 Altered andesite lava  49.21 18.54 10.60 0.18 4.90 8.66 3.87 0.66 0.90 0.18 0.29 

LHD-5 650 Altered volcanic breccia  56.35 18.47 8.52 0.12 2.69 6.19 2.03 0.37 0.80 0.12 0.28 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-1 300 Pyroxene andesite lava  584649.50 163847.07 75350.03 1373.57 31690.18 67599.18 32376.97 13833.79 7456.51 1569.79 7231.90 

LHD-5 1330 Altered andesite lava  533062.38 178505.24 80862.19 1472.01 33267.33 89203.55 30519.59 8439.50 9224.57 1766.41 25187.08 

LHD-4 1350 Altered andesite lava  598240.59 151392.28 66342.61 1253.57 29699.89 64028.33 29024.89 12342.81 6460.69 1349.99 33740.49 

LHD-4 1002 Altered volcanic breccia  247249.52 51588.43 26800.99 1596.95 8470.78 344108.01 1596.95 9720.57 2013.55 902.62 291015.08 

LHD-10 2187 Altered volcanic breccia  690264.12 140067.91 41980.86 790.23 11754.64 32004.23 36646.82 21830.05 4642.59 987.78 11031.34 

LHD-1 2101 Altered vol-deriv.siltstone 457310.88 187691.11 104831.44 1955.12 45991.77 113676.01 9123.87 1210.31 9775.58 1117.21 67892.43 

LHD-1 1650 Altered water-laid tuff  505522.63 176837.18 88466.46 1914.86 50360.78 57637.24 54860.69 5265.86 8521.12 957.43 38337.22 

LHD-3 1201 Altered volcanic breccia  675433.80 140446.28 33352.38 1060.34 11181.72 31135.31 34219.92 19857.19 3566.58 771.15 7537.00 

LHD-3 1620 Altr. Tuff with lava frag. 449198.76 167084.47 91823.65 1820.09 58879.98 104655.30 25117.27 4459.23 6370.32 728.04 35814.26 

LHD-4 850 Altr. Pyrox.  andesite lava 584176.34 168061.39 74737.20 875.83 23452.69 62086.37 32989.47 15083.68 7395.87 1654.34 14802.43 

LHD-1 1150 Altered andesite lava  610106.77 170257.80 56328.10 1273.50 15184.10 48589.11 44474.71 18220.92 7543.07 2449.05 1200.00 

LHD-1 1450 Altered tuff breccia  462379.10 181662.75 112499.35 1837.91 68776.47 100891.51 25827.45 4352.94 7448.37 967.32 7379.61 

LHD-1 1851 Altered andesite lava  492057.54 185430.07 105974.07 1767.87 49009.32 86625.70 38696.74 6580.41 9035.79 1767.87 2922.73 

LHD-5 650 Altered volcanic breccia  563533.41 184736.69 85159.58 1249.52 26912.73 61899.29 20280.67 3652.44 7977.70 1249.52 2799.86 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-1 300 Pyroxene andesite lava  273622.20 43364.66 26351.28 1063.77 19106.85 48312.68 12009.46 5742.05 4521.10 342.51 7231.90 

LHD-5 1330 Altered andesite lava  249478.88 47244.18 28278.98 1140.01 20057.76 63753.18 11320.51 3503.02 5593.13 385.41 25187.08 

LHD-4 1350 Altered andesite lava  279982.98 40068.31 23201.22 970.83 17906.85 45760.62 10766.09 5123.18 3917.30 294.56 33740.49 

LHD-4 1002 Altered volcanic breccia  115715.41 13653.68 9372.79 1236.77 5107.26 245931.69 592.35 4034.76 1220.87 196.94 291015.08 

LHD-10 2187 Altered volcanic breccia  323050.97 37071.14 14681.47 612.00 7087.19 22873.21 13593.26 9061.09 2814.94 215.53 11031.34 

LHD-1 2101 Altered vol-deriv.siltstone 214026.37 49675.36 36661.47 1514.15 27729.66 81243.49 3384.28 502.37 5927.22 243.76 67892.43 

LHD-1 1650 Altered water-laid tuff  236589.98 46802.70 30938.33 1482.98 30363.85 41192.95 20349.26 2185.72 5166.60 208.90 38337.22 

LHD-3 1201 Altered volcanic breccia  316110.22 37171.28 11663.93 821.18 6741.76 22252.20 12693.06 8242.21 2162.52 168.26 7537.00 

LHD-3 1620 Altr. Tuff with lava frag. 210229.81 44221.49 32112.40 1409.58 35500.31 74796.44 9316.65 1850.91 3862.51 158.85 35814.26 

LHD-4 850 Altr. Pyrox. andesite lava 273400.76 44480.05 26136.96 678.29 14140.25 44372.72 12236.66 6260.85 4484.33 360.96 14802.43 

LHD-1 1150 Altered andesite lava  285536.47 45061.36 19698.96 986.28 9154.90 34726.31 16496.83 7563.03 4573.58 534.36 1200.00 

LHD-1 1450 Altered tuff breccia  216398.35 48079.86 39343.07 1423.38 41467.16 72106.48 9580.08 1806.79 4516.16 211.06 7379.61 

LHD-1 1851 Altered andesite lava  230288.17 49076.94 37061.06 1369.14 29549.02 61910.81 14353.63 2731.36 5478.66 385.73 2922.73 

LHD-5 650 Altered volcanic breccia  263739.65 48893.43 29781.86 967.70 16226.40 44239.01 7522.63 1516.04 4837.11 272.63 2799.86 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-1 300 Pyroxene andesite lava  5.44 4.64 4.42 3.03 4.28 4.68 4.08 3.76 3.66 2.53 7.86 

LHD-5 1330 Altered andesite lava  5.40 4.67 4.45 3.06 4.30 4.80 4.05 3.54 3.75 2.59 8.40 

LHD-4 1350 Altered andesite lava  5.45 4.60 4.37 2.99 4.25 4.66 4.03 3.71 3.59 2.47 8.53 

LHD-4 1002 Altered volcanic breccia  5.06 4.14 3.97 3.09 3.71 5.39 2.77 3.61 3.09 2.29 9.46 

LHD-10 2187 Altered volcanic breccia  5.51 4.57 4.17 2.79 3.85 4.36 4.13 3.96 3.45 2.33 8.04 

LHD-1 2101 Altered vol-deriv.siltstone 5.33 4.70 4.56 3.18 4.44 4.91 3.53 2.70 3.77 2.39 8.83 

LHD-1 1650 Altered water-laid tuff  5.37 4.67 4.49 3.17 4.48 4.61 4.31 3.34 3.71 2.32 8.58 

LHD-3 1201 Altered volcanic breccia  5.50 4.57 4.07 2.91 3.83 4.35 4.10 3.92 3.33 2.23 7.88 

LHD-3 1620 Altr. Tuff with lava frag. 5.32 4.65 4.51 3.15 4.55 4.87 3.97 3.27 3.59 2.20 8.55 

LHD-4 850 Altr. Pyrox. andesite lava 5.44 4.65 4.42 2.83 4.15 4.65 4.09 3.80 3.65 2.56 8.17 

LHD-1 1150 Altered andesite lava  5.46 4.65 4.29 2.99 3.96 4.54 4.22 3.88 3.66 2.73 7.08 

LHD-1 1450 Altered tuff breccia  5.34 4.68 4.59 3.15 4.62 4.86 3.98 3.26 3.65 2.32 7.87 

LHD-1 1851 Altered andesite lava  5.36 4.69 4.57 3.14 4.47 4.79 4.16 3.44 3.74 2.59 7.47 

LHD-5 650 Altered volcanic breccia  5.42 4.69 4.47 2.99 4.21 4.65 3.88 3.18 3.68 2.44 7.45 
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G.3. B.  Pre-Tondano andesite unit: Trace elements 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-1 300 Pyroxene andesite lava  1.36 2.25 1.45 0.98 1.65 1.78 1.21 1.53 2.41 1.45 

LHD-5 1330 Altered andesite lava  1.26 1.97 0.89 0.61 1.39 1.55 1.16 1.73 2.36 1.44 

LHD-4 1350 Altered andesite lava  1.37 2.21 1.51 1.01 1.70 1.72 1.18 1.43 2.38 1.39 

LHD-4 1002 Altered volcanic breccia  1.04 1.72 1.40 1.20 1.41 1.68 0.81 1.66 2.83 1.17 

LHD-10 2187 Altered volcanic breccia  1.11 1.85 1.17 0.65 1.54 1.63 1.11 1.68 2.23 1.46 

LHD-1 2101 Altered vol-deriv.siltstone 1.40 2.48 1.36 1.08 1.62 1.84 1.28 0.60 2.23 1.26 

LHD-1 1650 Altered water-laid tuff  1.48 2.47 1.73 1.46 2.00 1.94 1.27 0.85 2.84 1.32 

LHD-3 1201 Altered volcanic breccia  1.48 2.47 1.73 1.46 2.00 1.94 1.27 0.85 2.84 1.32 

LHD-3 1620 Altr. Tuff with lava frag. 1.65 2.31 2.19 1.57 1.71 1.79 1.20 0.81 2.47 1.17 

LHD-4 850 Altr. Pyrox. andesite lava 1.52 2.28 1.54 1.04 1.38 1.68 1.22 1.57 2.45 1.46 

LHD-1 1150 Altered andesite lava  1.35 1.95 0.57 0.32 1.37 1.81 1.23 1.58 2.55 1.56 

LHD-1 1450 Altered tuff breccia  1.56 2.47 1.62 1.44 1.85 1.84 1.23 0.93 2.49 1.19 

LHD-1 1851 Altered andesite lava  1.57 2.55 1.31 1.31 1.96 1.92 1.25 0.77 2.89 1.36 

LHD-5 650 Altered volcanic breccia  1.55 2.43 1.76 1.19 1.93 1.84 1.23 0.99 2.37 1.30 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm  

LHD-1 300 Pyroxene andesite lava  2.09 0.58 2.34 0.91 1.32 0.86 0.41 0.18 0.85  

LHD-5 1330 Altered andesite lava  2.22 0.69 2.50 1.09 1.54 0.89 0.53 0.32 n.a  

LHD-4 1350 Altered andesite lava  2.09 0.53 2.28 0.92 1.39 0.88 0.32 0.34 n.a  

LHD-4 1002 Altered volcanic breccia  1.58 0.51 2.25 1.12 1.22 0.98 0.57 0.46 n.a  

LHD-10 2187 Altered volcanic breccia  2.18 0.64 2.53 0.95 1.41 0.93 0.53 0.32 n.a  

LHD-1 2101 Altered vol-deriv.siltstone 1.82 0.18 1.52 0.43 1.20 0.77 -0.05 0.40 n.a  

LHD-1 1650 Altered water-laid tuff  1.89 0.28 2.11 0.99 1.39 0.76 -0.10 0.38 n.a  

LHD-3 1201 Altered volcanic breccia  1.89 0.28 2.11 0.99 1.39 0.76 -0.10 0.38 n.a  

LHD-3 1620 Altr. Tuff with lava frag. 1.64 0.00 1.54 0.28 1.11 0.76 -0.30 0.15 n.a  

LHD-4 850 Altr. Pyrox. andesite lava 2.11 0.63 2.34 1.04 1.48 0.86 0.41 0.36 n.a  

LHD-1 1150 Altered andesite lava  2.16 0.62 2.43 0.96 1.41 0.96 0.26 0.38 n.a  

LHD-1 1450 Altered tuff breccia  1.48 -0.22 1.85 0.49 1.13 0.45 n.a 0.46 n.a  

LHD-1 1851 Altered andesite lava  1.85 0.36 2.43 0.66 1.26 0.69 -0.52 0.28 n.a  

LHD-5 650 Altered volcanic breccia  1.85 0.38 1.96 0.23 1.17 0.61 0.28 0.36 n.a  
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G.4. Diorite 
 
G.4.A. Major elements plus water 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   % % % % % % % % % % % 

LHD-5 1893 Altered diorite 64.36 15.30 4.62 0.08 1.59 4.06 3.52 2.29 0.53 0.14 1.81 

LHD-5 750 Altered diorite  46.34 18.93 9.75 0.22 4.87 10.94 2.33 0.34 0.83 0.14 4.44 

LHD-5 1101 Altered diorite  54.41 17.17 7.98 0.18 3.16 8.38 2.56 0.18 0.74 0.16 3.50 

