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ABSTRACT

Detailed study of core samples of silicic
tuff recovered from three geothermal wells
along the strike-stip Great Sumatran fault
zone near Silangkitang, North Sumatra,
supports a model for enhanced hydrother-
mal circulation adjacent to this major
plate-boundary fault. Two wells (A and C)
were drilled nearly vertically ~1 km south-
west of the eastern (i.e,, the principal) fault
trace, and the third, directional well (B)
was drilled eastward from the site of well
A to within ~100 m of the principal fault
trace. The examined core samples come
from depths of 1650-2120 m at measured
well temperatures of 180-320 °C. The sam-
ples collected near the principal fault trace
have the highest temperatures, the largest
amount of secondary pore space that cor-
relates with high secondary permeabillity,
and the most extensive hydrothermal min-
eral development. Secondary permeability
and the degree of hydrothermal alteration
decrease toward the southwestern margin
of the fault zone. These features indicate
episodic, localized flow of hot, possibly
CO,-rich fluids within the fault zone. The
microstructure populations identified In the
core samples correlate to the subsidiary
fault patterns typical of strike-slip faults,
The geothermal reservoir appears to be
centered on the fault zone, with the prin-
cipal fault strands and adjolning, highly
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fractured and hydrothermally altered rock
serving as the main conduits for vertical
fluld flow and advective heat transport
from deeper magmatic sources.

Keywords: hydrothermal conditions, Indo-
nesla, mineral assemblages, strike.slip
faults, Sumatra.

INTRODUCTION

The Great Sumatran fault zone is an active,
northwest-trending, right-lateral strike-slip
fault that accommodates the arc-parallel com-
ponent of oblique subduction at the Java
Trench (Fig. 1). The fault is close to the axis
of the magmatic arc on Sumatra, and the con-
centration of features such as hot and warm
springs, fumaroles, and altered rock in the vi-
cinity of the fault zone suggests its potential
as an important source of geothermal energy
{Hochstein and Sudarman, 1993). In 1993,
Unoca) entered into a contract with Pertamina
and PLN, the Indonesian state-owned oil and
power companies, respectively, for explora-
tion and development of geothermal energy in
the Sarulla area of North Sumatra (Gunderson
et al.,, 1995, 2000). Unocal subsequently af-
forded the U.S. Geological Survey the oppor-
tunity to examine petrographically 13 core
samples recovered from three exploratory
geothermal wells.

Much recent emphasis has been placed on
the possible role of fluids in the earthquake
cycle and conversely the role of fault zones in
focusing fluid flow in the crust (Hickman et
al., 1995, and references therein), Many of the
observations used to model the hydrologic
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properties and mechanical behavior of fault
zones at depth are derived from exhumed
faults (e.g., Chester et al., 1993; Evans et al.,
1997; Schulz and Evans, 1998) whose mineral
assemblages, microstructures, and physical
properties may have been modified since the
time of active faulting, Unocal’s Silangkitang
core samples, although few, afford us a unique
glimpse of an active strike-slip, plate-bound-
ary fault zone and its environs at depth. The
specific objectives of this study are to (1)
¢haracterize the distributicn and nature of hy-
drothermal alteration assemblages and identify
the controls on their formation within the
fault-zone setting, (2} describe the microstruc-
tures and determine their relationship to fault-
zone geometry and the faulting regime, and
(3) examine the interrelationships between flu-
id-flow and faulting processes at this locality.
This information is important for a better un-
derstanding of geochemical and tectonic con-
trols on the nature and extent of fault-related
geothermal resources, the role of fluids in con-
trolling faulting and earthquake recurrence,
and the role of faults as either barriers or con-
duits to oil and gas migration.

Geologic Background

The island of Sumatra (Fig. 1) is situated
along the southwest margin of the Sundaland
cratonic block, and it may have formed part
of a convergent plate margin since Permian
time (McCourt et al., 1996). Older belts of
subduction-related plutonic rocks on Sumatra
all have a roughly northwest trend subparallel
to the present magmatic arc, suggesting that
the configuration of this part of the subduction
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Figure 1. Tectonic setting of Sumatra in southeast Asia, The Great Sumatran fault zone
(GSFZ) Is assoclated with the active magmatic arc on the island (map modified from

Hamilton, 1979).

system has remained almost the same through-
out its history. The present period of subduce-
tion followed a middle Oligocene collision
event; plutonic activity became important in
the early Miocene, and volcanism spanned the
arc by the middle Miocene (McCourt et al,,
1996). Andesitic volcanism became intense in
the Pliocene, and voluminous rhyolitic vol-
canism commenced during Pliocene-Pleisto-
cene time (Hochstein and Sudarman, 1993).
The current subduction regime involves
northeast motion of the Indian Ocean plate
(Fig. 1) at ~7.5 em/fyr (McCaffrey, 1996).
Subduction of the Investigator Fracture Zone
coincides with the location of the Toba caldera
{Fig. 1) and with an apparent offset in the vol-
canic chain along the arc trend (Fauzi et al,,
1996). Subduction beneath Sumatra is oblique
at ~50°-65° (Simandjuntak and Barber,
1996), and the plate motion is roughly parti-
tioned into a component of convergence per-
pendicular to the trench and a component of
right-lateral strike-slip faulting on the Great
Sumatran fault zone parallel to the trench
(Fitch, 1972). Sieh and Natawidjaja (2000)
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suggested that the fault zone formed at ca. 2
Ma and that the maximum displacement along
it is ~23 km. The slip rate on the fault zone
obtained from offset geomorphic features in-
creases from ~6 * 4 mm/yr in the south (o
~23 * 2 mm/yr near the Toba caldera (Sich
et al., 1994; Bellier and Sébrier, 1995). Al-
though the strongest earthquakes felt on Su-
matra are associated with the subducting plate
{Newcomb and McCann, 1987), the Great Su-
matran fault zone has generated historical
earthquakes with magnitudes as great as 7.5
{Fitch, 1972; Sieh et al., 1994). Mount and
Suppe (1992) determined that the maximum
regional horizontal stress makes a 70°~80° an-
gle to the strike of the fault, which implies
that a low shear stress is acting on the fault,
Thus, the fault zone appears to be much weak-
er than the surrounding crust, as is also the
case for the San Andreas fault in California
{Mount and Suppe, 1987, Zoback et al., 1937,
Hickman, 1991). The fault zone is highly seg-
mented, and most of the principal segment
boundaries are dilational in nature (Sieh and
Natawidjaja, 1998, 2000). A series of grabens

(e.g., Katili, 1970; Simandjuntak and Barber,
1996) have formed at these extensional seg-
ment boundaries, and volcanic edifices are sit-
uated within some of them (Bellier and Sé-
brier, 1994; Sieh and Natawidjaja, 2000).

