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ABSTRACT

Most of the Cenozoic tectonic evolution
of the New Guinea region is the result of
obliquely convergent motion that led to an
arc-continent collision between the Pacific
and Australian plates. Detailed structural
mapping was conducted along road expo-
sures in the Ertsberg (Gunung Bijih) Min-
ing District in the core of the Central Range
in the western half of the isand. Two dis-
tinct stages of deformation are recognized.
The first stage took place between ca. 12
and ca. 4 Ma and gener ated kilometer-scale
folds with subsidiary reverse/thrust faults
and strike-slip tear faults. Regionally, this
deformation records many tens of kilome-
ters of shortening. The second stage began
at ca. 4 Ma and generated five northwest-
trending (~300°) strike-slip fault zones up
to a few tens of meters wide that are highly
brecciated and contain numerous, mostly
subparallel, planar faults. Each of these
zones was a site of tens to a few hundred
meters of left-lateral offset. Between these
zones are domains containing three groups
of planar strike-dlip faultswith orientations
that are interpreted in terms of Riedel
shears. (1) 040°—070° trending faults with
left-lateral offset that plunge to the north-
east (R shears), (2) 355°-015° trending
faults with right-lateral offset that plunge
to the N (R’-shears), and (3) 280°-300°
trending faults with left-lateral offset that
plunge to the northwest (D-shears). Subsid-
iary dip-dip faults (rakes > 45°) are asso-
ciated with each group. Deformation in the
district since ca. 4 Ma is best characterized
as a left-lateral strike-dip fault system
along an ~300° azimuth.
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The change from tens of kilometers of
shortening deformation that caused large-
scale folding to a few kilometers of left-
lateral strike-dlip faulting occurred during
the latest stage of collisional orogenesis. Al-
though strike-dlip faulting wasa minor late-
stage process, it was of profound impor-
tance in generating pathways for magma
ascent and per meability for the rise of min-
eralizing fluids. The Grasberg Igneous
Complex, the host of a supergiant Cu-Au
porphyry copper—type ore deposit, was em-
placed into a 2-km-wide, left-stepping
pull-apart.
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INTRODUCTION

The Ertsberg (Gunung Bijih) Mining Dis-
trict islocated in the core of the Central Range
of west New Guinea, next to Puncak Jaya
(4884 m), the highest peak between the Him-
alayas and the Andes (Fig. 1). The origin of
the island by continental drift was first dis-
cussed by Wegener (1929), and it was consid-
ered a type locality for arc-continent collision
in the classic paper by Dewey and Bird
(1970). Most of the Cenozoic tectonic evolu-
tion of New Guinea is the result of oblique
convergence between the Australian and Pa-
cific plates (Hamilton, 1979; Dow et a.,
1988). The Central Range is commonly de-
scribed as afold-and-thrust belt, as spectacular
folding is evident on aerial photographs and
satellite images (Fig. 2). No outcrop-scale
structural analysis had been done in west New
Guinea until this investigation, which was
made possible by the construction of mining
roads.

One part of unraveling the tectonic evolu-
tion of the western Central Range involves un-
derstanding the relationships between defor-
mation, intrusion, and mineralization. Two
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major questions are addressed: (1) What are
the types, patterns, and distributions of
outcrop-scale structures? (2) What is the re-
lationship between deformation and the em-
placement of intrusive rocks, particularly the
Grasberg Igneous Complex—the host of a su-
pergiant Cu-Au porphyry copper—type ore de-
posit. The data presented in this paper come
from detailed analysis of structures exposed
along the 10-km-long Heavy Equipment Ac-
cess Trail (HEAT; called the HEAT Road here-
in) and the 5-km-long Grasberg mining access
road (called the Grasberg Road herein; Fig. 2).
Much of the faulting is very recent because in
many places faults crosscut Pliocene
intrusions.

REGIONAL GEOLOGY

The outline of the island of New Guineahas
been described as similar to a bird flying west-
ward with open mouth (Fig. 1). As a result,
the island has been geographically divided
into the Bird's Head, Neck, Body, and Tail
regions. The central and largest part of theis-
land (the Bird’'s Body) can be divided into
four lithotectonic provinces: the New Guinea
foreland, the Central Range fold-and-thrust
belt, and a metamorphic belt with an overlying
ophiolite complex that is the forearc basement
of the accreted Melanesian island arc.

The New Guinea foreland (Arafura plat-
form) is a swampy region of marine and non-
marine Pliocene and Holocene siliciclastic
sedimentary rocks that are underlain by Ce-
nozoic carbonate and Mesozoic siliciclastic
strata deposited on the northern passive mar-
gin of Australia (Dow and Sukamto, 1984a,
1984b; Pigram and Panggabean, 1984). The
Central Range orogenic belt stretches 1300
km from the Bird's Neck to the Bird's Talil.
The 150-km-wide belt has rugged topography
and numerous peaks over 3000 m in elevation.
The Ruffaer metamorphic belt is a 1000-km-
long and 50-km-wide zone of deformed, low-
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Figure 1. Lithotectonic map of the island of New Guinea. The Ertsberg (Gunung Bijih) Mining District is located within the P.T.
Freeport Indonesia Contract-of-Work. RMB—Ruffaer metamor phic belt; 10B—Irian ophiolite belt; GIC—Grasberg I gneous Complex;

GRS Rd.—Grasberg Road; HEAT Rd.—Heavy Equipment Access Trail Road.
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Figure 2. Satellite imagery (SPOT panchromatic image acquired in 1987) of the mining
district, showing the location of the Ertsberg Mining District and the study area (inner
solid box). GIC—Grasherg Igneous Complex, E—Ertsherg intrusion, HEAT rd.—Heavy
Equipment Access Trail Road, GRS Rd.—Grasberg Road (both are merely for mine
access).

278

temperature (<300 °C) metamorphic rocks
that are bounded on the north by the Irian
ophiolite belt and on the south by deformed,
but unmetamorphosed, passive-margin strata
(Dow et al., 1988; Granath and Argakoesoe-
mah, 1989; Nash et al., 1993; Warren, 1995;
Weiland, 1999). The Melanesian island-arc
complex, built into the edge of the Pacific
plate, is poorly exposed.