Well M.D Rock SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-5 1893 Altered diorite 643630.86 152954.47 46167.61 775.93 15906.49 40639.14 35207.66 22889.83 5334.49 1357.87 18127.27 

LHD-5 750 Altered diorite  463357.51 189336.00 97459.31 2176.28 48729.65 109381.51 23276.69 3406.34 8326.62 1419.31 44367.14 

LHD-5 1101 Altered diorite  544111.58 171738.53 79752.94 1830.08 31592.95 83798.38 25621.12 1830.08 7416.64 1637.44 35046.03 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-5 1893 Altered diorite 301226.10 40481.77 16145.66 600.92 9590.45 29044.52 13059.44 9500.98 3234.46 296.27 18127.27 

LHD-5 750 Altered diorite  216856.25 50110.70 34083.30 1685.43 29380.40 78174.24 8633.93 1413.89 5048.67 309.68 44367.14 

LHD-5 1101 Altered diorite  254650.02 45453.26 27891.06 1417.32 19048.23 59890.14 9503.54 759.62 4496.92 357.27 35046.03 

Well M.D Rock Si Al Fe Mn Mg Ca Na K Ti P H2O 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-5 1893 Altered diorite 5.48 4.61 4.21 2.78 3.98 4.46 4.12 3.98 3.51 2.47 8.26 

LHD-5 750 Altered diorite  5.34 4.70 4.53 3.23 4.47 4.89 3.94 3.15 3.70 2.49 8.65 

LHD-5 1101 Altered diorite  5.41 4.66 4.45 3.15 4.28 4.78 3.98 2.88 3.65 2.55 8.54 
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G.4.B. Trace elements 
 
 
 
 

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

LHD-5 1893 Altered diorite 35.80 287.70 16.10 8.40 108.10 70.80 18.00 19.00 300.60 24.60 

LHD-5 750 Altered diorite  42.20 268.00 69.10 28.00 99.10 67.30 17.70 8.50 335.70 18.50 

LHD-5 1101 Altered diorite  32.80 223.60 33.70 11.30 62.70 76.40 17.10 2.80 258.90 23.10 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   ppm ppm ppm ppm ppm ppm ppm ppm ppm  

LHD-5 1893 Altered diorite 78.30 3.10 146.30 6.20 22.10 4.10 1.80 1.60 0.00  

LHD-5 750 Altered diorite  37.40 1.50 66.80 2.10 15.10 3.60 0.50 1.40 7.00  

LHD-5 1101 Altered diorite  95.90 3.10 80.60 4.40 23.70 3.40 1.20 2.00 0.00  

             

Well M.D Rock Sc V Cr Ni Cu Zn Ga Rb Sr Y 

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm 

LHD-5 1893 Altered diorite 1.55 2.46 1.21 0.92 2.03 1.85 1.26 1.28 2.48 1.39 

LHD-5 750 Altered diorite  1.63 2.43 1.84 1.45 2.00 1.83 1.25 0.93 2.53 1.27 

LHD-5 1101 Altered diorite  1.52 2.35 1.53 1.05 1.80 1.88 1.23 0.45 2.41 1.36 

             

Well M.D Rock Zr Nb Ba La Ce Pb Th U As  

  (m)   log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm log ppm  

LHD-5 1893 Altered diorite 1.89 0.49 2.17 0.79 1.34 0.61 0.26 0.20 n.a  

LHD-5 750 Altered diorite  1.57 0.18 1.82 0.32 1.18 0.56 -0.30 0.15 0.85  

LHD-5 1101 Altered diorite  1.98 0.49 1.91 0.64 1.37 0.53 0.08 0.30 n.a  
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APPENDIX H: METHOD FOR CALCULATING STABLE FORMATION TEMPERATURE 
 
 
The downhole measurement data reflect the reservoir conditions only indirectly. Grant (1979) 
mentioned that the difference between the measured conditions and those in the rock formation can 
be due to boiling and convection in a well, incomplete re-equilibration after drilling, or the presence of 
casing, or all three.  
 
Stable formation temperatures in geothermal fields are commonly estimated using the principles of 
Horner method which was developed to calculate the static formation pressure in petroleum systems.  
This has been discussed in details by Chiang and Chang (1979). Temperatures recorded during the 
heating-up periods are often lower than the undisturbed condition, due to the cooling effect of the 
drilling mud (e.g. Chiang and Chiang, 1979; Roux, et al., 1979; Grant et al., 1982).   
 
The Horner method works best where the heat transfer is conductive. In this study it is mainly applied 
to estimate the stable temperatures of wells which were measured in short heat-up periods, with at 
least three measurement runs.  
 
In applying this method, it is assumed that the heat flow is due to conduction only. The build-up 

temperature (T) is plotted against the logarithm of dimensionless Horner time (tp + t)/ t; where tp is a 

cumulative circulation time of the drilling fluid at the same depth, and t is the build-up time. The best 

fit of the data points forms a straight line which is extrapolated to infinite t, i.e., the dimensionless 

Horner time = 1, and the extrapolated temperature corresponding to this infinite t is taken as the 
stable formation temperature.  
 
However, since the downhole temperature data available for this study are the heating-up 
temperatures (not the transient temperature test data), tp was then assumed. In this study tp = 50 days 
is taken for all depths (assumed to be long enough to represent the cumulative circulation time of the 

drilling fluid at any depth – S. Zarrouk, pers. commun, 1996), and t was regarded as the heating up 
time, i.e., the difference between the well completion and the measurement dates (days). The 
assumed tp value was tested by comparing the calculated stable temperatures and the last 
temperature measured in wells with long heating up periods; i.e. LHD-1 and 4 (3 months), LHD-5 (7 
months), LHD-8 (~ 2 years), and they perfectly match.   
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Appendix I: Log Activity Ratios 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
W 
 
WATCHWORK version 1.1 was used calculate (2), (4), and reservoir temperature (T Na-K and T Quartz).  

1 2 3 4 5 6 7 

LHD-1 (600 m) Ion balance = -19.77% pH at 25
 o

C = 3.0 pH deep water = 6.1 T (Ref) = 300 
o
C     

Ion Activity coefficient Log activity coefficient Log mole concentration Log activity Log (aH
+
) Loc activity ratio 

Ca
2+

 0.176 -0.754487332 -2.878 -3.632487332   8.19372484 

H
+
 0.92 -0.036212173 -5.895 -11.82621217 -5.931212173   

K
+
 0.589 -0.229884705 -2.685 -2.914884705   3.016327467 

             

LHD-1 (800 m) 
Ion balance = -

11.847% pH at 25 
o
C = 2.6 pH deep water = 5.2885 T (Ref) = 300 

o
C     

Ion Activity coefficient Log activity coefficient Log mole concentration Log activity Log (aH
+
) Loc activity ratio 

Ca
2+

 0.023 -1.638272164 -3.85 -5.488272164   4.932469487 

H
+
 0.71 -0.148741651 -5.136 -10.42074165 -5.284741651   

K
+
 0.621 -0.2069084 -3.444 -3.6509084   1.633833251 

              

LHD-1 (2125 m) 
Ion balance = -

15.425% pH at 25 
o
C = 3.9 pH deep water = 6.686 T (Ref) = 300 

o
C     

Ion Activity coefficient Log activity coefficient Log mole concentration Log activity Log (aH
+
) Loc activity ratio 

Ca
2+

 0.332 -0.478861916 -4.512 -4.990861916   8.311013639 

H
+
 0.718 -0.143875556 -6.579 -13.30187556 -6.722875556   

K
+
 0.733 -0.134896025 -3.185 -3.319896025   3.40297953 

              

LHD-5 (Weir Box) Ion balance = 0.89% pH at 25 
o
C = 8.5 pH deep water = 5.387 T (Na-K) = 196 

o
C    

Ion Activity coefficient Log activity coefficient Log mole concentration Log activity Log (aH
+
) Loc activity ratio 

Ca
2+

 0.488 -0.311580178 -4.42 -4.731580178   5.971512132 

H
+
 0.849 -0.07109231 -5.316 -10.70309231 -5.38709231   

K
+
 0.817 -0.087777943 -3.141 -3.228777943   2.158314366 

              

LHD-12 (Separated Water) Ion balance = 1.331% pH at 25 
o
C = 4 pH deep water = 4.823 T(Quartz) = 313.5 

o
C     

Ion Activity coefficient Log activity coefficient Log mole concentration Log activity Log (aH
+
) Loc activity ratio 

Ca
2+

 0.299 -0.524328812 -4.676 -5.200328812   3.06914665 

H
+
 0.763 -0.117475462 -4.076 -8.269475462 -4.193475462   

K
+
 0.711 -0.148130399 -2.603 -2.751130399   1.442345063 
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SUMMARY –Lahendong is a geothermal field located in the northern part of the North Arm of 
Sulawesi. It forms part of the Sangihe volcanic arc. Re-examination of cores and cuttings recovered from 
some of the 17 drillholes to depths of 2500m, as well as re-interpretation of air photographs and field 
checking has enhanced our understanding of the geology and hydrothermal alteration of the field. The 
thermal manifestations are of steam-heated-type, and their distribution is mainly controlled by the NE – 
SW trending faults. However the hydrothermal alteration of cores and cuttings shows that the thermal 
fluid is water of near neutral pH. The deep reservoir is hosted by volcanic rocks of Pleistocene age and 
volcanic-sedimentary rocks of Pliocene age which are intruded by diorite dykes. The hydrothermal fluid-
rock interactions have produced clays, calcite, anhydrite, pyrite, iron oxide, quartz, epidote, prehnite, 
pumpellyite, adularia, secondary albite, and possibly tourmaline. The hydrothermal mineral paragenesis 
suggests that at least 3 stages of alteration have taken place. The earliest stage formed mono-mineral 
veins and cavities and the second and the third stages yielded veins and cavities with more diverse 
mineralogy and texture.  However, the hydrothermal mineral geothermometers suggest that the 
productive reservoir has not undergone significant temperature change since the minerals formed.  This 
paper is a progress report of research aiming to determine the subsurface geology and to reveal the 
evolution of the Lahendong hydrothermal system.  

1.  INTRODUCTION 

The Lahendong geothermal field is located about 
30 km south of Manado, the Capital of North 
Sulawesi Province, at an elevation of about 750 m 
above sea level. It is the first developed field in 
the eastern part of Indonesia.  
 
Lahendong is a water-dominated field with 
reservoir temperature > 300oC. The proven 
productive area is 4 km2. Currently it has 20 
MWe installed capacity, but is being projected to 
produce 60 MWe by 2010. The field is managed 
by Pertamina Geothermal Energy (PGE), and the 
power generation by PLN (State Electricity 
Company). Up to September 2004, 17 wells have 
been drilled (i.e., LHD-1 to LHD-17) to depths 
ranging from 1500 – 2500 m.  
 
This paper describes the geology and the variation 
and styles of subsurface hydrothermal alteration 
of the field, and forms a progress report of a 
research project on the subsurface geology and 
the evolution of the Lahendong geothermal 
system by the first author.   
 
2. TECTONIC AND VOLCANISM OF   
    MINAHASA AREA 
 
Lahendong is situated at the North Arm of 
Sulawesi, in a part of the volcanic arc extending 
from Sangihe Island to the Minahasa area.  The 
North Sulawesi Trench occurs as the result of the 
subduction of the Celebes Sea Plate to the south 
beneath the North Arm of Sulawesi, while the 
volcanic arc extending from Sangihe Island to 

Minahasa area formed due to subduction of the 
Molucca Sea Plate to the west (Hamilton, 1979; 
Hamilton, 1988; Simandjuntak & Barber, 1996; 
Lumbanbatu et al, 2003). The tectonic elements 
of the Minahasa are presented in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1. Tectonic elements of the Minahasa area (re-
drawn from Hamilton, 1988). Contours show depth of 
subducting slabs in km; * active volcano; x inactive 
volcano. 
 
Verbeek (1908) and Kamerling (1925) vide 
Ganda & Sunaryo (1982) mention that the oldest 
volcano in Minahasa is the Lembeyan volcanic 
complex. It was active during the Miocene, 
producing andesitic to basaltic breccia, lava and 
tuff.  The remnants of its caldera wall form hills 
in the east of Lake Tondano (Effendi, 1976).  
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During the Late Pliocene or Early Pleistocene a 
major volcanic eruption took place, outpouring 
several hundred cubic kilometres of tuff and 
ignimbrites, and forming the large Tondano 
volcano-tectonic depression (part of which is now 
occupied by Lake Tondano). This 20 km-long 
structure trends NNE-SSW, parallel to the 
Sangihe Arc.  A smaller eruption centre then 
emerged inside the Tondano depression, and is 
known as the Pangolombian depression, in which 
the Lahendong geothermal field occurs. 
  