The Sarulla contract area in North Sumatra
is centered over the Great Sumatran fault
zone, which here consists of two strands: the
well-defined eastern strand, which forms the
principal trace, and a less distinct western
strand located 4-6 km southwest of the east-
ern trace (Gunderson et al., 2000), In the cen-
tral part of the contract area the principal
strand forms the northeast boundary of the Sa-
rulla graben (Fig. 2A. from Gunderson et al.,
1995). Here, the principal strand brings a Pa-
leozoic metasedimentary sequence—including
quartzite, phyllite, and limestone (Aspden et
al., 1982)—on the northeast side into fault
contact with the Quaternary volcanic sequence
that fills the graben, The arc voleanic rocks
range in age from 0.1 to 1.8 Ma (Gunderson
et al,, 1995), and they inctude lava flows and
breccias and rhyolite to basaltic andesite ash-
flow and ash-fall tuffs. A roughly 1-km-wide
zone of subsidiary faulting subparallel to the
Great Sumatran fault zone extends southwest
from the principal strand within the Sarulla
graben (Fig. 2B). The southwest boundary of
the graben corresponds lo the western strand
of the fault zone (Fig. 2B), but the fault trace
is poorly defined and was not included in the
geologic map.

One focus of geothermal exploration by
Unocal in the Sarulla contract area has been
centered around a group of active thermal fea-
tures around the Great Sumatran fault zone
near Silangkitang, at the northern end of the
Sarulla graben, associated with a Quaternary
eruptive center (Gunderson et al., 1995). Flu-
ids discharged at the surface in this area
(Hochstein and Sudarman, 1993; Gunderson
et al., 1995) are dilute, nearly pH neutral, CI-
rich waters with a low Ca content. The tem-
peratures of 260-270 °C for some of these wa-
ters, determined by cation peothermometers,
indicate that the waters rose rapidly from a
high-temperature reservoir (Gundetson et al,,
1995).

Core Samples and Scope of Study

We examined 13 core samples, each 6.3 cm
in diameter and 14-60 c¢m long, from three
wells. Boreholes A and C are situated ~1 km
west of the principal strand of the Great Su-
matran fault zone, close to the southwest limit
of the zone of subsidiary faulting associated
with that strand; well C is ~1.2 km northwest
of well A (Fig. 2B). Well C is sited southwest
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Figure 2. (A) Generalized geologic map of the Unocal contract area (medified from Gunderson et al., 1995), The southwest boundary
of the Sarulla graben, marked by the western strand of the Great Sumatran fault zone, Is indistinct, and the lault trace was not included
in this map. (B) Schematic locality map of the three wells investigated In this study (modified from Gunderson et al,, 2000; the well
names used by Gunderson et al. are SIL1-1 for well A, SIL1-2 for well B, and SIL2-1 for well C). Wells A and C were drilled nearly
vertically, and they are represented by the filled circles. Well B was drilled at 25°-33° off vertical from the position of well A toward
the principal strand of the fault in the direction S84°E, Indicated by the heavy line. The well sites are ~500 m above sca level (see cross

section In Fig. 13).

of a minor fault trace that dips steeply to the
northeast, and well A is ~300 m from another
mapped surface trace. These two wells were
drilled nearly vertically, with maximum de-
viations from the vertical of 2,5° and 10° for
wells A and C, respectively. Initial drilling of
well B was also vertical and located at the site
of well A, but the deeper part was deviated
25°-33% in the direction S84°E (Fig. 2B). The
deviated part of well B may cross more than
one fault strand, The depths at which the ex-
amined core samples were collected are pre-
sented in Figure 3. The shallowest well B
sample (B-1) was collected ~40 m east of a
subsidiary fault strand, and the deepest one
(B-8) is estimated to have been positioned
<100 m from the principal trace. Measured
temperatures at the sampled depths are 300-
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320 °C for well B, 270-290 °C for well A,
and 180-200 °C for well C, which also pro-
vided the deepest sample examined (Fig. 3).
One to three polished thin sections were
prepared from each piece of core, with the
plane of each thin section oriented perpendic-
ular to the axis of the core sample, At least
one thin section from each core sample was
examined with a scanning electron microscope
(SEM) equipped with a high-resolution back-
scattered-electron (BSE) detector and an en-
ergy-dispersive X-ray (EDX) spectrometer, the
latter for qualitative determinations of element
abundances. Mineral compositions were ob-
tained from selected thin sections with an au-
tomated, five-channel JEOL model 8900L
electron microprobe, at operating conditions
of 15 kV accclerating voltage, 25 nA beam

current, and beam diameters of 10 to 15 pm.
Natural and synthetic minerals were used both
for initial standardization and as internal stan-
dards during analysis.

MINERAL ASSEMBLAGES AND
TEXTURES

Igneous Assemblages

Six of the thirteen core samples (the well A
and well C samples, atong with sample B-8;
Fig. 3) are phenocryst-rich rhyolite tuffs. They
contain embayed, rounded quartz crystals up
to 5 mm in diameter, subhedral to euhedral
plagioclase phenoerysts as long as 3 mm, and
somewhat smaller and less numerous, subhed-
ral K-feldspar phenocrysts. The K-feldspar
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well-bore temperatures for the core sam-
ples examined in this study. The heavy hor.
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Figure 4. Igneous and hydrothermal feld-
spar compositions for the core samples
studied (Moore, 1997). Most of the hydro-
thermal mineral compositions are close to
the albite (Ab) and orthoclase (Or) end
members (An is the ancrthite end member),
but some of the younger hydrothermal pla-
gioclase crystals are slightly more calcic
than the older oncs.
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TABLE 1. HYDROTHERMAL MINERAL ASSEMBLAGES

Well A Well B Well C
Sample A1l A2 A3 A4 B1 B2 B3 B4 B5 BS B7 B8 C-1
number
Depth (m) 1844 1769 1825 1911 1763 1791 1835 1885 1912 1942 1961 203t 2118
Quartz X X X X X X X X X X X X X
Calcita X X X X X X X X X X X
Albite X X X X X X X X X X X X X
Adularia X x X X H X X X X X X X X
Epidote X X X x | X x
Allanite x X Tr X X x ) x 3 X X x x
Titanle X X X X X X X X X X X X X
K-Mica X X X X X X x x X H x x X
Chilorite X X X X X X X X X X X X Tr
TiO,* X Tr x Tr x Tr X X
fron oxide!  Tr X X X X X X X
Anhydrite X X X X X X X X
Apatite X X x X Tr X x % ® x X H X
Pyrite Tr X X X X X X X X X
Sphalerite Tr Tr
Galena Tr Tr Tr Tr Tr Tr Tr
limenite X X
Zircon Tr x x H X Te

Notes: X—relativaly abundant; x—minor; Tr—only one or two crystals found.