The details of the Cenozoic tectonic evo-
lution in New Guinea are the subject of de-
bate, as severa kinematic models have been
proposed. The most commonly published sce-
nario is the subduction polarity reversal (*‘arc
reversal’’) model that entails movement of the
Australian continental crust into a northward-
dipping subduction zone, followed by colli-
sional tectonism and initiation of southward
subduction of the Pacific plate at the New
Guinea Trench (Dewey and Bird, 1970; Ham-
ilton, 1979; Milsom, 1985; Dow et a., 1988).
An dternative model proposed to explain re-
lationships in eastern New Guinea postulates
that the island is underlain by a doubly sub-
ducted slab of oceanic lithosphere (*‘zipper-
ing” model), which would be the westward
continuation of the Solomon Sea plate (Ripper
and McCue, 1983; Cooper and Taylor, 1987).
Johnson et al. (1978) proposed a third model
that is similar to the one involving northward-
dipping subduction of the Australian plate, but
in their model, subduction reversal has not oc-
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Figure 3. Seismotectonic interpretation of New Guinea. Tectonic features. PTFB—Papuan thrust-and-fold belt; RMFZ—Ramu-
Markham fault zone; BTFZ—Bewani-Torricelli fault zone; MTFB—Mamberamo thrust-and-fold belt; SFZ—Sorong fault zone; YFZ—
Y apen fault zone; RFZ—Ransiki fault zone; TAFZ—Tarera-Aiduna fault zone; WT—Waipona Trough. After Sapiie et al. (1999).

curred. In this scenario, the northward-
subducted Australian lithosphere is thought to
be dipping vertically.

The accumulating record of seismicity of
the region does not delineate the southward
subduction of the Pecific plate as envisioned
by most workers. Abers and McCaffrey
(1988) analyzed the focal mechanisms of the
18 largest earthquakes from 1964 to 1985
and found that more than half were roughly
east-trending strike-slip movements, including
six of the eight largest events near the Central
Range. Sapiie et al. (1999) presented an anal-
ysis of the distribution of moderate and larger
earthquakes (M > 4) from 1987 to 1997. Seis-
mic activity is concentrated along the northern
part of the island and near the eastern and

Geological Society of America Bulletin, March/April 2004

western ends of the Central Range. In west
New Guinea, there are few events deeper than
50 km, and there is remarkably little seismic-
ity beneath where the Centra Range eleva
tions are higher than 1000 m. The overall seis-
micity indicates that most of the motion
between the Australian and Pacific plates is
accommodated by left-lateral dip along the
Yapen and Bewani-Torricelli fault zones,
which are connected by a wide convergent
bend benesath the Mamberamo region near the
international border (Fig. 3; see aso Punto-
dewo et d., 1994). The Cendrawasih Bay area
is a wide extensional bend bounded to the
south where left-lateral slip occurs along the
Tarera-Aiduna fault zone in the Bird's Neck
region.

GEOLOGY OF THE ERTSBERG
MINING DISTRICT

Stratigraphy

The stratigraphic units exposed in the min-
ing district are part of the Jurassic—Cretaceous
Kembelangan Group and the Tertiary New
Guinea Limestone Group (Fig. 4). On the ba-
sis of regiona lithostratigraphy, the contact
between the Kembelangan and New Guinea
Limestone Groups is conformable and located
along the HEAT Road. Almost all of the sed-
imentary units along the HEAT Road dip
steeply (~70°) to the north. With the excep-
tion of the stratigraphic duplication across the
Wanagon fault and a minor fold, they show a
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Figure 4. Geologic map of the Ertsberg Mining District, showing location of study area

(box) and the HEAT and Grasberg (GRS)

Roads. Modified from PTFI (P.T. Freeport Indonesia) base maps of Hefton and Kavalieris (1997) and Pennington and Kavalieris (1997).
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Figure 5. Cross-section A-B, showing relationship between major structures and sedi-
mentary formations. Major fault zones have steep dips. Cross section is based on detailed
field mapping at a scale of 1:5000. See Figure 4 for location, lithologies, and abbreviations.

simple homoclinal stratigraphic relationshipin - mes, 1962; Pieters et a., 1983). In the mining
which the younger units crop out at thetop of  district, this group consists of (1) interlayered
the mountain (Fig. 5A). carbonaceous siltstone and mudstone in the

The Kembelangan Group is regionally ex-  lower section and (2) fine-grained glauconitic
tensive: it crops out in the Bird's Head and quartz sandstone with minor shale in the upper
Central Range, and it is found in wells far  section. At outcrop locations along the access
south in the Arafura platform (Visser and Her-  road to the mining district, gray limestone is

eX; NGLG—New Guinea Limestone Group.

intercalated with clastic rocks (Martodjojo et
al., 1975). On the basis of lithostratigraphic
correlation with the regional stratigraphy
(Quarles van Ufford, 1996), the Kembelangan
Group in the mining district is divisible into
two formations: the Pinya Mudstone and the
overlying Ekmai Sandstone. This group was
deposited as part of the Mesozoic passive-
margin sequence conformably overlying the
Triassic—Jurassic rift deposits of the Tipuma
Formation (Dow et al., 1988; Parris, 1994).
The New Guinea Limestone Group overlies
the Kembelangan Group. All four formations
in the group, as originally defined by Visser
and Hermes (1962), are well exposed in the
mining district (Quarles van Ufford, 1996).
The basal unit is the Paleocene to Eocene
Waeripi Formation that is composed of 400 m
of fossiliferous dolostone, quartz sandstone,
and minor limestone. The 300-m-thick Eocene
Faumai Formation conformably overlies the
Waripi Formation and is composed of thick-
bedded (up to 15 m) to massive foraminifera-
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rich limestone, marly limestone, dolostone,
and a few quartz-rich sandstone layers up to
5 m thick. The lower Oligocene Sirga For-
mation unconformably overlies the Faumai
Formation and is composed of a foraminifera-
bearing, coarse- to medium-grained quartz
sandstone and siltstone. Along the Grasberg
Road, the sandstone beds have tabular cross-
bedding and are locally pebbly with graded
bedding. The thickness of the Sirga Formation
along the HEAT Road is ~40 m, but probably
varies greatly across the region. The Oligo-
cene to middle Miocene Kais Formation con-
formably overlies the Sirga Formation. This
1100-1300-m-thick formation is composed of
foraminiferal limestone with interbedded marl,
carbonaceous siltstone, and coal. Biostrati-
graphic analysis indicates that the carbonate-
shelf strata accumulated until at least 15 Ma
and probably as late as 12 Ma (Quarles van
Ufford, 1996).