At present 3 most active volcanic centers at the  
Minahasa area, i.e., Klabat, Lokon - Mahawu, and 
Soputan - Riendengan. Lahendong are located 
between Lokon-Mahawu and Soputan– 
Riendengan. The last eruption of Mts. Lokon and 

Soputan took place in 2002 and 2000, 
respectively (Volcanological Survey of Indonesia 
web page, last updated March 2004). 
 
3.  GEOLOGY OF THE LAHENDONG 
AREA 

The geology of the Lahendong area summarised 
here is mainly based on re-evaluation of the 
results from previous workers, combined with the 
re-examination of the subsurface rocks and field 
checking. The studied wells discussed in this 
progress report are LHD-1, 3, 4, 5 & 7. A 
geological map and a cross-section are presented 
in Figures 2 and 3, respectively.  
 

 
 
Figure 2. Geological map of the Lahendong geothermal field, North Sulawesi (revised from Robert, 1987, and 
Siahaan, 2003). 
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Figure 2. North – South cross-section from LHD-3, 2, 5, and 4 showing the distribution of lithologic units, the 
shallowest occurrence of some important hydrothermal minerals, as well as the present-day isotherms. 
3.1. Stratigraphy 
 
The rock units in surface and subsurface are 
described in the following paragraphs. Their 
stratigraphic relationship is illustrated in Figure 4.  
 

Figure 4. Schematic diagram of the stratigraphy of the 
Lahendong area. Ages determined from K/Ar dating are 
indicated. 
 
Pre-Tondano volcanic and sedimentary rocks. 
The Pre-Tondano rocks comprise volcanic rocks 
(tuff, water-laid tuff, andesite lava, andesite 
breccia) intercalated with volcanic derived 
sedimentary rocks (fossiliferous siltstone). This 
unit is the lowermost encountered by drilling, 
with its top located from +5 m a.s.l to -594 m 
b.s.l. K/Ar dating of lava from this unit suggests 
an age of 2.19 ± 0.03 Ma or Late Pliocene (P.T. 
Gondwana, 1988). The fossiliferous siltstone may 
correlate with that described by Effendi (1976), of 
Pliocene age.   
 
Tondano tuff 
Tondano tuff outcrops outside the Lahendong 
geothermal area, and is dominated by lapilli tuff. 
K/Ar dating of a surface sample suggests its age is 
0.871 ± 0.097 Ma, or Early Pleistocene (P.T. 
Gondwana, 1988). The top of this unit is 
encountered by drilling from 455 to 6 m a.s.l, 
with thicknesses ranging from 460 to 600 m. It is 
characterized by lapilli tuff and tuff breccia with 
intercalations of pumiceous rhyolitic lava. 
 
Diorite intrusion 
Diorite intrusions were encountered by well 
LHD-5 at several depth intervals (i.e. ~130 m 
a.s.l, -20 m, -220 m, -420 m, -520 m, and -1015 m 
b.s.l). They are interpreted as dykes intruding the 
Tondano and Pre-Tondano rock units, and 
forming the parts of a larger intrusive body.  
 
Pangolombian andesite lava and pyroclastics 
The Pangolombian andesite lava & pyroclastics 
occupy the largest part of the field. At the surface 
they comprise interbedded welded ignimbrite, 
andesite breccia, and tuff. At the subsurface the 

top of this unit is encountered in the studied wells 
from +6 to 878 m a.s.l. The subsurface sequence 
comprises andesite lava, andesite breccia, 
ignimbrite and tuff, ranging in thickness from 360 
to 864 m.  
 
Lengkoan lava and tuff 
The Lengkoan lava and pyroclastics occupy the 
southern part of the field (Mt. Lengkoan), and are 
composed of andesitic and rhyolitic lavas, 
intercalated with tuffs and breccias. K/Ar dating 
indicates their age is 0.586 ± 0.051Ma or Middle 
Pleistocene (P.T. Gondwana, 1988). 
 
Tampusu basaltic andesite lava 
Tampusu basaltic lava occupies the eastern part of 
the field, and is dominated by basaltic andesite 
lava flows. The main direction of these flows is to 
the east, covering the eastern rim of the 
Pangolombian caldera.  
 
Kasuratan andesite lava and tuff 
The Kasuratan andesite lava and tuff comprises 
Kasuratan Hill. The andesite lava dominates the 
dome-shaped peak area, while the tuff dominates 
the flank and the foot, as is observed in field. It 
was encountered by well LHD-4 from the surface 
down to 40 m.  

Colluvium  
Masarang andesite lava & breccia 
 
Linau andesite lava & breccia (0.458 ± 0.042 Ma) 
 
Kasuratan 
andesite lava & 
tuff 

Tampusu 
andesite lava 

Kasuan obsidian 
& tuff 

Lengkoan lava and tuff  
(0.586 ± 0.051 Ma) 

 
Pangolombian andesite lava & pyroclastics 

 
Tondano tuff  

(0.871 ± 0.097 Ma) 
Pre-Tondano 

 
Diorite 

intrusion volcanic & 
sedimentary rocks  
(2.19 ± 0.03 Ma) 
 

 
Linau andesite lava and breccia 
Linau lava and breccia occupy the Linau Lake 
and its vicinity, in the central part of the field. The 
lava has a sheeting joint structure dipping 
outwards from Linau crater. The fragments of the 
breccia are mainly tuff and andesite. K/Ar dating 
suggests an age of 0.458 ± 0.042 Ma, or Middle 
Pleistocene (P.T. Gondwanda, 1988). Many 
altered bread crust bombs of andesitic 
composition occur in the alteration zones on the 
north-western shore of the Lake, and may suggest 
that a volcanic eruption once took place in the 
central part of the field.   
  
Kasuan obsidian & tuff 
The Kasuan obsidian occupies Paketengan Hill. It 
is composed mainly of obsidian flows intercalated 
with tuff. The direction of the flow was mainly 
NW-SE as is reflected by the elongation of the 
hill, and field observations.  
 
Masarang andesite lava  
The Masarang andesite lava which occupies the 
NE corner of the field is dominantly composed of 
vesicular andesite lavas and andesite breccias.  
 
Colluvium deposit 
Colluvium is common on the lower flanks down 
to the feet of the hills.  
 
3.2. Structure 
 
The main geologic structures in the Lahendong 
area can bee seen on the air photograph, and have 
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been ground-checked. The presence of some of 
them has been confirmed by drilling.  
 
Pangolombian caldera. 
A remnant of the Pangolombian caldera is evident 
on the air photograph as an elliptical rim opening 
to the southwest. Reinjection well LHD-7 sited in 
the south of the northern rim encountered 
permeable zones from about 1500 m to well 
bottom at 2200 m.  
 
Linau crater  
Linau crater has a circular rim with steep walls of 
about 90 – 100 m high. The rocks exposed in this 
wall are andesite lava with sheeting joints, and 
breccia, with minor intercalated welded tuff.   
 
NE – SW trending faults 
These faults are evident by the alignment of the 
thermal manifestation areas, i.e. on the west of the 
Lahendong area, north-western shore of Linau 
lake, and the Tondangow – Kasuratan areas. At 
present these faults still function as permeability 
providers, as the thermal manifestations they 
control are still active. However, at some depths 
they may have been sealed, or partly sealed, as is 
indicated by the petrography of the subsurface 
rocks. 
 
NW – SE trending faults 
The most prominent NW – SE trending faults are 
those seen on the air photograph crossing the 
Pangolombian caldera. This fault aligns the 
thermal manifestation north of Lahendong village, 
north-eastern part of Linau crater rim, and the 
Pangolombian Lake. Its existence is supported by 
the presence of minor faults striking N130E 
cutting the Pangolombian andesite lava and 
pyroclastics.  
 
3.3. Thermal manifestations  
 
The main thermal manifestations occur on the 
western and northern shores of Linau Lake, 
Leilem, Lahendong, and Kasuratan Villages. 
They are all of steam-heated type, and mainly 
controlled by the NE-SW trending faults. No 
neutral pH water discharges in the Lahendong 
area. The manifestations usually consist of altered 
and steaming ground, acid-sulfate hot springs, 
mud pots, mud pools (with or without mud 
volcanoes), and hydrogen sulfide gas discharge. 
The common minerals in the altered ground are 
kaolin, residual silica, sulphur, very fine-grained 
pyrite, aluminous salts, and in places iron oxide. 
The most active thermal activity occurs in the 
Linau area, where there are some fumaroles as hot 
as 106 oC. The hottest steaming ground (T =60 - 
98 oC at 45 cm depth), and the hottest acid 
sulphate springs (T = 80 – 90 oC, pH = 2 – 4) 
occur here.   
 
4. RESERVOIR CONDITION 
 

According to Azimudin (1999) there are 2 
reservoir blocks at Lahendong, namely the: 
 
Lahendong – Linau block 
This block is located in the northern part of the 
field, covering the areas northwest, inside, and 
east of Linau crater. The reservoir northwest of 
the Linau crater has poor permeability, with 
acidic dry steam extending from  570  to 370 m 
a.s.l, and a shallow reservoir extending to -230 m 
b.s.l, as is confirmed by well LHD-1. The 
reservoir area inside the Linau crater has an acid 
dry steam layer extending from 570 to 370 m 
a.s.l. The presence of this layer is confirmed by 
shallow drill hole made by VSI. East of Linau 
crater there are shallow (475 to 275 m a.s.l), and 
deep (-220 to -1020 m b.s.l) hot water-filled 
reservoirs with good permeabilties as is 
confirmed by well LHD-5.  
 
Lengkoan block 
The Lengkoan block has medium permeability, 
and 2 levels of reservoir. The shallow and the 
deep reservoirs extend from 450 to 250 m a.s.l, 
and from -150 to -1150 m b.s.l., respectively. The 
temperature at the deep reservoir is about 350 oC. 
The presence of the Lengkoan block has been 
confirmed by wells in cluster LHD-4.  
 
5. SUBSURFACE HYDROTHERMAL 
ALTERATION 
 
5.1. Alteration style & mineralogy 
 
There are 2 alteration styles in the subsurface 
rocks at Lahendong, i.e., replacement and that 
formed by direct deposition from circulating 
fluids. Lavas and intrusive rocks are more 
resistant to alteration than pyroclastic rocks, 
except where they are intensely fractured. The 
phenocrysts in lavas and intrusive rocks are 
usually more altered than the groundmass. Direct 
mineral deposition occured in fractures and 
cavities. The veins dip at 40 o – 70o and from 100 o 
- 125o with respect to core axes. Veins range in 
width from 0.1 – 10 mm. The hydrothermal 
minerals encountered in the studied wells include 
clays, carbonate, sulfate, sulfide, oxides, silica 
and calc-silicates. The shallowest appearance of 
some calc-silicate minerals are indicated in Figure 
3.  
 
The XRD analyses of the systematically selected 
subsurface rock samples have not yet completed, 
however, it can be reported that the clays common 
in them include chlorite, smectite, and illite. 
Chlorite is present at almost all depths. It is 
common as a replacement of plagioclase, 
pyroxene, and glass, as well as vein or cavity 
filling. Illite is found in the deeper parts of the 
studied wells, i.e., from about 450 m depth. It 
sometimes occurs as part of vein mineral. 
Hasibuan (1987) mentions the presence of 
smectite from 200 – 400 m and at 1100 m depths 
in LHD-4. According to Pudjianto (1988) 
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smectite occurs at LHD-5 from 100 – 900 m 
depth. Kaolinite is reported by Hasibuan (1987) to 
occur at shallow depth (~200 m) in LHD-1. 
Pudjianto (1988) reports that kaolinite occurs in 
LHD-5 from about 300 down to 1000 m depth.   
Calcite is common as a replacement of 
phenocrysts and as fracture and cavity filling, but 
is absent in rhyolitic lava (e.g. in well LHD-3, at 
~72 m a.s.l.). Calcite with bent cleavages, 
indicating deformation after deposition, is present 
in LHD-1 at ~ -150 m b.s.l., LHD-5 at ~ 400 m 
a.s.l, LHD-7 at ~ -700 m and ~ -850 m b.s.l.  
 