*Anatase or rutile.
Magnetite or hematita {sea text).

phenocrysts are Na-rich sanidines, and the
plagioclase phenocrysts typically are oligo-
clase (An,, ,,) in composition, but the cores of
some plagioclase crystals are as calcic as Any,
(Fig. 4; the mineral compositions plotted in
this paper are reported and discussed by
Moore, 1997). Mafic phenocrysts have all
been pseudomorphically replaced by hydro-
thermal minerals, but on the basis of their
crystal outlines they consisted principally of
biotite, with a small number of amphiboles.
The devitrified groundmass of these six sam-
ples has a dusty, mottled appearance and rare
spherutitic texture. Well-defined shards are not
common; those present are largely unde-
formed, although locally they are molded
around phenocrysts. Samples A-2, A-3, and
C-1 contain few lithic fragments, whereas A-
4 and B-8 are rich in volcanic lithic fragments
that range from rhyolite to andesite in com-
position. A-4 and B-8 also contain clasts of
metasedimentary rock {metashale, metasand-
stone, and guartzite).

The other well B samples (except B-1; Fig.
3} are lithic-rich rhyolite crystal tuffs whose
phenocrysts, all <1 mm long, consist princi-
pally of oligoclase along with some quartz and
sanidine but no biotite. The groundmass of
this group of samples is rich in largely unde-
formed shards, coarsely crystallized to quartz
* feldspar assemblages, that are embedded in
a dark matrix of fine ash. Among the lithic
fragments, volcanic rock types predominate,
ranging from andesites to crystal-rich rhyolite
tuffs that are similar to the well A and well C
samples. Numerous fragments of metasedi-
mentary rock and a few plutonic igneous

clasts are also present. The most mafic sample,
B-1, is a porphyritic andesite, with plagioclase
phenocrysts set in a felted groundmass rich in
plagioclase laths.

Hydrothermal Assemblages and
Microstructures

Table 1 summarizes the hydrothermal alier-
ation assemblapes observed in the wells.
Many of these minerals line or fll fractures,
some replace phenocrysts of feldspar or mafic
minerals, and still others occur in altered
groundmass. The character of the alteration
and the deformation-related textures and mi-
crostructures all vary from well to well. Each
well is considered separately below, moving
from lower (well C) to higher (well B) mea-
sured well temperatures and increasing prox-
imity to the principa! trace of the Great Su-
matran fault zone.

Well C

The core sample from this well contains a
few partly filled dilational fractures (Fig. 5A)
and some narrow fractures with small (<0.75
mm) offsets, but little evidence of brittle
grain-size reduction or fragmentation accom-
panying shear. The predominant fracture-fill-
ing minerals are quartz and calcite, and the
larger quartz-bearing fractures also contain K-
mica, pyrite, apatite, TiO,, albite, K-feldspar,
titanite, allanite, and sphalerite. One wide,
partly filled fracture is spanned by quartz crys-
tals that grew as crystallographically contig-
uous overgrowths on quartz phenocrysts that
had been broken and scparated along the frac-
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Figure 5. Microstructures, All views are in plane-polarized light. (A} A 150-pm-wide dilational fracture in C-1, traversed by rods of
quartz and one larger, euhedral quartz (Q) crystal, (I3} Sheared band in A-3 containing variably crushed phenocrysts. The sides, indicated
by arrows, are marked by dark hematite deposits, and hematite and calcite fill cracks and voids within the shear, (C) Brecclated sample
B-1. A fragment of tufT is In the Jower left corner; outlined near the center Is a fragment of banded, older cement embedded in slightly
cearser-grained cement with the same mineral assemblage. Between these two fragments, a rectangular pyrite crystal Is growlng into
an clongate void (V) space. {D) Right side of a 10-mm-wide band in B-4 that is Interpreted to be a heavily recrystallized version of the
well A shear seen in Figure 5B, The sidcs of this shear are marked by concentrations of pyrite () and titanite (T). A slightly lighter
band (sides indicated by arrows) may be a recent path of fluid flow within the shear; the white area between the arrows is a vold.

ture. The overgrowths have a crack-seal tex-
ture (Ramsay, 1980) characterized by bands of
inclusions aligned parallel to the fracture sur-
face. This texture suggests that the fracture
was gradually prepped open by repeated epi-
sodes of fracturing and healing of the quartz
crystals. Smaller euhedral crystals of quartz,
pyrite, and other minerals have grown into the
open fracture from the walls. Some calcite is
associated with the quartz-lined fractures, but
more commonly the calcite occurs separately.
A TiO, mineral borders several of the calcite-
filled fractures (Fig. 6A): the larger crystals
are reddish brown with a blocky habit, sug-
gestive of either rutile or anatase.
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All feldspar phenocrysts in the well C core
sample have been altered by hydrothermal flu-
ids, the plagioclase phenocrysts to albite and
the sanidine to low-Na K-feldspar + K-mica
+ albite (Fig. 4). Well-crystallized K-mica is
the major replacement mineral of biotite phe-
nocrysts, generally In association with the
TiO, mineral. The occurrence of chlorite is
limited to a few small, rounded patches of
pale-green crystals in altered plagioclase phe-
nocrysts. Euhedral igneous magnetite crystals
have a corroded appearance, and no hydro-
thermal iron oxides have crystallized. How-
ever, pyrite crystals up to 0.75 mm on a side
are scattered throughout the tuff, some of

themn mantling the corroded magnetite crystals
and others straddling narrow fractures, Prob-
able effects of hydrothermal fluids on the
groundmass of the tuff include the blurring of
shard outlines and the localized coarsening of
the K-mica + albite + quartz + K-feldspar
assemblage.

Well A

In contrast to well C, well A is character-
ized by the prominence of hematite and the
near absence of pyrite, the common occur-
rence of chlorite and titanite, and the preva-
lence of small-scale sheared zones over large-
scale open fractures, In particular, no wide
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Figure 6. Mineral textures. (A) Backscattered-electron (BSE) SEM Image of a calcite (C) vein In C-1, with a partial border of bright
TiO, crystals. (B) BSE Image of a cavity (black) that takes up most of a small plagioclase (Pl) phenocryst in A-1. The remnants of
plagiociase have euhedral cutlines adjacent to the cavity, and they are albitized to An,,; some tiny, possibly younger, rods of plagioclase
extend from the plagloclase surface, At the top of the cavity, the bright titanite crystal is intergrown with a small oligoclase crystal,
indicated by the arrow, that may also be new growth, {(C) Photomicrograph of a calcite (C) crystal In a multiply sheared zone in B-§.
The margins of the crystal and internal fractures have a dark, corroded appearance, and the upgper two sides are embayed by adularia,
quartz, and chlorite crystals. A line of darker titanite (T) crystals follows the lower right side. Plane-polarized light. (D) BSE image
showing relationships among titanite, allanite, and epidote in an adularia-rich (A) vein in B-6, Blades of bright allanite extend from the
margins of larger titanite (T) crystals. Small epidote crystals, Indicated by arrows, occur as rims on the allanite and as small lozenge-
shaped crystals growing out from the margins of the allanite. Darker grains dispersed In the adularia are quartz (Q) and albite (Al).