Igneous Rocks and Mineralization

Igneous rocks are widespread in the district
as small (meters to tens of meters wide) dikes,
plugs, and sills. The two largest igneous bod-
ies are the Ertsberg intrusion and the Grasberg
Igneous Complex (Fig. 4). K-Ar biotite ages
of 13 samples from large and small intrusions
indicate that magmatism in the district took
place between 4.4 and 2.6 Ma (McDowell et
al., 1996). Geochemical and isotopic studies
reveal that intrusions in the district can be di-
vided into two distinct groups: a ‘‘high-K”
and a “low-K" suite (McMahon, 1994a,
1994b, 1994c). This chemica difference is
thought to be due to different degrees of
lower-crustal assimilation by originally K-rich
parental magmas from the mantle (McMahon,
2000a, 2000b; Housh and McMahon, 2000).

Two distinct classes of economic minerali-
zation occur in the district: gold-rich copper
skarns and porphyry-copper—type ore deposits
(van Nort et a., 1991). The district is named
for the Ertsberg skarn deposit, but is now re-
nowned for the supergiant porphyry copper
and gold deposit in the core of the Grasberg
Igneous Complex (MacDonald and Arnold,
1994). At least three major skarn ore deposits
occur next to the Ertsberg intrusion: the orig-
inal Gunung Bijih (or Ertsberg), Gunung Bijih
Timur (or Ertsberg East), and Dom (Mertig et
al., 1994). The Big Gossan deposit occurs
west of the Ertsberg and south of the Grasberg
intrusions (Meinert et al., 1997). Deep, entire-
ly subsurface porphyry copper (Lembah Tem-
baga) and skarn (Kucing Liar) systems were
subsequently discovered near the southern
boundary of the Grasberg Igneous Complex
(Widodo et al., 1999).
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STRUCTURAL GEOLOGY OF THE
MINING DISTRICT

The strata in the highlands underwent at
least tens of kilometers of shortening defor-
mation since 15 Ma. In the strata of the New
Guinea Limestone Group, this deformation
was accommodated primarily by kilometer-
scale folding (Fig. 6). On the basis of fold
patterns, shortening across the 10 km width of
the mining district is 4 to 5 km (Quarles van
Ufford, 1996). Shortening by faulting is much
less obvious, and the field work for this paper
was originally designed to estimate the nature
and magnitude of such movements. It is evi-
dent that major shortening deformation in the
mining district ended before ca. 4 Ma as the
Grasberg Igneous Complex was emplaced as
a plug that crosscuts the axis of the Yellow
Valley syncline (Fig. 4).

This study involved detailed field mapping
and structural analysis at a scale of 1:5000
(plate 1 in Sapiie, 1998). Structural data mea-
sured included the orientations of bedding,
faults, slickensides (striations or grooves) or
slickenfibers (mineral precipitates), and veins.
Sense of shear on the fault planes was evalu-
ated by using the criteria of Petit (1987). En
echelon vein arrays and stylolites were also

noted, but their occurrences were so rare and
scattered that they did not provide significant
kinematic information. The project was con-
ducted during five field seasons and involved
analysis of fresh outcrops that were created as
the HEAT and Grasberg mine access roads
were constructed. Because of steep topogra-
phy, there was amost 90% rock exposure
along these transects.

Kilometer-Scale Folding

Folding is so grand in character (Fig. 6) that
many mine workers have assumed that under-
standing its origin was the key to understand-
ing the controls on intrusion and mineraliza-
tion in the district. Tertiary strata are deformed
into chevron folds with open synclines and
tight anticlines that are symmetrical and up-
right (interlimb angles of 40°-80°). The folds
have a west-northwest trend with steeply dip-
ping (>75°) to near-vertical axial planes
(Fig. 4). Satellite imagery reveds that the
kilometer-scale folds are arranged in an en
echelon, left-stepping pattern that indicates a
shortening direction of 210°-220° (Quarles
van Ufford, 1996).

Calculation of a w-fold axis from the com-
pilation of bedding measurements along the
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w-fold axis for the New Guinea Limestone Group along the HEAT and Grasberg Roads.
Axial-plane great circle was calculated by bisecting the bedding-plane population. (B)
Orientation of slickensides and slickenfiber s on bedding planes along the HEAT and Gras-

berg Roads.

Grashberg and HEAT Road yields a 300° trend
and 3° plunge (Fig. 7). This result is compa-
rable to a similar analysis by Quarles van Uf-
ford (1996), who found that the average -
fold axis for the Cenozoic strata in the entire
district has a 294° trend and 7° plunge.

Some bedding surfaces in the carbonate
strata have slickensides and calcite slickenfi-
bers. The m-fold axis and the pole to the cal-
culated best-fit plane defined by these dlip in-
dicators are almost exactly parallel aong the
Grasherg Road but slightly discordant along
the HEAT Road (Fig. 5B). Not surprisingly,
these features indicate that flexura slip oc-
curred on some bedding surfaces during fold-
ing. The orientation of these slips was obvi-
ously controlled by the anisotropy of the
bedding, and they were therefore excluded
from the analysis of the far more numerous
faults that crosscut layering.

Faults

Faults in the study area are divided into
“major’” and ‘““minor”’ groups. Mgor fault
zones are preferentially eroded and thus form
notches on ridges (Fig. 6). Linear grooves on
mountainsides are traceable for several kilo-
meters or more on satellite imagery and aerial
photographs. Where roadcuts intersect the ma-
jor faults, 2 to 50-m-wide zones of cataclastic
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breccia and/or clay gouge are found that con-
tain numerous, planar faults (Fig. 8). These
“major” faults are brittle shear zones along
which repetitive episodes of slip occurred.
Minor faults are abundant within and be-
tween the brecciated fault zones. They are pla-
nar slip surfaces that extend to the limit of
outcrop exposure, commonly several meters,
but in some cases for several tens of meters.
They are abundant north of the Wanagon fault
zone. In the carbonate units, they almost al-
ways possess excellent kinematic indicators
(Fig. 9). Nearly all of the more than 1300 mi-
nor fault planes measured along the HEAT
and Grasberg Roads display only one orien-
tation of slickensides. At only eight sites were
two or more slip directions recognized on a
fault plane. The conclusion is that nearly all
of the minor faults are products of a single
episodes of rupture with centimeters to tens of
centimeters of dlip in each movement.

Folding-Related Faults

Map relationships in the northeast corner of
the mining district indicate the existence of
three ~065°-trending faults that are related to
folding (Fig. 4). The New Zealand Pass and
Carstensz Valey faults are strike-slip tear
structures that bound a 2-km-wide zone con-
taining a minor syncline-anticline pair and a

duplicated section of Sirga Formation. In this
area, the Meren Valley fault is mapped as a
reverse structure cutting obliquely between the
duplicated section. Cross-section relationships
indicate ~500 m of dip-sip offset (Quarles
van Ufford, 1996).