Anhydrite first appears at ~ 100 m a.s.l. in LHD-
1, as the latest cavity filling mineral after calcite 
and chlorite. In LHD-3, where there are 
sedimentary rock intercalations (e.g. at ~ 230 m 
a.s.l.), anhydrite is common, together with calcite, 
filling the chambers of globigerinid fossils. Pyrite 
is very common in the studied wells where it is 
disseminated in the ground mass or matrix.  
 
Quartz is common as both a replacement and 
formed from direct deposition. In lavas and 
intrusive rock it replaces plagioclase phenocrysts, 
while in pyroclastic rocks microcrystalline quartz 
replaces the matrix. Quartz was usually the first 
mineral deposited in veins, patches and vugs, 
although it is also common after other minerals.  
 
The common calc-silicate minerals are titanite, 
epidote, wairakite, pumpellyite, and clinozoisite. 
Adularia and secondary albite also occur. Titanite 
is common in all studied wells, as both 
replacement and vug filling; sometimes it is 
associated with leucoxene. Hematite usually 
occurs as a replacement mineral, and is more 
common in pyroclastic rocks than in lavas. It is 
absent in diorite. 
 
Epidote occurs in all studied wells. It first appears 
at ~ 350 m a.s.l, in LHD-7, as replacement of 
plagioclase phenocrysts in andesite lava, and as a 
fracture filling deposited after calcite. The down-
hole temperature here is less than 100 oC. The 
occurrence of epidote in LHD-2 was reported by 
Hasibuan (1987), i.e., at ~ -920 m b.s.l., where the 
down hole temperature is > 250 oC. In LHD-3 
epidote appears at ~ -950 m b.s.l, as replacement 
of plagioclase phenocrysts in andesite lava. The 
down hole temperature here is ~175oC. Epidote is 
common in well LHD-4, from ~ -145 m b.s.l. 
down to the bottom hole, where it occurs as 
replacement mineral and / or fracture filling after 
quartz. The present-day temperature ranges from 
about 190 – 350 oC. Epidote occurs in LHD-5 at 
most intervals cut by diorite dykes where the 
present-day temperature is about 250 oC. It both 
replaces plagioclase in diorite, and partly fills 
vein, some brecciated. Wairakite and prehnite are 
first present at around sea level in LHD-7, where 
they replace plagioclase fragments in crystal-rich 
tuff. Here wairakite also completely fills a 
fracture. The present-day temperature is < 100 oC. 

Prehnite also occurs at ~ -1450 m b.s.l. as cavity 
filling in tuff breccia, where the down hole 
temperature is ~ 125 oC. Prehnite was not found 
in other studied wells.  
 
Pumpellyite is rare, and occurs as a replacement 
mineral in LHD-1 & 3. In LHD-1 it replaces 
plagioclase crystal fragments of tuff breccia from 
~ -700 m b.s.l. Pumpellyite partially replaces 
plagioclase phenocrysts in brecciated vesicular 
lava at ~ -850 m b.s.l. in LHD-3. Clinozoisite 
together with quartz occurs in veins after illite in 
LHD-5 at ~ -225 m b.s.l. 
 
Adularia is first present at ~100 m a.s.l in LHD-1, 
as a sole vein mineral in bedded crystal tuff. It 
commonly replaces plagioclase phenocrysts in 
lavas, or crystal fragments in pyroclastics, as well 
as becoming part of veins in LHD-3. Adularia is 
abundant in diorite dykes with brecciated veins in 
LHD-5, i.e., at ~ -420 m b.s.l.  In LHD-7 adularia 
together with incipient epidote and secondary 
albite replace primary plagioclase crystal 
fragments in welded rhyolitic tuff, at ~ -660 m 
b.s.l. Secondary albite is rare in the studied wells, 
but occurs in LHD-1, 3, and 7. In LHD-1 albite 
occurs as cavity filling in andesite breccia at ~ -
1100 m b.s.l. In LHD-3 it occurs as vein filling, 
after quartz but deposited before adularia, at ~420 
m b.s.l.  
 
Tourmaline may be present in LHD-1 at ~ 2200 m 
depth as a replacement of a plagioclase 
phenocrysts in andesite lava, but not in the other 
wells studied. Electron microprobe analysis is 
required to confirm this. Tourmaline is one of 
mineral indicators for the possible contribution 
from magmatic gases into the hydrothermal 
system. 
 
5.2. Sequence of hydrothermal mineral 
deposition and vein relationships 
 
Petrography shows   a mineral paragenesis which 
is summarised as follows. Five types of veins cut 
the subsurface rocks at Lahendong, i.e., mono-
mineral, mirror, segmental, a combination of 
mirror and segmental and brecciated veins. There 
are 4 types of deposition in cavities, i.e., mono-
mineral, concentric, non-concentric, and a 
combination of concentric and non-concentric. 
The term “cavity” here includes pore, gas bubble, 
and chambers in fossils.  
 
The minerals commonly deposited in mono-
mineral veins or cavities are chlorite, calcite, 
quartz, titanite, and hematite and, less commonly 
wairakite, epidote, adularia, and anhydrite. The 
mirror-type veins or the concentric-type cavities 
usually consist of 2 or 3 secondary minerals. The 
first mineral deposited was quartz, chlorite, or 
calcite. The second and the third mineral 
deposited was calcite, chlorite, quartz or the calc-
silicate minerals. Calcite deposited in the second 
or third stage but some has bent cleavages, 
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indicating the occurrence of deformation after its 
deposition. The segmental is the commonest type 
of vein at Lahendong, and it is not always 
possible to judge its paragenesis. A brecciated 
vein occurs in a diorite dyke at ~ -420 m b.s.l in 
LHD-5.  Based on the vein relationship at least 3 
stages of alteration can be interpreted.  The first 
stage formed mono-mineral veins cavities. The 
second and the third stages yielded veins and 
cavities with more diverse mineralogy and 
texture, due to maturation of the system.  
 
6. CONCLUDING DISCUSSION 
 
Lahendong geothermal system developed within a 
Pliocene – Pleistocene volcanic field. The 
production area is concentrated within the 
Pangolombian caldera. The shallow reservoir is 
hosted by Pangolombian andesite lava and 
pyroclastics, while the deep reservoir is within 
Tondano tuff and Pre-Tondano volcanic and 
sedimentary rocks which are intruded by diorite.  
 
Hydrothermal mineralogy suggests that the deep 
circulating thermal fluid is of near neutral pH. 
The possibility of the contribution of magmatic 
gases into some parts of the system still needs to 
be investigated. Comparison between the 
hydrothermal mineral geothermometry and the 
measured well temperatures suggests that the area 
around well LHD-3 and LHD-7 has cooled. 
However, in general, the reservoir temperature in 
the rest of the reservoir has probably been stable 
since the hydrothermal minerals there formed.  
 
Further study is needed to resolve the relationship 
between the hydrothermal activity and the 
volcanic activity at Lahendong. This may involve 
more detailed petrological studies and more 
systematic age dating. 
 
The mineralogy of the hydrothermal alteration at 
Lahendong is relatively simple but the textural 
relations are quite complex. Further studies on the 
relationship among the veins, and careful 
observations on the sequence of mineral 
replacement may reveal the evolution of 
hydrothermal system at Lahendong.  Systematic 
fluid inclusion measurements are needed to 
recognise changes of temperature and fluid 
composition. Comparison with the present-day 
reservoir characteristics will also be necessary to 
understand the temporal behaviour of the system.  
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SUMMARY – Lahendong is a hot-water dominated geothermal system located in the north arm of 
Sulawesi Island. Cores and cuttings from 9 of the 18 wells drilled in Lahendong were re-examined to 
determine the subsurface geology and to construct the hydrothermal history of the field.  There are two 
styles of alteration in the subsurface, namely replacement of the primary minerals and deposition of 
secondary minerals in fractures and cavities. The hydrothermal fluid-rock interactions at depths have 
produced clays, calcite, anhydrite, pyrite, iron oxide, quartz, actinolite, adularia, albite, epidote, prehnite, 
pumpellyite, and wairakite. Most of the subsurface rocks have undergone a pervasive alteration. In each 
studied well 5 stages of vein & cavity mineralization are recognised, although a particular stage in one 
well may not be present in others. Stage 1 is characterised by extensive chlorite, sometimes with hematite 
and pyrite. Stages 2 and 3 are dominated by calcite and quartz, respectively. Calc-silicate minerals were 
formed during stage 4, and marked a high-temperature regime (≥ 250 

o
C) in the system. The last stage of 

mineralisation (stage 5) possibly reflects the present-day conditions.  

 
1.  INTRODUCTION 

Lahendong is the first geothermal field in the 
eastern part of Indonesia to be developed for 
electricity generation. It is managed by Pertamina 
Geothermal, and the power is generated by the 
State Electricity Company (PLN).  
 
This paper describes the style of subsurface 
alteration, and hydrothermal mineral parageneses 
of the field, and forms an updated progress report 
of research on the subsurface geology and the 
evolution of the Lahendong geothermal system by 
the first author.  Cores and cuttings recovered 
from 9 of the 18 wells drilled in Lahendong (1500 
– 2500 m deep) were examined to recognise the 
sequence of hydrothermal mineral deposited. 
Preliminary results of the fluid inclusion 
microthermometry are included. Similar work has 
been done by Moore et al (2000) in a landmark 
study of the Tiwi geothermal system, Philippines. 
Study of mineralogical relationships has also been 
made by Moore et al (2004) that recognised the 
behaviour of the descending acid-sulfate waters in 
the Karaha – Telaga Bodas geothermal system, 
Indonesia. 
 

2.  FIELD OVERVIEW 

The tectonic setting and the surface geology of the 
Lahendong area and its vicinity was described by 
Utami et al (2004), and is briefly reviewed here.  
 
Lahendong is located in the north arm of 
Sulawesi, and is part of the Sangihe volcanic arc 
(Figure 1-a), in Quaternary volcanic terrain about 
750 m above sea level. The thermal manifestations 
are of fumarolic and steam-heated type, and 
mainly coincide with the NE-SW trending faults. 

They consist of altered and steaming ground, acid 
sulfate hot springs, mud pots and mud pools (with 
or without mud volcanoes), and gas vents. The 
common surface alteration minerals are alunogen, 
often associated with halotrichite and alunite (in 
mud pots & pools, steaming ground, and on rims 
of gas vents), sulfur and fine-grained pyrite (on 
the rims of fumaroles), alunite and halloysite, 
sometimes with alunogen (in steaming ground), 
amorphous silica and hematite, in places with 
kaolin (in cooler altered ground).  
 
The studied wells are LHD-1 (abandoned), 3 
(exploration), 4 (production), 5 (production), 6 
(exploration), 7 (re-injection), 10 (make-up), and 
13 (production). These wells, except LHD-1 and 3 
are located inside the Pangolombian Caldera 
(Figure 1-b). They encounter thick sequences of 
andesitic – rhyolitic Quaternary rocks, i.e., the 
Pangolombian, Tondano, and Pre-Tondano units. 
The last two units were intruded by diorite dykes. 
Sedimentary and volcano-sedimentary rocks 
occur, probably as lenses, within the Pre-Tondano 
unit. The simplified subsurface stratigraphy of the 
field is summarised in Figure 2.  
 
The deep reservoir (1000 – 2000 m) is hosted by 
Tondano and Pre-Tondano units, and the 
measured temperature ranges from 250 to 350

o
C 

(Azimudin, 1999).  
 

3.  SUBSURFACE HYDROTHERMAL   

ALTERATION 

3.1 Alteration style and mineralogy 
 
Hydrothermal minerals in Lahendong occur as 
replacements of primary minerals, and in vein and 
cavities (including pores, vesicles, and the 

J.2 
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chambers of micro fossils). The replacement 
hydrothermal minerals record the interactions 
between the wall rocks and the hydrothermal 

fluids, while space fill minerals reflect the 
processes that affected the circulating fluids 
(Browne, 1988).  

 

 
 
Figure 1. (a). Tectonic elements of the north arm of Sulawesi and its vicinity (redrawn from Hamilton, 1988).  
(b). Location map of the wells studied with respect to the major structures in Lahendong geothermal field. 

 

 
 

Figure 2. Simplified subsurface stratigraphy of the Lahendong geothermal field. Age data is taken from P.T. 
Gondwana (1988).    
 