extensional fractures lined with euhedral crys-
tals were found in the well A samples; instead,
they contain shear bands up to 5 mm wide that
consist of fractured to finely granulated phe-
nocrysts and groundmass (Fig. 5B). In gen-
eral, the narrower the shear band, the more
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highly comminuted the tuff is within it. The
shears are not heavily overprinted by recrys-
tallization or alteration, and even very small
fragments of sanidine and plagioclase retain
their primary compositions. However, the
boundaries of the wider shears typically are

marked by deposits of hematite (Fig. 5B), and
calcite and hematite line some of the cracks
and void spaces within the shears. Although
calcite and hematite are the most important
fracture-filling minerals in well A, several of
these small-scale veins consist of calcite +

Geological Society of America Bulletin, September 2001



HYDROTHERMAL MINERALOGY AND MICROSTRUCTURES ALONG GREAT SUMATRAN FAULT

chlorite + titanite. The well A samples con-
tain almost no sulfur-bearing minerals, but a
few late-formed, minute crystals of pyrite and
other S-bearing phases were encountered both
in the pore spaces of a hématite-lined shear in
A-2 and in fresh cracks extending away from
that shear.

Many of the phenocrysts of plagioclase and
K-feldspar in A-1 are riddled with cavities,
with one or two small crystals of titanite, al-
lanite, calcite, or quartz around the edges (Fig.
6B). The remnants of plagioclase and K-feld-
spar surrounding the voids have euhedral ter-
minations (Fig. 6B) whose compositions typ-
ically are albite (An,,) and Na-poor
K-feldspar, respectively (Fig. 4). One excep-
tion is the small crystal of oligoclase {An,,),
shown in Figure 6B, that is intergrown with
titanite along a void in an albitized plagio-
clase, The proportion of feldspar phenocrysts
containing cavities decreases progressively
with increasing depth in the well, and the in-
dividual voids tend to be smaller. Instead, the
deeper-level feldspars show patchy replace-
ment by calcite and alteration along fractures.

A TiO, mineral—rutile or anatase—Iis as-
sociated with calcite veins; in A-1 and A-4,
reddish, blocky TiO, crystals in feldspar phe-
nocrysts are rimmed by titanite. The few am-
phibole phenocrysts in these wff samples have
been replaced principally by calcite, with as-
sociated K-mica, titanium-iron oxides, and
minor amounts of quartz. In some crystals,
narrow bands of K-mica and opaque minerals
outline the former amphibole cleavage planes,
The replacement of biotite phenocrysts varies
between two end members: K-mica + TiO,
{or ilmenite) and chlorite + titanite, with ac-
cessory quartz, K-feldspar, and calcite in both
occurrences. The K-mica end member was
found only in A-1 and A-2, and the chlorite
end member was found only in A-4, Where all
four alteration minerals appear in the same bi-
otite crystal, the textures suggest that the chlo-
rite + titanite assemblage replaces K-mica +
titanium oxide.

Well B

The mineralization and textures of well B
are distinctive in several respects, among them
the large number of wide, only partly filled
fractures, the presence of brecciated zones
{Fig. 5C), and the extensive hydrothermal de-
posits dominated by adularia but also includ-
ing anhydrite and rare epidote. Calcite and
quartz are the principal fracture- and cavity-
filling minerals in the two shallowest samples,
but adularia is most abundant at greater
depths, Some calcite veins in the deeper well
B core samples are crosscut by adularia-rich

Geological Society of America Bulletin, September 2001

veins, and in a repeatedly altered zone in B-
8, the edges of some calcite crystals are partly
rimmed by titanite and embayed by small
crystals of adularia, quartz, and chlorite (Fig.
6C). In that same zone, localized new growth
of calcite was also observed, in some cases
within millimeters of partly replaced calcite
crystals. Adularia principally occurs as fine-
grained anhedral masses that fill narrow frac-
tures or replace the groundmass of the tuffs in
combination with quartz, chlorite, albite, ap-
atite, and titanite. In addition, adularia forms
overgrowths on both plagioclase and K-fetd-
spar phenccrysts, and medium- to coarse-
grained euhedral crystals of adularia line the
wider, open fractures. Some of the open frac-
tures are also traversed by anhydrite crystals.
Textures suggest alternating growth of adular-
ia and anhydrite.

Only well B contains high-porosity brecci-
ated zones, Most notably, the entire 14-cm-
long B-3 core sample is an agglomeration of
tuff fragments as long as 3.5 ¢m that are ce-
mented together by adularia-rich hydrothermal
deposits (Fig. 5C). The hydrothermal cement
is itself breceiated; for example, Figure 5C
shows pieces of microcrystalline cement with
a modest fabric embedded in a slightly coarser
grained cement of the same minerals. One B-
3 thin section contains ~50% tff, 30% ce-
ment, and 20% pore space, indicating that the
volume of this brecciated zone has approxi-
mately doubled. Samples B-7 and B-B have
more restricted brecciated zones with tuff
fragments =1 cm long, These latter zones
have well-defined planar boundaries, but they
widen locally where they intersect other frac-
tures. Euhedral anhydrite crystals as long as 2
cm cross the pore spaces of the breccias. B-4
has an incipient brecciated zone, 2.5 to 5 mm
wide, that formed along one side of an older,
calcite-filled fracture. The rock adjoining this
zone on the other side contains numerous frac-
tures up to 0.5 mm wide that are partly filled
with hydrothermal minerals. These fractures
have a variety of orientations, but phenocrysts
broken and separated by them all indicate the
same opening direction, roughly perpendicular
to the strike of the brecciated zone,

A number of prominent bands as wide as
~10 mm consist of a matrix of fine-grained
adularia + quartz + chlorite + anhydrite +
titanite + pyrite + apatite and a scattering of
relatively small, partly altered ignecus phe-
nocrysts and lithic fragments (Fig. 5D). The
edges of the bands are marked by pyrite +
titanite + allanite = epidote. These fine-
grained bands are interpreted to represent
more highly recrystallized and cemented ver-
sions of the shear bands common in well A

(Fig. 5B); the pyrite-rich margins are the
equivalent of the hematite-lined margins of
the well A shears. The relatively small size of
the feldspar phenocrysts in the bands suggests
that these feldspars are the remnants of frag-
mented crystals,