A third tear fault, the Grasberg fault, is par-
allel to the other two. On the basis of the map
pattern, this fault is a minor structure with
only afew tens of meters of strike-slip offset.
Between the Grasherg and Carstensz Valley
tear fault, road construction revealed a fault
zone that is on trend with the Meren Valley
fault (Fig. 4). In the Grasberg roadcut expo-
sures, there is clear evidence that the latest
movements were |eft-lateral strike-slip, con-
current with some hydrothermal activity (dis-
cussed below).

Elsewhere in the mining district, only one
other reverse fault is recognized at the surface
from the inversion of stratigraphic order. The
Wanagon fault crops out along the HEAT
Road in the southern part of the district (Fig.
4). At this location, the Ekmai Formation is
above the Waripi Formation, and there is at
least 1000 m of apparent reverse offset (Fig.
5A). As found in the road exposure of the
Meren Valley fault, the latest movements on
the Wanagon fault were left-lateral strike-slip.

The Ertsberg #2 fault was first recognized
where it was exposed during HEAT Road con-
struction. At the road level, the Kais Forma-
tion is present on both sides, but exploration
drilling reveals ~700 m of apparent reverse
offset (Fig. 5A). The HEAT Road exposure
shows that the latest displacement along this
zone was aso one of left-lateral strike-slip.

The Wanagon, Ertsberg No. 2, and the Mer-
en Valley (at least in the northeast part of the
district) faults have apparent reverse offsets of
~1000 m, 700 m, and 500 m, respectively. It
has been stated and will be shown that the
latest movements on each of these structures
was left-lateral, strike-slip offset. Strike-dlip
movement oblique to steeply dipping bedding
can, of course, create apparent dip-dlip offset.
This type of movement cannot account for the
structural relationships near the Meren Valley
fault in the northeast part of the district, but
such movement could be responsible for the
apparent dip-slip offset along the Wanagon
and Ertsberg No. 2 faults.

Unfortunately, rigorous quantification of the
amount of strike-slip offset that would cause
the apparent dip-slip displacement is not pos-
sible because there are no piercing points and
bedding dips in the folded terrane are variable
with elevation. It is evident that severa kilo-
meters of left-lateral strike-slip offset would
be required to account for apparent dip-dlip
along the Wanagon fault and somewhat less
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along the Ertsberg No. 2 fault. Such displace-
ment must be have been concurrent with some
sort of deformation to the southeast. The Erts-
berg intrusion and related ore skarns are lo-
cated where pull-apart dilation isinferred (dis-
cussed later). Although strike-slip offset alone
does not appear to be adequate to account for
the apparent dip-dlip offset along these fault
zones, it cannot be ruled out as the sole cause.

Nearly al bedding-plane slips measured
along the HEAT and Grasberg Roads are par-
alel to those expected during flexura-slip
folding (Fig. 5B). As dip-dip faulting was
concurrent with the folding along the Meren
Valley fault in the northeast part of the mining
district, it seems most probable to us that the
Ertsberg No. 1 and Wanagon faults also had
an early history of high-angle reverse offset
associated with the kilometer-scale folding.
The origin of these fault zones is explained as
being due to the folding’s becoming sufficient-
ly tight that continued shortening became ac-
commodated, in part or entirely, by thrust or
high-angle reverse faulting (see Twiss and
Moores, 1992, p. 103).

On the basis of cross-section analysis and
this discussion, shortening across the 10 km
width of the mining district is 4 to 5 km by
folding and up to 2 km by reverse faulting. It
is thought that reverse faulting formed zones
of weakness that were then reactivated as
“major” strike-dlip faults. The details of the
postfolding strike-dlip faulting is the focus of
most of the rest of this report.

Postfolding Strike-Slip Faulting

Five left-lateral strike-dlip fault zones were
discovered subparalel to upturned bedding in
exposures aong the HEAT and Grasherg
Roads (Fig. 10). Although there is little con-
straint on the amount of lateral displacement,
the fault zones are considered “major’”’ be-
cause the thickness of their breccia and nu-
merous constituent planar faults indicate that
they were sites of repeated offset. It is thought
that each of these zones was a site of at least
tens of meters to perhaps a few hundred me-
ters of left-lateral strike-dlip offset. Cumula-
tive left-lateral displacement on all five zones
could be on the order of 1 km. If displace-
ments were many kilometers, greater strati-
graphic irregularities should be evident. As
these fault zones are nearly paralel to the
overall trend of folding, a profound kinematic
change must have occurred late in the defor-
mation history.

From south to north, the five major strike-
dlip fault zones are Wanagon fault, Ertsberg
No. 2 fault, HEAT Road fault, Ertsberg No. 1
fault, and Meren Valey fault. As discussed,
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Figure 8. (A) HEAT Road fault (HRF) is a 15-m-wide zone. Four obvious fault planes are
highlighted. Slickensides indicate left-lateral strike-slip movement. Location C is a local-
ized site of solution cleavage in a clay-rich layer. (B) Ertsberg No. 2 (E2F) fault is a 10-
m-wide cataclastic breccia zone. The boundary of thisfault zoneis crosscut by a northeast-
trending left-lateral strike-dlip fault with ~2 m of displacement. Near-horizontal, pyrite-
coated slickensides are observed at location Sl (see Fig. 9B).

three of these zones are apparently reactivated
reverse faults (Wanagon, Ertsberg No. 2, Mer-
en Valley). Three of the zones have evidence
that some movement occurred after igneous
intrusion (Wanagon, Ertsberg No. 2, HEAT
Road). Four of the zones have evidence that
some movement occurred after fluid inflow
and mineralization (Wanagon, Ertsberg No. 2,
Ertsberg No. 1, Meren Valley). These relation-
ships indicate that faulting, igneous activity,
and hydrothermal fluid flow were coeval.