Most of the subsurface rocks are of andesitic 
composition, except part of the Tondano unit 
which is rhyolitic (Figure 2). These rocks, 
especially those with fragmental textures, have 
been pervasively altered with the common 

intensity ranging from 0.5 - 1.0. The order of 
relative susceptibility of the primary minerals 
along with their common replacement products 
is summarised in Table 1. Plagioclase 
phenocrysts and crystal fragments are replaced 
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by more diverse secondary minerals than the 
other primary phases.  
 
In general, from the near surface down to about 
sea level the dominant replacement minerals are 
calcite, quartz, hematite and other iron oxides. 
In most of the wells studied, epidote and other 
calc-silicates start to appear from about sea 
level,  except for LHD-5 where epidote first 
appears as a replacement of plagioclase at 752 
m deep (about 225 m asl).  Other calc-silicates 
are usually minor in abundance, and do not 
increase with depth. Anhydrite occurs as a 
partial replacement of plagioclase and pyroxene 
sporadically from below –150 m bsl.  
 
Clay minerals are common in Lahendong. 
Smectite and interlayered chlorite-smectite 
dominate shallow levels (from near surface 
down to about 250 m asl). Chlorite occurs 
almost at every depth, while illite occurs in 
restricted zones from about -220 m bsl. 
 
Table 1. Relative susceptibility of the primary 
minerals in Lahendong subsurface samples.  

Relative 
susceptibility 

Primary 
mineral  

Replacement mineral 
product 

  Common Less common 

Most 
susceptible 

Glass smectite, 
chlorite,  

hematite, 
micro-
crystalline 
quartz 

 Biotite* iron oxide 

 Plagioclase chlorite, 
smectite, 

illite, 
wairakite, 
adularia, 
quartz, 
calcite, 
epidote, 
hematite, 
titanite 

anhydrite, 
albite, 

prehnite, 
pumpellyite, 
actinolite, 
tourmaline (?) 

 Pyroxene chlorite, 
hematite, 
calcite, 
semi-
opaque 

epidote, 
anhydrite, 
quartz 

 Hornblende* None 

 Apatite None  

Least 
susceptible 

Quartz* None 

* in rhyolitic host rocks 

 
Six types of veins and five cavity fillings are 
recognised in Lahendong system (Table 2).   
 
Table 2. Types of vein and their equivalent cavity 
deposit types. 

Type Vein  Cavity filling 

1 Mono-mineral  Mono-mineral  

2 Mirror  Concentric  

3 Mozaic  Mozaic  

4 Segmental  Segmental 

5 Combination  Combination  

6 Brecciated  - 

The common vein and vug minerals are chlorite, 
calcite, quartz, adularia, wairakite, epidote, 
anhydrite, pyrite, hematite, and less commonly 
actinolite, albite, illite, and prehnite. Their 

parageneses are discussed in the following 
sections. 
 

3.2  Vein and cavity fill paragenesis 

Fifty nine cores from 9 wells were examined and 
their vein and cavity mineral parageneses 
determined to characterise the changes in the 
physical and chemical conditions in the 
geothermal system. The shallowest core is from 
300 m depth (LHD-1). 
 
Based on the sequence of mineral deposition 
and vein crosscutting relationship at least 5 
stages of mineralisation can be recognised in 
each well studied (Figure 3 a-g). Here each 
stage is expressed by a number followed by a 
subscript. The number denotes the stage and the 
subscript indicates the well number, e.g. stage 11 
means stage 1 in well LHD-1; this deposition 
event may not necessarily have occurred at the 
same time as, for example, stage 1 in well LHD-
3 (13). That is stages are not necessarily field 
wide. 
 
Well LHD-1- The first stage (11) of 
mineralisation began with the deposition of 
chlorite into fractures and cavities, mostly 
monomineralic, but sometimes forming a 
mozaic with pyrite. Stage 21 is characterised by 
calcite although chlorite occurs as a minor phase 
in places.  The appearance of quartz indicates 
stage 31. At some depths, calcite, and chlorite 
continued to develop, forming veins of mosaic 
quartz ± calcite, or segmental veins of quartz – 
calcite ± chlorite. Stage 41 is marked by the 
occurrence of calc-silicates such as epidote, 
prehnite and wairakite, plus albite and adularia. 
They mostly occur as monomineralic veins or 
amygdules, but at some depths postdate chlorite 
or calcite, forming mirror veins or 
concentrically zoned amygdules. They occur 
from below 650 m depth. Anhydrite, sometimes 
with pyrite, calcite or quartz, occurs at 650 m, 
around 900 m and at 1500 m depths. Stage 51 is 
represented by hematite. At 651 m depth the 
hematite vein cuts veins of earlier stages, and at 
801 m hematite fills spaces in a brecciated vein. 
 
Well LHD-3 – Here stage 13 is characterised by 
chlorite. Calcite possibly formed in  stage 23 ; 
this interpretation is not well established as the 
calcite forms monomineralic amygdules. Quartz 
with minor calcite or chlorite (and possibly 
titanite ?) is assigned to stage 31. Wairakite, 
albite, and adularia mark stage 43. Stage 53 is 
probably represented by late calcite or late 
quartz with or without hematite at about 1620 m 
depth. In the deepest part of the cored portion of 
the well (2201-2203 m depth) a brecciated vein 
is postdated by calcite, adularia and quartz. 
 
Well LHD-4 - Stage 1 in LHD-4 started with 
deposition of chlorite into amygdules and that 
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was probably continued to later stages. Hematite 
occurs at around 650 m and 850 m depths 
forming mosaic veins with chlorite. Calcite, 
titanite and leucoxene are interpreted to have 
developed during stage 24, and quartz during 
stage 34, where it usually forms parts of 
concentric amygdules of chlorite → quartz, or 
chlorite → calcite → quartz. Stages 44 and 45 
are marked by epidote, late quartz and late 
calcite forming mosaic veins of quartz ± epidote 
± calcite. These stages are well developed from 
below about 1000 m depth. Late chlorite 
appears in the well bottom (2305 m) as part of 
concentric amygdules of epidote → chlorite. 
 
Well LHD-5 – Widespread chlorite marks stage 
15.  Hematite commonly deposited in the 
shallow part is interpreted to develop at this 
stage as well, since some thin monomineralic 
hematite veins are cut by younger veins. Stage 
25 is characterised by calcite that forms 
concentric amygdules of early chlorite → 
calcite, or mosaic veins of calcite ± hematite ± 
pyrite at the shallow depths. Quartz, and perhaps 
illite (minor at around 1002 m depth) mark stage 
35, where calcite and chlorite occur as minor 
phases. Stage 45 is marked by the appearance of 
adularia, epidote, and clinozoisite, usually as 
parts of mosaic veins with calcite, quartz, or 
chlorite, and sometimes pyrite.  Anhydrite 
occurs at around 650 m and 900 m depths 
forming mosaic veins with adularia, quartz or 
calcite, or in monomineralic amygdules. Stage 
55 is marked by late calcite and quartz, and at 
around 1300 m depth it is characterised by 
brecciated veins composed of quartz, pyrite, 
chlorite, calcite, titanite, illite, epidote, and 
adularia.  
 
Well LHD-7 – Stage 17 is dominated by chlorite 
at shallow depths down to about 900 m. Calcite, 
sometimes with chlorite, marks stage 27. Titanite 
probably developed at this stage as well, but its 
position in the paragenesis is not well 
constrained. Stage 37 started with the deposition 
of quartz, where in some parts it was predated 
by the deformation of calcite veins deposited in 
the stage 27 event. Epidote and wairakite and 
illite appeared at stage 47. Epidote occurs at 560 
m depth, postdating calcite in veins. Wairakite 
appears at deeper level (1567 m) together with 
pyrite. Illite ± epidote postdates quartz at around 
1750 m depth. Stage 57 is marked by the 
occurrence of pyrite, and hematite sometimes 
with late calcite. The veins at around 1570 m 
and 1755 m depths are only partly filled.  
 
Wells LHD-10 & 13 -  Wells LHD-10 and 13 
have 1 and 2 cores, respectively, therefore it is 
difficult to judge their mineral paragenesis. 
However, in LHD-10 chlorite is thought to 
develop at stage 110, quartz at 310 and epidote at 

410 - 510. Epidote and actinolite in LHD-13 were 
probably developed at stages 413 – 513.  
 

3.3. Fluid inclusion microthermometry 
Not many crystals suitable for fluid inclusion 
geothermometry are available, and their 
occurrences are sporadic. However, the results 
of measurements made on stage 37 calcite 
deposited as part of segmental vein of 
microcrystalline quartz - calcite from LHD-7 
(1568 – 1571 m) and stage 55 euhedral quartz 
vein from LHD-5 (900 – 901 m) are briefly 
reported here. 
 
Thirty six primary fluid inclusions in stage 37 
vein calcite (LHD-7, 1568 – 1571 m) were 
measured.  They are liquid-rich with consistent 
vapor contents, i.e., about 10% of the 
inclusions’ volume. No vapor inclusions are 
present in the sample. Their homogenisation 
temperatures (Ths) and ice melting temperatures 
(Tms) range from 227 to 269 

o
C and -0.3 to -

0.1
o
C, respectively. The downwell temperature 

here is about 75 
o
C   The fluid inclusion salinity 

calculated using the formula proposed by Potter 
et al (1978) ranges from 0.18 to 0.53 wt% NaCl 
equivalent. 
 
Euhedral quartz veins from stage 55  LHD-5 
(900 – 901 m) contains measurable fluid 
inclusions in the last deposited crystals. Twenty 
primary and six secondary / pseudo-secondary 
liquid-rich fluid (10% vapor) inclusions give Th 
and Tm ranges from 227 to 269 

o
C and 0.0 to -

0.1
o
C, respectively. The downwell temperature 

here is about 250 
o
C. No vapor inclusions are 

present but the maximum Ths closely match the 
boiling temperature of pure water at 900 m 
depth.  The Tms correspond to salinities of < 0.2 
wt% NaCl equivalent.  
   

4. DISCUSSION 

4.1. Hydrothermal history 
 
The occurrence of chlorite as the first deposited 
mineral indicates that the earliest recorded stage 
of the hydrothermal system at Lahendong was 
liquid-dominated. The optical properties of the 
chlorites assigned to stage 1 are very similar 
from well to well but the deposition 
temperatures may have ranged widely. Chlorite 
is  reported to be stable from 120 to > 320

o
C in 

the Philippines geothermal systems (Reyes, 
1990). The coexistence of the chlorite with 
hematite (e.g. in the shallow parts of LHD-4 and 
5) suggests the influence of cooler, more 
oxygenated water. 
 
In stage 2 the fluid was CO2-rich, as indicated 
by the presence of calcite. In some parts of the 
field, deformation took place shortly after  
calcite deposited as indicated by its bent 
cleavages 
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Fluid inclusions in veins of stage 37 quartz ± 
calcite from LHD-7 (1568 m depth) record 
temperatures of 227 – 269 

o
C, which plot close 

to the boiling point versus depth curve for pure 
water. This suggests a boiling event occurred at 

this stage, even though no vapour-rich 
inclusions were seen.   
 
By contrast to the previous stages where the 
veins mostly had simple paragenesis, the 
textures in stages 4 and 5 are more complex. 

 
(b) LHD-3 

 
(c) LHD-4 

 
(d) LHD-5 

 
(e) LHD-7 

 
(f) LHD-10 

 
(g) LHD-13 

 

Figure 3 (a – g). Paragenetic sequences of 
hydrothermal mineral depositions in wells studied.  

 
(a) LHD-1 
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This probably reflects the more complex fluid 
flow patterns.  The circulating fluid during stage 
4 was of near-neutral pH at temperatures of  
about 200 – 300 

o
C, as indicated by epidote, 

albite, wairakite and prehnite. The CO2 content 
of the fluid at that stage was low, so that it could 
not suppress the formation of the calc-silicates.   
In LHD-1, 3, 4, and 5, steam condensate 
percolated down to the hotter part of the system, 
as indicated by the deposition of anhydrite and 
calcite. This was probably due to a pressure 
release as recorded by the occurrence of 
brecciated veins in samples from these wells.  
  