Muany plagioclase phenocrysts in well B,
particularly those caught up in the breccias
and shears (Fig. 5, C and D), have been thor-
oughly albitized to approximately An, In
turn, several of these albitized crystals have
overgrowths of albite with composition An,_,
(Fig. 4). In B-7, for example, an albitized
{An,) phenocryst at the edge of a fragment of
brecciated tuff has an overgrowth of Ang
composition that extends into the hydrother-
mal cement. Small cuhedral albite ¢rystals in
the youngest hydrothermal cement of the B-3
breccia are An, in composition,

Iron-rich epidote was found in minor
amounts only in well B. Relationships among
titanite, allanite, and epidote suggest that the
titanite formed first and the epidote last (Fig.
6D). In those occurrences, the titanite forms
clear, brownish, lumpy or spongy-looking
crystals with the allanite blades scattered
around them. Several allanite crystals are in-
tergrown with the outer parts of the titanite
crystals, and the epidote, in turn, rims the al-
tanite (Fig. 6D). A few epidote-rimmed allan-
ite crystals also grow into the pore spaces of
adularia-lined fractures. Chlorite is the prin-
cipal phyllosilicate mineral throughout well B,
occurring as a fracture-filling mineral with
calcite at shallower levels and with adularia at
deeper levels. Chlorite also is the dominant
replacement mineral of biotite and amphibole
phenocrysts. K-mica has crystallized in small-
scale fractures of B-1 and B-2, but at deeper
levels it usually is confined to specific clasts.
Some small, hydrothermal iron oxides occur
as rod-shaped inclusions in quartz, but only
scattered occurrences of the TiO, mineral—
generally rimmed by titanite—were found,
Small zircon crystals appear as inclusions in
vein quartz.

Relative Fracture Orientations

As the core samples from these wells were
not oriented, it is not possible to determine
unambiguously the absolute orientation of
structural features observed in the core. Rath-
er, orientations of fractures and other defor-
mation features on the core surfaces and in the
thin sections were measured relative to a ref-
erence 0° azimuth line drawn down the length
of each sample (see Moore, 1997, for details).
Because this 0° line was arbitrarily selected
for each piece of core, it does not represent
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Figure 7. Combined microstructural data from three representative core samples as la-
beled, plotted on lower-hemisphere, equal-area stereonets. Orientations in a given core
sample were made relative to an arbitrary 0° reference line drawn down the length of the
core surface (see text for further explanation) and does not represent the true orlentation
of the sample (see Fig. 12). Great circles are macroscopic fractures chserved on the core
samples, and the longitudinal axis of each core lies at the center of the corresponding
stereonet. Relative ages of the macroscopic fractures In B-8 are based on crosscuiting
relationships: Y—young; I—intermediate; O—old;? —probably old, but no conclusive
evidence, Offset arrows are placed at the strikes of microfractures showing displacement
in thin section; T labels are placed at the strikes of obvlous tensile microcracks, AY of the
measured microstructures are associated with hydrothermal features, and they are not

artifacts of the drilling process.

either the true orientation of a given sample
or equivalent orientations in different samples.
The structural data were plotted on lower-
hemisphere, equal-area stereonets (Moore,
1997); an example from each well is presented
in Figure 7. Strike and dip measurements were
made only for those macroscopic fractures
that could be traced around the perimeter of a
piece of core; these data are plotted as great
circles. The relative ages of most of the nu-
merous macroscopic fractures in B-8 (Fig. 7B)
could be estimated on the basis of crosscutting
relationships.

Although several of the macroscopic frac-
tures have a sheared appearance characterized
by smeared-out, fine-grained rock, displace-
ments could be measured only along three
steeply dipping fractures for which offset lith-
ic fragments indicate ~1 cm reverse slip {e.g.,
Fig. 7A). Throughout wells A and C, steeply
dipping zones of alteration with subhorizontal
slickensides were encountered (R. Hickman,
1997, 2000, personal communication) that
were interpreted to be the damage zones as-
sociated with minor faulting. We presume that
most of the nearly vertical shears in our sam-
ples also moved horizontally, mimicking the
strike-slip motion of the Great Sumatran fault
zone. However, horizontal offsets are much
more difficult to identify on the core surfaces
than vertical offsets, because of the smaller
amount of exposed cross-sectional area.

In contrast, a number of microscopic frac-
tures are offset by as much as 0.75 mm in
either a right- or lefi-lateral direction. Only the

1186

strikes of these microfaults were determined,
although typically they appear to have near-
vertical orientations in thin section; these
strike measurements are plotted as paired off-
set arrows around the perimeter of each ster-
eonet (Fig. 7). Several tensile microcracks
were also identified. The strikes of those ten-
sile cracks whose walls moved dircctly apart
are designated by the letter T. The walls of a
few tensile cracks separated obliquely, and the
opening directions of such crack walls are
marked by outward-pointing arrows. In each
of the three wells, the microfractures with
right-lateral offsets have strikes that fall with-
in a relatively broad range of 20°-40° (Fig. 7),
and those with left-lateral offsets form a sec-
ond, more tightly clustered group oriented
~20°-30" clockwise from the closest right-
slip microfracture. Tensile cracks have orien-
tations between those of the right- and left-
offset fractures.

DISCUSSION
Controls on Hydrothermal Assemblages

The dominant conlrols on the formation of
hydrothermal mineral assemblages are usually
temperature, fluid composition, and perme-
ability (Browne, 1978) combined with fluid-
rock ratio, and these factors are all important
in the Silangkitang geothermal field. Miner-
alogical and textural observations from the
Silangkitang core samples are evaluated in the
Discussion in order to set limits on these key

parameters within the geothermal system and
to determine changes with time,

Temperature Controls

Temperatures within a geothermal systern
can be established through the characterization
of mineral assemblages and the evaluation of
temperature-dependent variations in mineral
composition. The relationship between tem-
perature and mineral assemblage in the Sil-
angkitang geothermal field is illustrated by
comparison to the Salton Sea geothermal field,
California (Fig. 8) (Muffler and White, 1969),
which is developed in sedimentary deposits at
the northern end of the Gulf of California.
There, illite-montmorillonite is completely
converted 1o well-crystallized K-mica at a
temperature of ~210 °C, K-mica is abundant
to ~290-300 °C, but jts occurrence is uneven
at higher temperatures (see also McDowell
and Elders, 1980). Calcite is very common
throughout the shallower parts of the sections,
but it too disappears at temperatures above
~290-310 °C. In contrast, chlorite first ap-
pears at temperatures between 120 and 200 °C
and becomes progressively more abundant
with increasing depth and temperature to the
roughly 320 °C maximum temperature en-
countered in the Salton Sea wells. Iron-rich
epidote first appears and hydrothermal K-feld-
spar becomes abundant at temperatures near
290 °C. As can be seen from a comparison of
Figure 8 with Table I, the well C Silangkitang
sample corresponds to the ~200 °C conditions
in the Salton Sea wells, where K-mica and cal-
cite are common and chlorite is scarce, Sim-
ilarly, the well A assemblages are consistent
with the temperature interval just below the
first occurrence of epidote, characterized by
abundant K-mica, chlorite, and calcite, where-
as well B corresponds to the higher-tempera-
ture adularia + chlorite + epidote-bearing
Salton Sea assemblages.