Wanagon Fault Zone

Along the HEAT Road, the Wanagon fault
zone crops out at km 3.6 to km 3.8 (Fig. 10).
An eroded groove can be traced west of the
road for a distance of 2 km and east for more
than 5 km. In the roadcut, a 50-m-wide zone
of cataclastic brecciais composed of dolomite,
dolomitic sandstone, and limestone from the
Waeripi Formation. Minor faults in this zone
have an average trend of 302°/74°. The ma-
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calcite
filled

Figure 9. Examples of minor fault planes along the HEAT Road. (A) Near-vertical strike-dlip fault with steps indicating right-lateral
dlip and dlickenlines with an average rake of 15° (km 7.6). (B) Subhorizontal fault plane with pyrite slickensides in the Ertsberg No. 2
fault zone (km 6.8). (C) Vertical fault surface showing low-angle slickensides with a rake of ~20° and steps that indicate |eft-lateral
offset (km 5.1). (D) Near-vertical fault plane within the Meren Valley fault-zone exposure along the Grasberg Road (see Fig. 4 for
location), showing sulfur-filled steps and slickensides that indicate left-lateral strike-slip offset (arrow).

jority of dlickensided surfaces indicate left-
lateral displacement (Fig. 11). The Wanagon
fault also contains brecciated dioritic dikes.
Clasts and matrix contain disseminated and
fracture-filling galena and sphalerite, indicat-
ing some movement after mineralization. Sig-
nificant gold mineralization in the west Wan-
agon area may be related to this fault zone (S.
Sukarya, 1993, personal commun.).

The excellent roadcut exposures of the
Kembelangan Group along the HEAT Road
also revealed that there are only a half dozen
minor planar faults south of the Wanagon fault
zone (Fig. 11). This zone must be a funda-
mental mechanical boundary in the district,
for it marks the southern limit of abundant
minor faulting. The significance of the spatial
proximity of this fault to the southern bound-
ary of the Ertsberg intrusion is discussed |ater.

Ertsberg No. 2 Fault Zone
Along the HEAT Road, the Ertsberg No. 2

fault zone crops out between km 6.6 and km
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6.9 (Fig. 10). The corresponding groove in
the hillside east of the HEAT Road intersects
the road at km 6.3. An eroded depression in
the mountainside can be traced west of the
road for more than 2 km and to the east to
near where it runsinto the Ertsberg intrusion.
In the roadcut, an ~10-m-wide zone of ca-
taclastic breccia is composed of sandstone,
siltstone, and limestone from the Kais For-
mation. Minor faults in this zone have an av-
erage trend of 297°/72°. The magjority of the
slickensided steps indicate left-lateral dis-
placement (Fig. 11). At km 6.6, igneous
dikes abut the Ertsberg No. 2 fault, and one
dike containing veinlets of galena and sphal-
erite is brecciated.

The northern boundary of the Ertsberg No.
2 fault zone along the HEAT Road was offset
several meters by a north-trending right-lateral
strike-dlip fault at km 6.6 (Figs. 8 and 10). The
mapped eroded groove in the hillside east and
west of the HEAT Road indicates that the fault
zone was offset ~100 m in a right-latera
sense between km 6.3 and km 6.8.

HEAT Road Fault Zone

The HEAT Road fault zone crops out at km
7.8 on the HEAT Road (Fig. 10). An eroded
depression in the mountainside extends over
an ~2 km distance. To the west it trends into
the Lembah Tembaga intrusion and to the east
into the Ertsberg intrusion. In the roadcut, an
~30-m-wide zone of intensely cataclastic
breccia and clay gouge is composed of car-
bonaceous siltstone, coal, and limestone of the
Kais Formation. Most of the minor faults are
found within black carbonaceous shales and
thin coal layers, locally indicating strong lith-
ologic control of movement. Minor faults in
this zone have an average trend of 308°/76°.
The majority of the slickensided steps indicate
|eft-lateral displacement (Fig. 11). An igneous
dike is present near this fault zone, but there
is no indication of sulfide mineralization.

Ertsberg No. 1 Fault Zone

On the HEAT Road, the Ertsberg No. 1
fault zone crops out between km 9.3 and km
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Figure 10. The HEAT and Grasherg Roads structural domains (D1, etc.). Stereonets show
calcite-vein orientations in each domain. Pyrite veins are only abundant in the Kembe-
langan Group strata. Note the overall consistency in orientation. BLF—Barat Laut fault;
MVF—Meren Valley fault; FLF—Fairy Lakes fault; EIF—Ertsberg No. 1 fault; HRF—
HEAT Road fault; E2F—Ertsberg No. 2 fault; WGF—Wanagon fault.

9.5 (Fig. 10). An eroded depression in the
mountainside is traceable westward for over
an ~2 km distance where it passes the north-
ern edge of the Lembah Tembaga intrusion.
To the east it passes the northern edge of the
Ertsberg intrusion, and it is nearly on line with
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the Hanging Wall fault zone that crosscuts the
Gunung Bijih Timur skarn system. In the
roadcut, an ~25-m-wide zone of cataclastic
breccia and clay gouge is made of carbona-
ceous siltstone and limestone of the Kais For-
mation. Minor faults in this zone have an av-

erage trend of 294°/73°. The mgority of the
dickensided steps indicate left-lateral dis-
placement (Fig. 11).

At the edge of the Grasherg Igneous Com-
plex, the Ertsberg No. 1 fault intersects the
“banded clay” unit that is the host of epi-
thermal mineralization with gold contents as
high as 10 ppm (Fig. 4; C. Brannon, 1991,
personal commun.). The breccias along the
southern side of the Grasherg Igneous Com-
plex (““marginal breccia’) and the Kucing
Liar orebody, a deep zone of copper-skarn
mineralization, are spatially associated with
this fault zone.

Meren Valley Fault Zone

The westward continuation of the Meren
Valley fault as mapped in the northeast part of
the mining district intersects the mine access
road ~1 km northeast of the center of the
Grasherg ore zone (Fig. 4). As discussed, re-
verse offset of ~500 m is evident from field
relationships in the northeast part of the dis-
trict. Where this fault crops out aong the
Grasberg Road, it is between the Grasberg and
Carstensz Valley tear faults. A minor, early
history of perhaps tens of meters of reverse
dip is probable. Minor faults are numerous
with an average trend of 298°/81° (Fig. 11).

The Meren Valley fault is nearly on trend
with the Barat Laut and Fairy Lakes faultsin
the northwest part of the mining district (Fig.
4). There is no evidence of an earlier history
of dip-dip offset on these two faults. It is con-
cluded that when the Meren Valley fault was
reactivated as a left-lateral strike-slip fault in
the eastern and central parts of the mining dis-
trict, the Barat Laut and Fairy Lakes faults
formed to accommodate some of this displace-
ment in the northwestern part of the district.