Some of the minerals deposited in stage 5 in all 
the wells studied probably reflect the present-
day conditions. The occurrence of calc-silicates 
(wairakite, epidote, prehnite) in the deeper parts 
of LHD-4 and 5 matches with the measured well 
temperatures, i.e. 250 – 350 

o
C, and the deep 

fluid composition of near neutral pH alkali 
chloride water (Pertamina, undated internal file). 
Fluid inclusion microthermometry of stage 55 
euhedral quartz from (LHD-5, 900m) yields 
temperatures of 227 -269 

o
C.  In  LHD-7 the 

occurrence of late calcite and hematite 
postdating epidote and illite may record the 
incursion of cooler surface water. The measured 
temperatures throughout the well are low, i.e., 
maximum about 80 

o
C at 2000 m. By contrast, 

the occurrence of late quartz in LHD-3 indicates 
higher temperatures here. This was probably as 
a consequence of mixing of cooler ground water 
and thermal water, causing deposition of 
hematite  
 
Although Lahendong is located near volcanic 
centers which were active in Middle 
Pleistocene, i.e. Mt. Lengkoan (0.6 Ma) and 
Linau (0.5 Ma), there is no mineral record of 
any catastrophic events as is the case at Karaha 
– Telaga Bodas (Moore et al, 2004). Therefore, 
hydrothermal activity was probably started after 
volcanic activity there ceased. 
 

4.2. Future work 
 

Electron microprobe analysis is required to 
determine the compositions of chlorites from 
each well, to help interpret the compositions of 
the altering fluid, especially during stage 1. 
More microthermometry measurements on 
different stage minerals will better characterise 
the changes of the temperatures of the altering 
fluid and its salinity. 

40
Ar/

39
Ar age dating is 

planned on samples of adularia vein minerals, 
and this will time constrain the onset of the high 
temperature regime of the Lahendong system.  
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SUMMARY – Petrographic observations show that mass transfer has taken place in in the Lahendong 
geothermal system.  For example, plagioclase replaced by adularia suggests that Ca has been removed 
and K was gained by the rock; the replacement of augite by epidote suggests the addition of Al, but 
depletion of Fe, Mg, and Ca.  However, the calculated gains and losses of constituents in the wall rocks 
are not always consistent with the petrography. One possible reason is that during alteration processes the 
elements have simply “reshuffled”. On the microscopic scale, gains and losses do not always correspond 
with the replacement mineralogy. Elements lost during dissolution were therefore, possibly incorporated 
into a small amounts of hydrothermal minerals but most were removed in solution. On the other hand, 
significant gains occurred where minerals fill vugs or veinlets were inadvertently sampled for analyses. 
Multiple alteration events have taken place in Lahendong, but the calculated mass transfer reflects the 
end product of series of fluid-rock interaction processes. 

 
1.  INTRODUCTION 

Lahendong is a hot water-dominated geothermal 
field located in North Sulawesi, Indonesia, 
approximately 30 km south of Manado, the 
Capital City of North Sulawesi Province (Figure 
1). It is the first field in eastern Indonesia to 
generate electricity and has been producing since 
2001.  
 

 

Figure 1. Location map of the Lahendong 
geothermal field. 
 
The wells penetrate thick sequences of 
Quaternary andesitic – rhyolitic rocks (Figure 2), 
i.e., the Post-Tondano andesite, Tondano rhyolite, 
and Pre-Tondano andesite. The last two units 
were intruded by diorite dykes. Sedimentary and 
volcano-sedimentary rocks occur, probably as 
lenses, within the Pre-Tondano andesite. The deep 
reservoir is hosted by the Tondano rhyolite and 
the Pre-Tondano andesite, where the measured 

temperatures range from 250 – 350 oC as reported 
by Azimudin (1999) 
 
Subsurface cores and cuttings have been 
pervasively altered, suggesting that constituents 
have been added and, or removed from the rocks. 
This paper briefly discusses the mass transfer that 
has taken place during the hydrothermal alteration 
processes at the system. It is a part of a study to 
reconstruct the hydrothermal evolution of the 
system by the first author.   
 
Mass transfer is a measure of the amount of a 
constituent that is lost or gained during the 
alteration process. It is commonly measured as 
changes in the amount of an element moved per 
unit volume or mass of rock relative to its initial 
content. The theoretical basis of mass transfer and 
alteration mineralogy associated with 
hydrothermal systems have been given by, e.g., 
Hegelson (1979) and Giggenbach (1984). 
Estimates of the extent of mass transfer have been 
described for many New Zealand fields, e.g., by 
Bogie and Browne (1979) on Kawerau, Kakimoto 
and Browne (1986) on Tauhara, Henneberger and 
Browne (1988) on Ohakuri, MacIntosh and 
Simmons (2002) in Broadlands-Ohaki, as well as 
Simpson et al (2000) on Golden Cross Au-Ag 
epithermal deposit.  
 
3. SAMPLING AND ANALYTICAL 
TECHNIQUES 

Thirty altered (intensity of alteration or I.A. ≥ 2.5 
– 0.8) and five least altered (I.A ≤ 0.2) cores were 
selected to represent the subsurface lithology and 
variations in hydrothermal alteration. The rocks 
were carefully split to avoid veins (as best could 
be done) so that only wall rocks were analysed. 
The rocks were then crushed using tungsten 
carbide mill.X-ray fluorescence (XRF) techniques
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Figure 2. Representative geologic cross-section of the field showing the major statigraphic units, 
structures, some of the studied wells, and isotherms. 
 
were employed to quantitatively determine the 
concentration of trace and major elements present 
in the samples, following Parker et al (1993, with 
modification). The rock particle densities were 
measured using the buoyancy method. The 
hydrothermal mineralogy was determined by 
petrography, complemented by X-ray 
diffractometry (XRD), differential thermal 
analysis (DTA), and electron microprobe analysis 
(EMPA).  
 
4. MASS TRANSFER ASSESSMENT 

4.1. Methods 

An estimate of the extent of of mass transfer 
reported here is basically the composition-volume 
relationship proposed by Gressens (1967) solved 
using SOMA programs written by Appleyard 
(1991). Gresens’ (1967) basic formula is 

⎥
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⎤
⎢
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⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
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B
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B
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g
gfaX    (1) 

where Xn = total amount of the component n 
gained or lost; a = starting mass of the component 
in the original rock; fv = volume factor, gA and gB 
= specific gravities of the original rock A and 
altered rock B, respectively; A

nc  and B
nc  are 

concentrations of component n in rocks A and B, 
respectively.  Volume factor (fv) is unknown, and 
to solve the equation Gresens (1967) postulated 
that in an alteration process there is one element 
or a group of elements that is relatively immobile.  
 
Based on Gresens’ postulate Appleyard (1991) 
proposed a mathematical solution by rewriting 
Gresens’ equation as: 

A
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where nΔX  is the difference in composition 
between the original and its altered equivalent, g 
and Xn represent the particle density and the 

element concentration of the original rock (A) and 
its altered equivalent (B), respectively. For an 
immobile element n nΔX is set as = 0, so that: 

B
n

A
n

A

B
0
v X

X
g
gf ×=       (3) 

The equation (3) becomes the basis of the 
SOMA1 program (Appleyard, 1991) which is 
used to calculate zero elemental mass changes and 
to recognise the group of immobile elements in 
this study. The compositional change values (gain 
and loss systematics) are calculated based on 
equation (2) using the immobile elements as 
constraints. In this study they were recognised by 
using SOMA2 program (Appleyard, 1991).  
 
4.2. Selection of immobile elements 
 
Immobile elements have similar fv

o values, and a 
cluster of elements whose fv

o values tend to be 
very similar constitutes a group of possibly 
immobile elements. In Lahendong each rock unit 
has its specific group of possibly immobile 
elements.  
 
In the Post Tondano andesites Al and Ti tend to 
cluster at log fv

o of 0 to (-0.03) giving a narrow 
range of  fv

o values of 1 to 0.93.  In the Tondano 
rhyolites Y and U cluster at log fv

o of -0.0 to 0.03 
(fv

o = 0.93 to 1.07), or at -0.12 to -0.09 (fv
o = 0.76 

to 0.81).  In the Pre-Tondano andesites Al, and Ti 
mostly cluster at log fv

o of  -0.06 to -0.03 (fv
o = 

0.87 to 1.07), at -0.18 to -0.12 (fv
o =  0.66 – 0.75), 

but in some cases no distinct grouping of 
elements is recognised. Comparison of the altered 
diorite intrusion samples with the fresh andesite 
lava from the Post-Tondano andesite yields 
clusters for Al, U and Ti at log fv

o of 0.09 to 0.06 
(fv

o =1.23 to 1.15), and at 0 to -0.03 (fv
o = 0. 93 to 

1).  
 
4.3. Compositional changes and mineralogy 

Pri Utami
Text Box
422



Ideally, in order to assess the extent of mass 
transfer an altered rock is compared to its 
“parent” or original counterpart, i.e., fresh rocks 
from the same flow. But since at Lahendong this 
ideal situation does not exist the altered rocks are 
compared to a least altered rock (I.A ~0.1) of  
similar primary mineralogy. In the case of the 
Pre-Tondano andesite and the diorite intrusions 
which do not have rocks with the least altered 
criteria, the altered rocks were compared with 
andesite lava (I.A ~0.1) from the Post-Tondano 
andesite unit that had similar primary mineralogy. 
Elements show a range of behaviour, i.e. 
relatively immobile (mass exchanges or ME ≥ -5 
to ≤ 5 g/100 cm3 and ≥ -20 to ≤ 20 g/m3), minor 
change (ME -10 to -5 g/100 cm3 or 5 to 10 g/100 
cm3, and -40 to -20 g/m3 or 20 to 40 g/m3),  
enriched (ME > 10 g/100 cm3 and > 40 g/m3), and 
depleted (ME < -10 g/100 cm3 and < -40 g/m3) for 
major and trace elements, respectively. Figure 2 
portrays the gains and losses of elements. 
Examples for petrographic evidence of mass 
transfer are given in Figure 3. 
 
Major elements 
 
Post-Tondano andesite 
The altered rocks in this unit have I.A 0.1 – 0.4. 
Si, Al, Fe, and Mg are relatively immobile, 
although in rocks with I.A. 0.3 – 0.4 chlorite 
occurs as a replacement of augite and plagioclase. 
Ca is relatively immobile, although in places 
calcite and titanite (e.g., LHD-5/500 m) replaces 
plagioclase, and epidote replaces plagioclase and 
augite (e.g., in LHD-7/560 m). Na and K are 
immobile and no secondary feldspars are present. 
Ti, Mn and P are immobile. 
 
Tondano rhyolite 
Si is either enriched or depleted. Si enrichment up 
to 17 g/100 cm3 (LHD-7/1754 m) is represented 
by the occurrence of quartz in very fine, 
inseparable veinlets, and no replacement quartz is 
present. Surprisingly, Si depletion (< -10 g/100 
cm3) occurs in e.g., in LHD-7/2052 m where the 
glass matrix partially replaced by quartz (Figure 
4A). Al, Fe, and Mg are relatively immobile or 
only slightly enriched regardless of the partial 
replacement of plagioclase by chlorite and 
epidote; pyroxene by chlorite, or the glass matrix 
by hematite. Ca is mostly slightly enriched 
although calcium bearing minerals are common. 
However, in LHD 4/652 m enrichment to >15 
g/100 cm3 is not reflected in the secondary 
mineralogy, instead plagioclase is partly replaced 
by only chlorite.  The greatest enrichment (~25 
g/100 cm3) occurs in LHD-1/852 m where 
epidote, calcite and anhydrite replace plagioclase; 
but more importantly, calcite occurs in veins and 
vugs (Figure 4B). Na and K are immobile in all 
“parent”-altered rock pairs, although adularia 
partly replaces plagioclase in LHD-7/2052 m. Ti, 
Mn and P are immobile. 
 

Pre-Tondano andesite 
Compared with other units the Pre-Tondano 
andesite has a more diverse replacement 
mineralogy. Plagioclase is replaced by one or 
more of the following minerals: quartz, calcite, 
epidote, actinolite, prehnite, pumpellyite , albite, 
adularia, and wairakite. Pyroxene is replaced by 
chlorite, or quartz, or chlorite and epidote. Glass 
matrix or groundmass is replaced by chlorite and, 
in places, by hematite, but pyrite is dispersed.  
 