Variations in the compositions of K-mica
and chlorite among the three wells (Moore,
1997) are also consistent with these tempera-
ture differences. The basic muscovite formula,
K, AL(Si Al)O,(OH),, can be modified
through a series of substitutions. The Silang-
kitang K-micas have moderate substitutions,
principally of illite and phengite type, where
the illite exchange is K'YAl = [Si and the
phengite exchange is VIAI'YAI = (Mg,Fe?*)Si.
Overall, the well C micas have the largest il-
lite-type substitutions, which is consistent
with the lower well C temperatures. Substi-
tution of Al** for Si** in the tetrahedra! site
of chlorite, (Mg, Al Fe),,[(51,A1),0,](OH) .. s
balanced by substitution of Al** for (Mg, Fe)**
in the octahedral sites, However, V1Al exceeds
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Figure 8. Summary of key mineral changes with Increasing temperature In two wells from
the Salton Sea geothermal field, modified from Figure 8 of Muffler and White (1969, p.
175). Arrows show minerals abundant at least to the maximum temperature encountered
in a given well. The mineral assemblages and reported temperatures (mean values shown
as vertical dashed lines) for the examined core samples from wells A, B, and C are con-

sistent with the Salton Sea assemblages.

the VAl content of all the Silangkitang chlo-
rites (Fig. 9A). Foster (1962} suggested that
excess YAl is balanced by vacancies in the
octahedral sites, according to the reaction
3(Mg.Fe*) = 2AP* +[. This exchange re-
action creates one crystallographic vacancy
for every two excess Al ions present and is
consistent with the trends exhibited by the Sil-
angkitang chlorites (Fig. 9B). McDowell and
Elders (1980) found that the number of octa-
hedral vacancies in chlorites from the Salton
Sea geothermal ficld decreased with increas-
ing temperature. We see the same trend in the
Silangkitang chlorites: the two analyzed crys-
tals from lower-temperature well C have some
of the largest numbers of vacancies, whereas
the smallest numbers of vacancies and excess
VIAL jons are found in well B chlorites (Fig.
N.

Permeability Controls

The relative permeability of core samples
from a geothermal system can be character-
ized by mineral indicators, degree of alter-
ation, and textural features such as the pres-
ence of euhedral crystals growing into open
fractures and veins, secondary porosity, and
brecciation. Browne (1970) correlated the rel-
ative permeability of wells at Ohaaki-Broad-
lands, New Zealand, with their feldspar min-
eral assemblage, such that with progressively
increasing permeability the mineral sequence
is (1} primary andesine, (2) albite, (3) albite
+ adularia, and (4) adularia. This sequence
was developed in rhyolitic ash-fall and ash-

flow tuffs similar to the Silangkitang core
samples, If we use this classification scheme,
well B would correspond to stages 3 to 4 (i.e.,
the highest relative permeability), well C to
stages 2 to 3, and well A to stages 1 to 2. The
igneous textures observable in thin section do
not indicate any marked differences in pri-
mary rock porosity among the tuff samples we
studied; instead, the feldspar contents are cor-
related with the development of secondary po-
rosity. For example, well B is associated with
the largest amount of secondary, connected
pore space, resulting from extensive fracturing
and the development of the brecciated zones.
In contrast, the well A samples contain no
open, dilational fractures lined with euhedral
minerals of the sort common in wells B and
C (e.g.. Fig. 5A).

We can also use feldspar assemblages to
distinguish between diffuse and channelized
flow and to identify differences in cumulative
water/rock ratio (Henneberger and Browne,
1988) among the wells, On the basis of the
extensive hydrothermal cementation, the well
B samples have been subject to by far the
largest amount of pervasive hydrothermal flu-
id flow, even though fluid low now appears
to be concentrated in the open fractures and
fluid-rock interaction currently is largely lim-
ited to the fracture walls and the breccia frag-
ments. Rapid development of channelized
flow may account for the partial preservation
of the well B igneous feldspar compositions.
Although the well C sample contains some
open fractures and microfractures, the perva-
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Figure 9. Chlorite compositions. (A) VAl vs.
viAl, showing a modest direct relationship
between the two. The Y'Al contents are con-
sistently in excess of "VAlL (B) Plot of ('Al
— IWAD) relative to octahedral site occupan-
cy, where the total number of octahedral
sites 1s 12.0. The diagonal line represents
the ideal exchange reaction of two Y'Al lons
plus one ™" for three divalent cations, as
suggested by Foster (1962). Small concen-
trations of monovalent cations In the chlo-
rite analyses shift several of the points
above the line. Data are from Moore (1997).

sive alteration of the feldspar phenocrysts is
evidence for significant diffusive flow through
the tuff. The good preservation of relict sani-
dine and andesine phenocryst compositions—
including many ground-up phenocrysts in the
sheared bands—suggests that the fluid/rock
ratio for well A has been significantly lower
than for the other wells.

Fluld Compositional Controls

The compasition of geothermal Ruids can
be determined by the presence, absence, or co-
existence of mineral phases. The presence of
calcite instead of a Ca-zeolite in the ~200 °C
well C core sample and the restricted oceur-
rence of epidote among the higher-temperature
core samples are significant in this regard. In
New Zealand, the Wairakei geothermal field is
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characterized by abundant wairakite and epi-
dote but little calcite, whereas the nearby
Ohaaki-Broadlands field has abundant calcite
and only minor epidote and wairakite at com-
parable temperatures and in similar rhyolitic
tuffs {Browne and Ellis, 1970). Browne and
Ellis (1970} attributed the differences in min-
eral assemblage to the much higher P, and
low Ca contents of the hydrothermal fluids at
Ohaaki-Broadlands compared to Wairakei.
Thus, the absence of Ca-zeolites as well as the
scarcity of epidote may be a function of high
Peo, = low Ca concentrations. Muffler and
White (1969) also attributed the lack of zeo-
lites in the Salton Sea wells that they exam-
ined to high CO, activity relative to that of
H,O at shallow depths, resulting from decar-
bonation reactions. Unpublished data obtained
by Unocal from flow tests of well B (R. Gun-
derson, 2000, personal communication) indi-
cate that the CO, contents of the reservoir flu-
id are comparable to or slightly higher than
those reported by Giggenbach (1995} for the
CO,-rich fluid compositions encountered at
the Broadlands, Kawerau, and Rotokawa geo-
thermal fields in the Taupo Volcanic Zone of
New Zealand.