The outcrop of the Meren Valley fault zone
along the Grasberg Road is an ~2-m-wide
brecciathat is distinctly different from the oth-
ers. First, clasts in the zone contain an asym-
metric fabric and a pressure-solution cleavage.
Second, numerous sulfur-filled veins and spec-
tacular sulfur-coated slickensides and sulfur-
filled steps record left-lateral strike-slip offset
(Fig. 9D). The sulfur-coated slickensides and
sulfur-filled steps indicate that strike-slip
faulting along the Meren Valley fault was con-
current with magmatic degassing. The devel-
opment of a cleavage probably resulted from
higher temperatures in this area at the time of
movement.

Minor Strike-Slip Faults
The roadcuts created for the HEAT and
Grasberg Roads also reveded that the strata
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Figure 11. L ower-hemispher e equal-ar ea ster eograms show the distribution of fault planes
within the major fault zones. (A) Poles to faults (filled circles) and contoured. (B) Slick-
ensides (squares) and contoured. (C) Slip linear diagram represented by arrows showing
direction of dip of the footwall block in which arrow is drawn parallel to movement
direction along the fault. Kamb (1959) contour interval = 2o. MVF—Meren Valley fault;
E1F—Ertsberg No. 1 fault; HRF—HEAT Road fault; E2F—Ertsberg No. 2 fault; WGF—

Wanagon fault.

north of the Wanagon fault zone (Fig. 11) are
crosscut by numerous minor planar faults with
a wide variation in orientation (Fig. 12). The
most notable attribute of these data is that mi-
nor fault attitudes do not parallel the ~300°
trend of the five major, mappable fault zones.
Northeast trends are dominant. Along the
Grasberg Road, most dlickensides and slick-
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enfibers indicate near-horizontal (plunges
<15°) strike-slip offset. There is a northeast-
trending girdle and secondary maxima with a
plunge near 80°NE that are, at least in part,
from the inclusion of minor planar faults that
formed during flexural-dip folding. Along the
HEAT Road, near-horizontal offsets are also
dominant; distinct maxima have plunges of

15°, 25°, and 60° to the southwest (Fig. 12).
Again, some of the steeper plunges are prob-
ably from movements during flexural-slip
folding.

Steps along planar faults provide the evi-
dence for sense of shear. Of 1392 fault planes
measured, two-thirds exhibited very good to
excellent kinematic indicators. In this paper,
faults are divided into two types: strike-slip
faults with rakes of <45° and dip-dip faults
with rakes of >45°. The histogram of rake-
angle distribution shows that ~70% of the
fault-slip data fall into the category of strike-
dip offset and that rakes of 5°-15° are abun-
dant (Fig. 13A). The distribution of fault types
based on kinematics can be evaluated by using
the relationship of dip of fault vs. slip-vector
rake (Fig. 13B). Overadl, left-lateral offsets
outnumber right-lateral offsets. Left-lateral
offsets are dominant along the HEAT Road
traverse, but right-lateral and left-lateral off-
sets are equally abundant along the Grasberg
Road transect. The plot of dip of fault vs. dlip-
vector rake shows that most dip-slip faults
have normal offset along the HEAT Road, but
that both normal and reverse offsets are sim-
ilarly abundant along the Grasberg Road (Fig.
13B). The plot of strike of fault vs. slip-vector
rake reveadls that right-lateral faults are domi-
nated by 355°-010° trends and left-lateral
faults are dominated by 050°—080° trends (Fig.
13C). Dip-dlip faults show highly scattered
distributions with weak clusters having 040°—
090° trends.

These data indicate that the minor but nu-
merous planar faults along the transects are
dominantly along steeply dipping surfaces that
record both left-lateral and right-lateral strike-
dip offset. The overal character of minor
movements appears to be somewhat different
north and south of the Grasberg Igneous Com-
plex, as left-lateral strike-slip movements out-
number right-lateral movements and dip-dlip
faults with normal offset are more abundant
than ones with reverse offset along the HEAT
Road.

Structural Domains

To evauate the homogeneity of faulting be-
tween the major fault zones, the HEAT and
Grasberg Road transects were divided into five
structurd domains (Fig. 10). Three domains
(D1, D2, D3) are dong the HEAT Road tran-
sect (Fig. 14), and two (D4 and D5) are aong
the Grasberg Road transect (Fig. 15). On the
basis of kinematic indicators, the faults in the
domains were divided into three types: left-
lateral strike-dip faults, right-lateral strike-dlip
faults, and dip-dip faults (rake >45°).

The stereographic analysis of minor fault
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Figure 12. L ower-hemisphere equal-area projections of polesto faults (dots) and of trends
and plunges of slickensides (squares) for all data from HEAT and Grasberg Roads. Kamb
(1959) contour interval = 2¢. Great circles are representative fault planes for point

maxima.

data shows remarkable similarity for al five
domains. Right-lateral faults have a strong
preferred trend of 355°-010°. Left-lateral
faults have a strong preferred trend of 055°—
080° with subsidiary 280°-300° trends in
some domains. Dip-dip faults have two com-
mon trends: 020°-080° and 280°-310°. Along
the HEAT Road, right-lateral strike-dlip faults
were more commonly observed to crosscut
left-lateral faults. This was a mappable rela-
tionship for the northern boundary of the Erts-
berg No. 2 fault zone along the HEAT Road.

Extension Fractures

Veins in the mining district are mineralized
extension fractures. They are abundant along
the HEAT and Grasberg Roads within the
New Guinea Limestone Group. Most veins are
calcite with local occurrence of minor quartz.
Rarely, calcite veins were found with center
lines of pyrite. Some have open spaces in the
center. In the sandstone of the Ekmai Forma-
tion, pyrite-only veins are present. As with
faulting, veining is very rare south of the
Wanagon fault zone (Fig. 10).

Calcite veins are typicaly nearly vertica
and ~1 mm wide, but a few are up to 50 mm
wide. Most are isolated with alength-to-width
ratio of 5:1 to 10:1, but some extend for sev-
eral meters. Some are gently curved. En ech-
elon sets were observed at five locations, and
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the kinematic information they provided
matched that from nearby faults. Sigmoidal
veins were not observed. Offset of matching
vein-wall irregularities and host-rock struc-
tures clearly indicates adilational origin. Most
are at high angles (60°—90°) to local bedding
orientation. Petrographic analysis indicates
that calcite crystal growth occurred approxi-
mately normal to the vein walls, and no crack-
seal textures were observed. Veins appear to
be the product of a single opening and filling
event.