Si exhibits mixed behaviour here. The Si 
depletion often occurs where plagioclase is partly 
replaced either by quartz alone (LHD-1/1650 m) 
or by quartz and other secondary silicates (e.g., 
LHD-4/1350 m, LHD-5/1330 m). Si enrichment 
up to about 60 g/100 cm3 in andesite tuff (LHD-
3/1620 m) was accompanied by the replacement 
of primary phases by quartz (Figure 4C), but the 
occurrence of quartz patches in andesite breccia 
(LHD-4/1002 m) caused Si enrichment of about 
30 g/100 cm3. Al, Fe, and Mg are immobile in 
most of the samples regardless of the occurrence 
of the secondary phases bearing these elements. 
Ca is immobile, or has only slightly changed, 
except in LHD-4/1002 m, where it is enriched to 
> 200 g/100 cm3; here calcite and titanite fill 
vugs. Na and K are immobile, regardless of the 
replacement of plagioclase by albite, adularia or 
illite. Ti, Mn and P are immobile. 
 
Diorite intrusion 
This unit is encountered by well LHD-5. In 
shallower levels (750 – 1100 m depths) pyroxene 
is partially replaced by quartz, and plagioclase by 
chlorite or adularia, resulting in slight Si 
depletion. In the deeper level (~1900 m depth) 
mass exchange calculations show that Si is 
gained, although plagioclase and pyroxene were 
replaced by the phases which have less Si such as 
chlorite and epidote. As in other units Al, Fe, and 
Mg are also immobile, although chlorite and 
epidote are quite abundant. Ca is immobile below 
1000 m, but slightly added i.e., to ~ 12 g/100 m3 
at 750 m where pyroxene is partly replaced by 
anhydrite, or totally by chlorite (Figure 4D). Na 
and K are immobile, despite the common 
presence of adularia as a partial replacement of 
plagioclase. Ti, Mn and P are immobile. 
 
Trace elements 
 
V, Cu, and Zn are enriched to various extent, 
except in the Pre-Tondano andesite unit where 
they show mixed behaviour. V can be hosted by 
titanite (Deer, et al, 1982) and pyrite 
(Goldschmidt, 1958), while Cu and Zn by chlorite 
(Bailey, 1988), or pyrite (Goldschmidt, 1958).  Th 
and U, in places joined by Nb and Pb, are 
relatively immobile. With few exceptions Sr is 
generally enriched, but barium is generally 
depleted. Zr is usually depleted in andesites and 
diorite, but enriched in rhyolites. Sc shows minor  
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Figure 3. Plots of compositional changes within the main stratigraphic units determined by using the 
Gresens method.
 
changes, but mostly enrichment, except in the 
Pre- Tondano andesite where it  displays     mixed 
behaviour. Rb is mostly depleted. Other trace 
elements are either having mix behaviour or show 
minor changes in all rock units. 
 

Although most of the cores are moderately to 
intensively altered (I.A 0.4 – 0.8) plots in Harker 
bivariate diagrams (following Gill, 1981; Wilson, 
1995) show that Sc, V, Cr, Ni, and Ga correlate 
negatively with silica. Sc and Ga increases and 
decreases, respectively, with the  
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Figure 3 . Examples of petrographic evidence of mass transfer between rock and fluid in Lahendong.  

A. Glass mold in welded rhyolitic tuff (LHD-7/ ~2050 m) altered to microcrystalline quartz, and 
chlorite (enrichment of Al, Fe, and Mg). Plagioclase almost totally altered to calcite (removal of 
Na, Al, Si, but enrichment of Ca). 

B. Plagioclase in rhyolitic tuff (LHD-1/~1850 m) totally replaced by epidote (removal of Na but 
enrichment of Ca and Fe), calcite (removal of Na, Al, Si, but enrichment of Ca) and anhydrite 
(removal of Na, Al, Si but enrichment of S). Calcite also occurs as cavity fill.  

C. Plagioclase in andesite lava (LHD-3/1620 m) partly replaced by microcrystalline quartz 
(removal of Na, Ca, Al) or calcite (removal of Na, Al, Si, but enrichment of Ca).  

D. Pyroxene in diorite (LHD-5/750 m) partly replaced by anhydrite (removal of Fe, Mg, Al, Si, but 
enrichment of S ) or totally by chlorite (enrichment of Al and Si, O, and H). 

 
increase of Al2O3. In sympathy with the increase 
of K2O, Rb, Ba, and Zr increase, while Sr 
decreases. These mean that the alteration 
processes in Lahendong geothermal system still 
retained the characteristics of the island arc 
igneous host rocks.  
 
5. DISCUSION 

This study demonstrates that during fluid-rock 
interaction processes in the Lahendong system 
constituents were simply reshuffled, although 
perhaps small amounts were removed in solution 
or fixed into the rocks in replacement minerals. 
Since the element gains mostly occur where 
space-fill minerals were inevitably included in the 
rock analysis, it follows that channel-type 
permeability was indeed more effective than 

intergranular-type permeability in moving the 
elements and providing the environment needed 
to form hydrothermal minerals.  It is tempting, 
indeed, to utilise the results of the assessment of 
mass transfer in the wallrocks to calculate the 
water/rock ratios, but since fluid moved most 
entirely in channels then such calculation would 
be unrealistic. 
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SUMMARY – Geologic settings, hydrology, alteration mineralogy and hydrothermal history of five 

geothermal systems in the western Pacific Belt Lahendong (North Sulawesi), Tiwi (Luzon), Kamojang, 
Karaha-Telaga Bodas (both in West Java), and Ulumbu (Flores) have differences and similarities. These 
fields are associated with plate convergences of different characteristics. All are located in 

topographically steep andesitic volcanic complexes which have not been active during historic time. Their 
host rocks are dominantly andesites, but other rocks are also present. The results shows that 1) variation in 
their alteration mineralogy is independent of their original rock types and characteristics of the  plate 

convergence; 2) distributions of their hydrothermal minerals are controlled by prevailing and past 
hydrology, which itself is determined by their steep terrain, and fracture systems; 3) tectonic and volcanic 
activities in the surrounding area, to some extent, control the changes of the characteristics of the system 

as indicated by mineralogical textures and other evidence.  

1.  INTRODUCTION 

The geologic settings (including tectonics and 
volcanism), hydrology and hydrothermal 
alteration mineralogy of Lahendong (North 

Sulawesi) and four other high-temperature 
geothermal systems in the western parts of the 
western Pacific belt namely Tiwi (Luzon), 

Kamojang, Karaha-Telaga Bodas (West Java), 
and Ulumbu (Flores) have similarities and 
differences. These fields have been explored by 

drilling, and their hydrothermal alteration 
mineralogy is well known. They are all located in 

steep volcanic terrain, and associated with active 
convergences of different characteristics (Fig.1).  
 

This paper aims to assess the links between their 
geologic settings and their hydrothermal 
mineralogy and history. 

 

2.  GEOLOGIC SETTINGS 

2.1  Tectonics 

The plate convergences enclosing the five 
geothermal systems have different characteristics 

in terms of the type of plates involved, the angular 
relationship between the plates, the dip of the 
subducting slab, as well as the rate of 

convergence.  
 
Lahendong forms parts of the Sangihe volcanic 

arc that resulted from complex subduction of the 
Molucca Sea plate to the west under the colliding 
Sangihe and Halmahera forearcs (Hamilton, 

1988). The westward subduction slab of the 
Molucca Sea plate under the Sangihe arc dips 

westerly at 55 – 65
o
 (Cardwell et al, 1980). The 

convergence across the Molucca Sea is orthogonal 
(Macpherson and Hall, 1999), at the rate of 80 

mm/yr (Rangin et al, 1999).  

 
The other four systems are associated with more 

usual subduction. Tiwi is the part of the Bicol 
volcanic arc that formed from westward 
subduction of the Philippine Sea plate along the 

Philippine Trench (Delfin et al, 1993). Here the 
convergence is oblique (Macpherson and Hall, 

1999). The subduction slab dips about 40
o
 (Jarrad, 

1986), and its movement rate decreases, from 
north to south, from 54 mm/yr to 32 mm/yr 

(Rangin et al, 1999).   
 
Kamojang, Karaha-Telaga Bodas and Ulumbu 

form parts of the Sunda - Banda volcanic arcs 
which are controlled by the subduction of the 
Indo-Australian plate beneath the Eurasian plate 

along the Sunda and Banda Trenches (Hamilton, 
1988). The convergence is orthogonal 
(Macpherson and Hall, 1999). The dips of the 

subduction slab vary from shallow to deeper 
levels, i.e., from 16 – 63

o
 (Jarrad, 1986) and the 

convergence rate is 67 mm/yr (Tregoning et al, 
1994).  
 

2.2 Volcanism 
 
All five geothermal systems occur within andesitic 

volcanic complexes which have not erupted in 
historic time, however, nearby are some presently 
active volcanic centers. The systems are expressed 

at the surface by fumaroles and steam-heated type 
manifestations sitting within or in the vicinity of 

calderas (or caldera-like structures), and/or 
craters.  
 

Lahendong is situated within inactive Quaternary 
volcanic centers on the western margin of 
Tondano volcano-tectonic depression, about 9 km  

Pri Utami
Text Box
427

Pri Utami
Text Box
J.4



 

 

 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
Figure 1. The locations of the Lahendong (1), Tiwi (2), Kamojang (3), Karaha-Telaga Bodas (4) and Ulumbu (5) 

geothermal systems with respect to the present-day tectonic framework of the western Pacific. Map compiled from 

Hamilton (1979), Simandjuntak and Barber (1996), and Macpherson and Hall (2002). 

                                                                                       

SE and 20 km NE from Lokon and Soputan active 
stratovolcanoes, respectively. The presently active  
system is spatially associated with Pangolombian 

horse shoe-shaped structure and Linau crater (Fig. 
2A). The system is hosted by Mid Pleistocene 

andesite – andesite basaltic andesite lavas and 
pyroclastics, Early Pleistocene rhyolite, and Late 
Pliocene andesites and volcanically derived 

sedimentary rocks. The last two were intruded by 
diorite dykes. The absolute ages of the volcanic 
host rocks range from 500 to 2200 ka (P.T. 

Gondwana, 1988). 
 
The Tiwi system is located in the southwest coast 

of the Lagonoy Gulf (Fig. 3A) on the northeastern 
flank of the extinct Mt. Malinao, 20 km NW from 

the presently active Mt. Mayon. The reservoir 
rocks comprise Quaternary andesitic, basaltic, and 
dacitic volcanic and volcaniclastics (products of 

Mt. Malinao), overlying limestone, mudstone, 
andesitic wacke, and quartz-muscovite schist 
basement. The age of the volcanic host rocks is ~ 

0.5 Ma (Gambill and Beraquit, 1993), and 
hydrothermal activity extends back to ~314 ka 
(Moore et al, 2000). 

 
According to Taverne (1926), the Kamojang 
system is located within the remnant of Gandapura 

caldera (Fig. 4A), 5 km NW from Mt. Guntur 
which last erupted in 1960 (Kartokusumo et al, 

1976). The host rocks are of Quaternary andesite 
– basaltic andesite lavas and pyroclastics (Utami, 
1998).  

 
The Karaha-Telaga Bodas system is situated on a 
N-S trending volcanic ridge, where the youngest is 

the Galunggung volcano (Nemčok et al, 2007) – 
Fig. 5A. The last extensively damaging activity of 

Galunggung took place in 1982 – 1983 (Gourgaud 
et al, 2000). According to Van Padang (1951) the 
crater hosting the thermal manifestations are the 

remnants of separate volcanoes, i.e., Karaha and 
Telaga Bodas. The altered host rocks are 
underlain by lake bed deposits where the youngest 
14
C age is 5.9 ka (Moore et al, 2004).  
 
The Ulumbu system is located inside the Poco 

Leok – Poco Rii calderas (Setiawan and Suparto, 
1984), about 10 km SW of Anak Ranakah (Fig. 

6A), an active volcano that last erupted in 1987. 
The system is hosted by a Tertiary basement of 
andesitic lavas, volcanogenic sandstone, and 

limestone, and Quaternary volcanic rocks whose 
compositions range from basaltic to dacitic 
(Kasbani, 1996).  

 

3.   HIDROLOGY & THERMAL STRUCTURES 

3.1 Thermal manifestations  
 
Manifestations in the main thermal areas are of 
steam-heated and fumarolic types. Bicarbonate-

rich springs discharge on the margin of the 
systems, such as in Lahendong, and Kamojang 

(Utami, 1998), but mixing of sulfate-bicarbonate 
fluids is more common.  Due to their steep 
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topography (and hence hydrologic gradients), 

deep chloride fluids known to be present from 
drilling do not reach the surface above the upflow 
zones; instead they flow laterally and manifest 

several km away from their upflow zones, i.e., 
Lahendong (this work) and Tiwi (Gambill and 
Beraquit, 1993), or else not at all, i.e., Kamojang 

(Utami, 1998), Karaha-Telaga Bodas (Moore et 
al, 2004), and Ulumbu (Kasbani, 1996).  
 