Pyrite and hematite coexist in the Salton
Sea wells, which suggests that oxygen fugac-
ities are in the range 10-% to 10-2* MPa and
sulfur fugacities are in the range 1047 to 1042
MPa at a temperature of ~325 °C (Muffler
and White, 1969). Well B contains pyrite and
either hematite or magnetite at nearly this
same temperature and should therefore reflect
comparable oxygen and sulfur fugacities. The
near absence of pyrite in well A indicates that
these fluids have relatively lower sulfur fu-
gacities than those of well B, but the late-crys-
tallized pyrite suggests a recent change. In the
~200 °C well C sample, igneous magnetite is
being resorbed and pyrite has crystallized,
which suggests a minimum sulfur fugacity of
~10-"* MPa (Liou ct al., 1985).

Temporal Changes

The presence of crosscutting veins, mineral
overgrowths and resorption features, and dif-
fering mineral assemblages and compositions
can be used to track changes in temperature,
fluid chemistry, and/or permeability with time.
Because of the larger number of well B sam-
ples available for study, an approximate time
sequence of hydrothermal mineral growth and
relative mineral abundances could be con-
structed for that well (Fig. 10). The transition
from K-mica + calcite to adularia + chlorite
+ epidote assemblages in Figure 10 roughly
follows the temperature sequence of Figure 8,
which suggests the possibility of increasing
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Figure 10. Schematic time sequence of hydrothermal mineral growth in well B, inferred
from the textural and compositional data described In the text.

temperature over time. The increasing Ca con-
tent of albite (Figs. 4 and 10) also is consistent
with such a trend (e.g., Cho et al, 1988).
Changing fluid chemistry may play a role,
particularly with respect to the stability of cal-
cite versus that of epidote. The onset of allan-
ite crystallization reflects the attainment of
sufficiently high rare earth element concentra-
tions for its growth, because allanite is the
principal sink for rare earth elements in these
rocks.

The breccia zones of well B may develop
through progressive, episodic opening along
networks of intersecting cracks, with concom-
itant increases in their permeability. Such in-
creases might be marked by enhanced depo-
sition of adularia-rich cement, perhaps during
episodes of boiling (Browne and Ellis, 1970;
White and Hedenquist, 1990). Browne and EI-
lis {1970) attributed the appearance of epidote
at Ohaaki-Broadlands to loss of a few percent
steam during boiling. In addition, the relative-
ly late appearance of anhydrite may be cor-
related with the generation of extensive frac-
ture permeability during faulting or
fault-valve behavior (e.g., Sibson, 1992), Be-
cause the solubility of anhydrite decreases
with decreasing pressure, it may precipitate in
arcas where pressure drops rapidly (Rimstidt,
1997), and the anhydrite in well B occurs
preferentially in the larger open fractures and
void-rich brecciated zones,

In well A, as noted previously, a recent
change in Ruid chemistry may have led to the
crystallization of traces of pyrite and other
sulfur-bearing minerals. Other, possibly tem-
perature-related changes in well A samples in-
clude the increase in An content of hydro-

thermal plagioclase with time and the
transition from K-mica + TiO, to chlorite +
titanite assemblages after biotite with increas-
ing depth and perhaps with time.

Fracture Types and Orlentations within
the Great Sumatran fault zone

Subsidiary shears with characteristic offset
directions and orientations in simple-shear
systems have been identified within natural
and Iaboratory fault zones (Fig. 11} (e.g., Lo-
gan et al., 1979; see summary by Sylvester,
1988). In a series of rotary shear experiments
employing photoelastic sensors, Mand) et al,
(1977) demonstrated that in a simple-shear
system, o, is reoriented such that it makes a
45° angle to the shear direction at the time of
peak stress. Tensile fractures (T) form parallel
to o, and the R, Y, and P traces &ll have the
same scnse of offset as the shear zone (Fig.
11). Y traces are nearly parallel to the overall
strike of the fault zone, whereas R and P trac-
es make small to moderate angles of opposite
sign relative to the strike of the fault zone. The
R and R’ traces are generally equated with
Coulomb shears (Hansen, 1961; Morgenstern
and Tchalenko, 1967; Tchalenko, 1970), Dur-
ing laboratory faulting experiments, the R
traces typically form first, followed by P and
then Y traces (e.g., Morgenstern and Tchal-
enko, 1967; Mand] et al., 1977). As discussed
by Tchalenko (1970) and Wallace (1973), the
internal features of a fault zone may be scale
invariant, that is, the same geometry develops
at scales ranging from millimeters to kilome-
ters. For this discussion, we consider the Great
Sumatran fault zone to span the 4-6-km-wide
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Figure 11. Letter-labeling scheme that Is
commonly used to refer to subsidiary fault
traces with specific orientations and offset
directions relative to the overall strike of
the fault zone, adapted from Logan et al.
(1979). The Y, R, and P’ traces are typically
the most commonly observed traces In a
given fault zone, and they have the same
sense of displacement as the fault. The Y
traces are subparallel to the strike of the
fault zone, and both R and P traces typl-
cally are oriented at angles of <35° but
with opposite signs to the fault strike. Frac-
tures labeled T are fensile cracks. The R
and R’ traces are considered to correspond
to Coulomb shears, The X traces were add-
ed by Lopan et al. (1979) principally for
symmetry; such traces are rarely found in
either natural or laboratory faults.

zone between the western and eastern fault
strands (Fig. 2B) and all three wells to be af-
fected by the stress fields within the fault
zone. This assumption is consistent with re-
cent reports of a rotation of the maximum hor-
izontal stress associated with the San Andreas

fault in central and southern California from

~60°-90° 1o the strike of the fault in the far

field to ~40°-50° in a zone a few kilometers

wide centered on the fault {e.g., Provost and
Houston, 1999; Hardebeck and Hanksson,
1999).