Pyrite veins in the sandstone of the Ekmai
Formation of the Kembelangan Group (Fig.
10) have thicknesses that vary from paper-thin
to several millimeters. Most of these veins
have simple tabular geometries, and some ex-
tend for severa tens of meters. Commonly,
they occur in parallel sets that crosscut bed-
ding at high angles (70°-80°).

The direction of incremental extension is
assumed to have been perpendicular, or nearly
S0, to the vein walls. Stereographic analysis of
the veins was done in groupings based on the
five structural domains defined by the major
fault zones (Fig. 10). As with minor planar
faulting, the mean orientations of veins are re-
markably uniform in each domain. A strong
preferred northeast trend indicates a consistent
northwest-southeast direction of extension
nearly parallel to the ~300° trends of the ma-
jor fault zones. In domains D1, D2, and D3

along the HEAT Road, minor faults with nor-
mal offset are more common than ones with
reverse offset (Fig. 13B). The norma fault
trends are consistent with the northwest-
southeast extension recorded by the veins, and
this fact suggests that the normal faults and
veins are coeval.

INTERPRETATION

Field studiesin the core of the western Cen-
tral Range revealed abundant evidence that a
systematic pattern of faulting is superimposed
on the kilometer-scale folds. Five major |eft-
lateral strike-slip fault zones in the Ertsberg
Mining District bound domains containing nu-
merous, minor, right- and left-lateral strike-
slip faults. Dip-dlip faults are dominantly of
normal type along the HEAT Road transect,
but normal and reverse dlip faults are similarly
abundant along the Grasberg Road. Across the
area, a northwest-southeast direction of exten-
sion is recorded by veins.

Riedel Shear System

The pattern of strike-slip faulting along the
Grasherg and the HEAT Road traverses can
be interpreted by comparison with the classic
clay-cake experiments of Riedel (1929),
which were refined by Tchalenko (1970). In
these experiments, a layer of clay atop two
boards is found to develop a systematic pat-
tern of faults, “Riedel shears,” as one of the
boardsis slid past the other to simulate strike-
dip offset in crystalline basement. During the
initial stages of offset, two distinct sets of Rie-
del shears (R and R’, and D) develop in the
clay cake. R and R’ shears are distinctly
oblique to the **basement fault,” but D shears
are subparallel. As offset continues, D shears
form parallel to the underlying basement fault,
and eventually a throughgoing fault zone de-
velops in the clay layer that is directly above
the basement fault. As this ““major faulting”
occurs, displacement on the minor Riedel
shears ceases.

Minor faults within the major strike-dlip
fault zones have average trends of 302°, 297°,
308°, 294°, and 298°. These orientations av-
erage 299°, a trend that is nearly parallel to
the ~300° trend of upturned bedding. The up-
turned bedding is a major anisotropy that ob-
viously played a significant role in localizing
the zones of fault movement. However, this
alone cannot account for the activation of the
late-stage left-lateral strike-slip fault system
subparallel to the upturned bedding. Minor
faults in the zones have average dips to the
northeast that range from 72° to 81° (Fig. 11).
Such dips are significantly greater than the lo-
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Figure 13. (A) Histogram of rakes for dlip lineations measured along the Grasberg and HEAT Roads. A rake value of 45° is the cutoff
between strike-dip and dip-slip faulting. (B) Dip of fault vs. sip-vector rake (adapted from Little, 1995) for faults along the Grasberg
and HEAT Roads. Note the abundance of normal offset in the HEAT Road data compared to the Grasberg Road data. (C) Strike of
fault vs. dlip-vector rake for faults along the Grasberg and HEAT Roads.

cal bedding dip and even opposite in direction
in the case of the Meren Valley fault (Fig. 5).
As the major fault zones are steeply dipping
and the bedding is of variable attitude, the
mean fault zone trend of ~300° is interpreted
as nearly paralel to left-lateral displacements
rooted in the underlying crystalline basement.
The nucleation of aleft-latera strike-dlip fault
system trending 300° would be most favored
if the relative measurements were along base-
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ment anisotropies that trended ~300°. Simi-
larly, the strike-dlip activation of basement an-
isotropies trending northwest would induce
such movements in the upturned sedimentary
cover. Regional evidence for basement aniso-
tropies with a trend of ~280°/100° and a re-
giona kinematic change at ca. 4 Ma is dis-
cussed subsequently.

With the interpretation that the major left-
lateral fault zones are subparallel to displace-

ment zones in the basement and under the as-
sumption that the local lithologies behaved as
Coulomb materials, the orientation of Riedel
shears is predictable (Tchalenko, 1970). R
shears should form 40°—65° measured clock-
wise from the ~300° trend, which corresponds
to left-lateral strike-slip faults trending
~055°-080°. R’ shears should form 90°-105°
clockwise from the 300° trend, which would
correspond to right-lateral strike-dip faults
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trending ~355°-015°. Left-lateral strike-slip
faults trending 280°-310° are D shears.

The orientation and sense of offset along
minor faults near the Grasberg Igneous Com-
plex is in remarkable agreement with the ori-
entation and sense of offset predicted by anal-
ogy with simple strike-slip clay-cake
experiments (Fig. 16). Such agreement re-
quires that rotations during progressive simple
shear were small (<10°-20°), a condition
readily attained if the cumulative |eft-lateral
offset was 1 km or so at most.

Igneous Activity and Strike-Slip Faulting

In the mining district, igneous activity oc-
curred between 4.4 and 2.6 Ma. The Grasherg
and Ertsberg intrusions are host to economi-
caly maor Cu-Au minerdization (Fig. 6).
Thus, one of the most important questions
concerns the emplacement of these plutons.
Wall-rock xenoaliths, changes in bedding atti-
tudes of the wall rocks, and flow foliation, as
described by Hutton (1982, 1990) for settings
where intrusion was forceful, are notably
scarce in the mining district. The igneous bod-
ies in the mining district were passively em-
placed, as is the case for most plutons hosting
porphyry-copper—type deposits (Sillitoe,
1973; Titley, 1981).