3.2 Hydrology and thermal structures 
 
Lahendong (Fig. 2B) –Above the upflow zones 

(which itself is defined by isotherms of ≥ 250 oC 

at ~ 250 m asl) the liquid-dominated reservoir is 
overlain by steam. The system has a large outflow 
structure to the south. The deep reservoir fluids in 

the central parts are of Cl-SO4-HCO3 type, 
whereas those in the southern parts are of Cl type. 
The recharge water is mainly meteoric, but a small 

magmatic contribution is indicated (Prijanto et al, 
1984, Jaffey et al, 2004).  
 

Tiwi (Fig. 3B) – The pre-production fluid in Tiwi 
was liquid-dominated of neutral pH with low total 

dissolved solid and non condensable gas contents 
(Gambill and Beraquit, 1993). Corrosive fluid was 
found above the neutral pH brine in the 

topographically highest part of the field.  The deep 

fluid upflow zones are defined by isotherms of ≥ 

275 
o
C at 1500 m bsl (Gambill and Beraquit, 

1993). The modern fluid is of meteoric origin 
(Moore et al, 2000).  

 
Kamojang (Fig. 4B) – Based on its 1996 status 

Utami (1998) suggested that the mushroom-
shaped vapor-dominated reservoir is overlain by a 
steam condensate layer. The maximum measured 

temperature is 240 
o
C at 250 – 1000 m asl.  

Isotopic studies suggest that the thermal fluid is 
mainly derived from local meteoric water, which 

received some magmatic inputs (Healy and 
Mahon, 1982).  
 

Karaha-Telaga Bodas (Fig. 5B) – An extensive 
vapor-dominated zone is overlain by a steam 

condensate layer, and an active magmatic vapor 
chimney occurs beneath the Kawah Telaga Bodas 
thermal area. Beneath the vapor dominated zone is 

a liquid-dominated reservoir, with a maximum 
measured temperature of 350 

o
C at ~ 1 to 2 km bsl 

(Allis et al, 2000). The top of the reservoir 

coincides with the boundary of the overlying 
strike-slip displacement and underlying 
extensional stress regimes, respectively. The base 

of the reservoir is characterised by fracture zones 
that remain partially open under the present-day 
stress regime.  The permeable zones are 

associated with matrix and fracture permeabilities 
(Nemčok et al , 2007). 

 
Ulumbu (Fig. 6B) – Three wells (ULB-01, 02, and 
03) have been drilled from the same pad, 

intersecting an outflow zone. The upflow is 

presumed to be located upslope from the wells. A 

maximum temperature of 240 
o
C was encountered 

in ULB-01 at about sea level. Thermal inversion 
occurs below this (Grant et al, 1997). Fluid flow 

patterns are controlled by fractures and contacts 
between stratigraphic units (Kasbani, 1996).  
 

 

4. HYDROTHERMAL ALTERATION AND 

EVOLUTION OF THE SYSTEMS 

 
Lahendong – At the surface, inside the presently 
active thermal area, the replacement minerals 

consists of alunite, kaolin, leucoxene, halotrichite, 
and opal-A. Alunogen and sulfur deposited around 

gas and fumarole vents.  
 
In the deeper parts, the hydrothermal minerals 

formed in the andesites, diorites, and rhyolites 
shows only small differences. Chlorite, calcite, 
quartz, hematite, adularia, illite, and most calc-

silicates occur in both the andesitic and rhyolitic 
rocks. 
 

Calcite, clays (chlorite, illite and minor smectite), 
epidote, titanite, wairakite, pyrite, and quartz 

occur in the deeper parts of the system, regardless 
the position of the wells with respect to the active 
thermal area, suggesting that the system was once 

larger than that now exploited. The shallowest 
occurrences of some mineral indicators (chlorite, 
actinolite, epidote, wairakite) suggested a shift in 

the focus of activity from the SW part of the 
Pangolombian structure to its present-day position 
beneath the Linau Lake. This is thought to be due 

to an eruption forming the Linau crater that 
created vertical permeability. However, no 
mineralogical record of catastrophic event such as 

that reported for Karaha-Telaga Bodas system by 
Moore et al (2004). A pressure release due to 

volcanic or tectonic event might have allowed rain 
water reach the deep parts of the system causing 
significant cooling. 

 
Tiwi – The margins of the Tiwi reservoir are 
characterised by an argillic alteration assemblage 

containing smectite ± calcite, whereas the interior 
is dominated by a propylitic assemblage 

containing chlorite, quartz, and epidote which was 
produced by neutral pH fluids. This latter 

assemblage extends significantly beyond and 
below the present eastern margin of the reservoir, 
in areas now invaded by seawater. An advanced 

argillic assemblage produced by highly acidic 
fluids and consisting of quartz, pyrophyllite, 
alunite, anhydrite, and diaspore occurs locally- 

Fig. 3B (Gambill and Beraquit, 1993).  
 
Vein mineral paragenesis, fluid inclusion, and 
40
Ar/

39
Ar dates suggested that the system has 

undergone at least four main alteration episodes. 

Notable events were recharge and discharge 
during the main episode, which may have been 
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Figure. 2. (A). Plan view of the  Lahendong  system showing thermal manifestation areas (yellow colour), 

lineaments, volcanic features and wells. (B). Cross section of the Lahendong system showing its 
hydrology and thermal structure. Isotherms (red lines) in 

o
C. 
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Gambill and Beraquit, 1993 

Figure 3  
(A). Location map (left) and plan view 
(right) of the Tiwi system.  

 
(B). Cross section of the Tiwi system 
showing its hydrology, thermal 

structure, and distribution of 
hydrothermal mineral assemblages. 
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Figure 4. (A). Location map (left) and plan view (right) of the Kamojang system showing thermal 
manifestation areas, faults, volcanic features and wells. (B). Cross section of the Kamojang system 
showing its hydrology, thermal structure, and distribution of hydrothermal mineral assemblages. 
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Figure 5 (A). Location map (left) and plan view (right) of the Karaha-Telaga Bodas system showing 
thermal manifestation areas, volcanic features, wells and core holes. Contours in  m sl.  (B). Cross section 
of the Karaha-Telaga Bodas system showing its hydrology, thermal structure and the distribution of the 

granodiorite intrusion. Isotherms in 
o
C. 

 

triggered by a combination of tectonic events 
and the emplacement of subvolcanic intrusions; 

the emplacement of another intrusive body at 10 
– ka;  and incursion of sea water into the system 
at ~ 200 ka.  (Moore et al,2000).  

 
Kamojang – Surface alteration is limited to the 

area of present day surface activity. The surface 
alteration minerals are products of interactions 
between the rocks and acid fluids. These 

comprise kaolinite, alunite, pyrite, sulfur, iron 

oxides, alunogen, and antimony sulfide.  There 
is no evidence of past discharge of chloride 

waters there (Kartokusumo et al 1976). There 
are two distinctive hydrothermal mineral 
assemblages present in the subsurface, namely 

those produced by acidic and near neutral pH 
fluids, occupying the near surface (100 – 300 m 

depths), and the deeper parts of the system, 
respectively. The former consists of kaolin, 
smectite, alunite, quartz, cristobalite, and pyrite. 

The later consists of quartz, adularia, albite,  
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Figure 6 (A). Location map (left) and plan view (right) of the Ulumbu system showing thermal 
manifestation areas (grey), volcanic features and wells. Elevations of the volcanic centers in m asl.  (B). 

Cross section of the Ulumbu system showing its hydrology, thermal structure and distribution of the main 
stratigraphic units. 

 

epidote, titanite, wairakite, laumontite, calcite, 
siderite, hematite, pyrite, smectite, chlorite, 
illlite, and interlayered clays. Anhydrite, which 

deposited from descending sulfate-rich fluid, 
occurs in places within this assemblage (e.g., 
Utami, 2000). Comparison between the present-

day conditions and those deduced from 
hydrothermal alteration studies suggests that 

Kamojang has evolved from a liquid-dominated  
 
system and cooled. Space-fill mineral 

parageneses indicates that the system has 
undergone at least three episodes of 
mineralisation but the altering fluid in the 

deeper parts of the system was always of near 
neutral pH (e.g., Utami, 2000). 
 

Karaha-Telaga Bodas – At shallow depths the 
wall rocks have altered to mixture of clay 

minerals, chlorite, pyrite and quartz. Propylitic 
assemblages consisting of chlorite, epidote, 
apatite, amphiboles, feldspars, pyrite, quartz, 

prehnite and garnet occur as shallow as 850 m. 
Potassic assemblage first appear at ~1150 m in 
drill hole T-8 (drilled close to Kawah Telaga 

Bodas). The minerals in this zone consist of 
biotite, epidote, amphiboles, garnet, talc, 
magnetite, cubanite and galena. Closer to the 

active magmatic chimney in drill hole T-2, 
advanced argillic alteration consisting of late 
tourmaline, fluorite, and native sulfur, indicate 

episodic contributions of magmatic gases 

containing H3BO3, HF, and SO2 (Moore et al,  
2002).   
  

Vein mineral paragenesis observations, 
combined with systematic fluid inclusion studies 
revealed that the vapor-dominated regime in this 

system evolved from a larger, liquid-dominated 
system. The transition from liquid- to vapor-

dominated condition was marked by extensive 
the deposition of botryoidal chalcedony and 
quartz encapsulating the earlier higher 

temperature minerals, the abundance of vapor-
rich fluid inclusions and the high apparent 
salinity of the fluid inclusions. The massive 

flashing of water to steam was thought to be due 
to decompression caused by the collapse of the 
flank of Galunggung volcano at 4.2 ka (Moore 

et al, 2002; Moore et al, 2004).   
 

Ulumbu – Surface and subsurface hydrothermal 
alteration in Ulumbu is a product of low 
temperature leaching by steam heated acid 

fluids. This comprises opal-A with minor 
kaolinite and cristobalite. There is no sign of 
relict, higher temperature alteration (Kasbani, 

1996). The deep reservoir has been 
hydrothermally altered by near neutral pH fluids 
producing quartz, albite, adularia, titanite, 

epidote, prehnite and pumpellyite, zeolites, 
calcite and clays (smectite, chlorite, illite, 
interlayered chlorite/smectite and 

illite/smectite).  However, anhydrite that occurs 
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above 800 m depth deposited from sulfate-rich 
fluid (Kasbani et al, 1997). 

 
The present-day hot parts of the system coincide 

with the occurrence of calc-silicate minerals 
suggesting that the system have been thermally 
stable since these mineral formed. However, 

fluid inclusion studies indicate local cooling at 
shallow depths, and local heating at deeper parts 
(Kasbani et al, 1997). Reactivation of channel-

type permeability evident from undulose 
extinction of quartz and deformed cleavages of 
calcite may be due to some deformation event(s) 

(Utami, 1995). 
 

 5. DISCUSSION AND CONCLUSIONS 
 
In all five systems the end products of 

hydrothermal alteration are almost the same 
albeit the difference in the compositions of the 
original rocks. Silica, secondary feldspars, calc-

silicates, clays including chlorites, carbonates, 
oxides, sulfides and sulfates occur, in various 
proportions, in all the systems. This agrees with 

the conclusion about the homogenising effect of 
hydrothermal alteration pointed by Browne 
(1989). Despite the unique tectonic setting of 

Lahendong, its alteration mineralogy is the same 
as that of other fields with more common 

tectonic settings. 
 
The distributions of their hydrothermal mineral 

assemblages are controlled by prevailing and 
past hydrology which in the systems compared 
is determined by their steep volcanic terrains. In 

general, the margins of the systems are 
characterised by assemblages produced by 
steam-heated fluids. Assemblages formed by 

near-neutral pH fluids occur in the interior 
closer to upflow zones. Assemblages produced 
by signatures of magmatic fluids occur in 

Karaha-Telaga Bodas which is closely 
associated with a young volcano.  

 
Mineralogical textures, supported by other 
evidence, show that changes that occurred 

during the life of the systems may have been 
induced by tectonic and/or volcanic activity. 
However, correlations between the hydrothermal 

and volcanic/tectonic events can be made only 
when the timing of both is known, as those 
demonstrated for both Karaha-Telaga Bodas 

(Moore et al, 2002, Moore et al, 2004) and Tiwi 
(Moore et al, 2000). 
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