From comparison with Figure 11, the left-
slip fractures in Figure 7 may correspond to
R’ traces, and the right-slip ones, with their
wider range of orientations, to R, Y, or P trac-
es. This correspondence suggests that poten-
tially the core samples can be oriented relative
to the strike of the Great Sumatran fault zone,
according to the relationships in Figure 11,
The process is illustrated in Figure 12, A and
B, for the A-4 and C-1 stereonets of Figure 7,
respectively; an average strike of N38°W for
the fault zone near Silangkitang was assumed,
and each stereonet was rotated about a vertical
axis until the tensile microcracks made a 45°
angle to the strike of the fault. The arrange-
ment of shear planes in Figure 11 looks the
same when the figure is rotated 180% thus,
two possible matches exist for each piece of
core, the one illustrated and the second at 180°
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Figure 12, Microstructural data from Figure 7 reoriented such that the tensile microcracks
(T) are at 45° to the strike of the Great Sumatran fault zone (GFSZ), shown as a dashed
line. Letter labels are assigned to the offset arrows according to the scheme in Figure 11,
Samples: (A) A-4; (B) C-1; (C) and (D) attempts to restore the stereonet for B-8 (core
from the deviated well) to its possible original orlentation (see text). For C, the stereonet
was first rotated 12° clockwise, followed by a second rotation to make the core dip 60° in
the direction S84°E, In D, the initlal rotation was 82° + 180° clockwise, and then the core

in the same way as in Flgure 7.

rotation to the first. For A4 and C-1, which
come from wells that were drilled nearly ver-
tically, the 180° rotation only affects the di-
rection of dip of the macroscopic fractures,
which are plotted as great circles on the ster-
eonets, In the absence of borehole image data
from these wells against which to compare our
relative fracture orientations, three-dimension-
al information on the microfault orientations
or paleomagnetic measurements might aid in
the identification of a single preferred orien-
tation for a given core sample, but such an
analysis is beyond the scope of this study.
An additional step is required in the attempt
to orient the well B samples, because the orig-
inal fracture measurements assumed a vertical
core axis, whereas well B is inclined at ~60°
in the direction S84°E. To produce Figure 12C
from Figure 7B, the stereonet first was aligned
roughly consistent with the strike of the Great

-was rotated to a 60° dip. The relative ages of the macroscopic fractures In B-8 are noted

Sumatran fault zone by rotating it 12° clock-
wise about a vertical axis. The sterconet was
then rotated 30° counterclockwise about a hor-
izontal axis trending N6°E, to account for the
inclination of the well. For Figure 12D, the
stereonet was first rotated 12° + 180° clock-
wise about the vertical axis and then 30° coun-
terclockwise about the N6°E horizontal axis.
In both cases, the second rotation about the
horizontal axis shifted the strike of the tensile
cracks by =1°

Overall, the macroscopic fractures in Figure
12D dip more steeply than those in Figure
12C, making Figure 12D more consistent with
the fracture patterns of the well A and well B
examples (Fig. 12, A and B). Moreover, the
four relatively young macroscopic fractures in
Figure 12C not only are relatively shallow
dipping (30°-60°), but they are also oriented
at large angles to the strike of the Great Su-
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matran fault zone. In contrast, those same four
fractures in Figure 12D have dips of 60°-80°,
and their strikes are similar to that of the fault
zone. The second case (Fig. 12D) may there-
fore be the more reasonable choice of the two.
One additional feature of Figure 12D is that,
with a couple of exceptions, the strikes of the
macroscopic fractures shift in a counterclock-
wise direction from oldest to youngest. The
significance of such a trend is not clear at this
time.

In laboratory shearing experiments, which
typically are conducted at elevated confining
pressures, R' and P traces are relatively un-
common features (e.g., Moore and Byerlee,
1991, 1992), and Vialon (1979) and Gamond
(1983) have suggested that the development
of P and R’ traces is suppressed in fault zones
where dilation is inhibited. As illustrated by
the arrangement of offset arrows in Figure 12,
the microcracks with measurable offsets in-
clude several left-lateral R’ traces as well as
some right-lateral traces whose orientations
correspond most closely to P traces. This find-
ing is consistent with the location of the wells
within the extensional environment of the Sa-
rulla graben (Gunderson et al., 2000).

The Hydrothermal System and the Great
Sumatran Fault Zone

Figure 13 illustrates the possible relation-
ships between wells A and B in a schematic,
east-west cross section (section line shown in
Fig. 2B), The fluid reservoir for the Silang-
kitang geothermal field has an elongate form,
underlying the 1 km X 4 km band of surface
geothermal features that follows the main
trace of the Great Sumatran fault zone (Fig.
2B). The well B core samples, therefore, may
lie directly above the reservoir, and their high
secondary permeability, which provides a con-
duit for the geothermal fluids, can be ex-
plained by their position within the fault zone,
Exhumed strike-slip fault zones in crystalline
rocks tend to be characterized by a narrow,
gouge-bearing core surrounded by a wide
damage zone of fractured country rock (e.g.,
Chester and Logan, 1986; Chester et al.,
1993). Within the damage zone, fractures are
reopened or new ones created during succeed-
ing earthquakes. Lockner et al. (2000) mea-
sured the permeability of core samples from
the Nojima fault zone of Japan, which rup-
tured during the 1995 Kobe ecarthquake. They
found that the matrix permeability of grano-
diorite from the damage zone, which con-
tained abundant grain-scale microcracks, is
four to five orders of magnitude higher than
that of the country rock. Interaction between
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Figure 13. Schematic, east-west cross section near wells A and B (section line shown in
Fig. 2B). Two subsidiary fault strands crossed during the drilling of well B are situated
between well A and the principal trace; the more easterly strand is interpreted to be the
one encounfered ~40 m west of sample B-1. Tertiary (T) sedimentary rocks were en-
countered In the lowermost 100 m of well A, and the Paleozoic (Pz) sequence may begin
~100 m below well A. Arrows at the top show secondary permeability and the intensity
of hydrothermal overprint decreasing westward from the principal trace; stepwise changes
may occur at the two fault strands, Ascent of hot, hydrothermal fluids from a large res-
ervoir is focused between the eastern subsidiary trace and the principal fauvlt trace (see
Gunderson et al., 1995, 2000). The Intensity of fracturing (indicated by the concentration
of short, solid lines) appears to diminish away from this primary fault zone and could In
part account for the lower amount of water-rock interaction observed in well A.

the principal fault trace and the subsidiary
fault strand immediately west of it may further
enhance the permeability of the examined well
B samples (e.g., Curewitz and Karson, 1997).

Given their positions farther from the prin-
ctpal trace, the well A and well C core sam-
ples would be expected to have permeability
closer to that of the country rock than those
from well B, which is in general agreement
with the petrographic observations. The well
C drilling site is closer to a mapped subsidiary
fault trace than the well A site, which may
explain its slightly higher inferred fracture

permeability. On the basis of its hydrothermal
mineral assemblage, the well C sample has in-
teracted with fluids whose composition was
similar to those present in well B but to a
lesser extent and at a lower temperature, If
wells B and C do receive fluids from the same
reservoir, a smaller amount of fluid that large-
ly moves in a diffusive manner through the
primary rock porosity could account for the
lower-temperature alteration of well C.

The somewhat distinctive alteration minera)
assemblage of well A suggests that this pan
of the Silangkitang geothermal system may
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