The Ertsberg intrusion is a large equigran-
ular intrusion with a volume of severa tens of
cubic kilometers. The bulk of this pluton ap-
pears to have heen emplaced in one large
pulse as athick laccolithic sill that then slowly
cooled (McMahon, 1994a, 1999). Copper
mineralization is localized in the Gunung Bi-
jih, Gunung Bijih Timur, and Dom skarn ore
systems that have the form of tall, crudely cy-

Figure 14. Fault data from HEAT Road
structural domains plotted in lower-
hemisphere equal-area stereonet and rose
diagrams. (A) Domain 1 (D1) between the
Wanagon fault and the Ertsberg No. 2
fault. (B) Domain 2 (D2) between the Erts-
berg No. 2 fault and the HEAT Road fault.
(C) Domain 3 (D3) between the Ertsberg
No. 1 fault and the HEAT Road fault. Do-
main boundaries are shown in Figure 10.
Columns of plots: (a) Poles to faults (dots)
and contoured diagrams. (b) Slickenside
trend and plunge (squares) and contoured
diagrams. (c) Rose diagram of fault trends.
(d) Rose diagrams of fault dips. (€) Repre-
sentative fault planes from point maximain
Kamb contour diagrams. RL—Right-
lateral strike-slip faults, LL—Left-lateral
strike-dlip faults, DS—Dip-dlip faults.

-
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Figure 15. Grasberg Road structural domains. Lower-hemisphere equal-area stereonet
and rose diagrams of fault data from (A) domain 4 (D4) south of the Meren Valley fault
and (B) domain 5 (D5) north of the Meren Valley fault. For explanation and abbreviations,

see Figure 14.

lindrical bodies. The Grasberg Igneous Com-
plex has a more complicated three-stage
magmatic history. Major copper-gold miner-
alization postdates the second stage, but pre-
dates the third.

Dilational domains along major strike-slip
fault systems have been proposed as a smple
solution to the problem of generating space
for the emplacement of granitic plutons (e.g.,
Hutton, 1990; Glazner, 1991; Tikoff and Teys-
sier, 1992). Paterson and Fowler (1993) ar-
gued that complexes of dikes or sheeted intru-
sions should be present in plutons emplaced
into pull-apart structures. Hanson and Glazner
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(1995) clarified this matter by calculating ther-
mal models that show that if opening occurs
at arate of ~1 cm/yr or faster, then sheeted
intrusions with chilled margins need not form
at depths greater than 1 km or so.

The fault and vein patterns documented
around the Grasberg Igneous Complex are
competible with the idea that a pull-apart pro-
cess was fundamental in creating pathways for
intrusion. Strike-slip movement along the
300° trend could have generated local left-
stepping pull-apart openings along the 065°-
trending tear faults that formed during short-
ening movements (Fig. 4). The field

relationships indicate that the Grasberg Igne-
ous Complex was emplaced into a major, ~2-
km-wide pull-apart situated at a left-stepping
offset connecting the Meren Valley and Erts-
berg No. 1 faults. The connection was the
Grasherg tear fault. The resultant pull-apart
crosscuts the Yellow Valley syncline, one of
the major folds in the district.

Field relationships are more obscure in oth-
er parts of the mining district because of cover
and rugged topography, but map patterns al-
low us to infer that the major intrusions were
similarly localized along other pull-apart path-
ways in the northwest-trending left-lateral
strike-slip system. The Karume intrusion was
emplaced into a dilated part of the southwest
extension of the Carstenz Valley fault, and the
Ertsherg intrusion was emplaced into the New
Zealand Pass fault (Fig. 17). The southern
boundary of the system is the Wanagon fault
zone aong which the Wanagon intrusion was
emplaced into a bend. Two of the mgjor fault
zones along the HEAT Road strike northwest
toward the Lembah Tembaga intrusion and
southeast into the Ertsberg pluton. Lembah
Tembaga formed as a plug into a small pull-
apart zone. These fault trends—along with the
dominance of minor normal faulting and vein-
ing indicating northwest-southeast extension
aong the HEAT Road—seemingly reflect
larger movement patterns that could account
for why the Ertsberg pluton is the largest in
the district. The scattered occurrences of small
dikes, sills, and plugs are explainable as off-
shoots from the main intrusion pathways.

The northwest-trending, left-lateral strike-
slip, pull-apart system was active at 3 Ma, for
this is the age of the Grasberg and Ertsberg
intrusions. The time that regiona shortening
ended and strike-slip movements began is not
directly constrained. It is inferred that strike-
slip activity became active in the core of the
highlands at ca. 4 Ma because this is the age
of the oldest intrusion in the district.

Pull-apart zones in the strike-slip system
would have a profound effect not just on lo-
calizing magma emplacement, but also on
generating and localizing permeability for the
escape of magmatic fluids that accumulated
beneath cupolas at the top of stock/batholith
magma chamber (Cloos, 2001). In the Gras-
berg pluton, the central pathway for intrusion
and that for subsequent fluid flow and ore
mineralization were the same. In the Ertsberg
pluton, the magma spread near the surface,
forming a laccolithic sill, and there were three
distinct centers of mineralization. The Erts-
berg, Gunung Bijih Timur Complex, and Dom
ore skarns are obviously localized areas of
magmatic fluid flow, and the fact that thereare
three separate mineralized areas suggests that
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abundant
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Equal Area

1, 2, etc. are minor fault statistical maximas
in domains of Figs. 14 and 15
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Mean pole to minor dextral faults (R')
Mean pole to minor sinistral faults (R)
Mean pole to minor dip-slip faults
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Figure 16. L ower-hemispher e equal-ar ea stereogram summarizing relationships among all
types of structural data. Large dark arrowsrepresent the direction of extension asinferred
from the veins. Large open arrows represent the principal axis of early shortening inferred
from the kilometer-scale folding and the tear faulting. Triangles—mean poles to major
fault zones;, squares and dots—mean poles to minor faults. MVF—Meren Valley fault;
E1F—Ertsberg No. 1 fault; HRF—HEAT Road fault; E2F—Ertsberg No. 2 fault; WGF—

Wanagon fault.

there may have been more than one feeder
pathway for magma. Where magmas intrude
and hydrothermal fluids flow, direct evidence
of earlier faulting is largely, if not entirely,
obliterated by recrystallization.

REGIONAL TECTONICS

Two distinct deformation events are recog-
nized in the mining district: major shortening
accommodated by kilometer-scale folding and
minor reverse faulting, followed by hundreds
of meters to perhaps 1 km or so of northwest-
trending left-lateral strike-dlip faulting concur-
rent with the magmatic activity and hydro-
thermal fluid flow (Fig. 17).

Stage 1 (ca. 124 Ma)

Prior to ca. 12 Ma, the folded rocks exposed
in the mining district were on a stable passive
margin where shallow-marine sedimentation
continued to blanket the Australian continen-
tal basement. (Quarles van Ufford, 1996).
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Since ca. 12 Ma, kilometer-scale folds formed
in the passive-margin strata as the northern
edge of the Australian continent entered a
northeast-dipping subduction zone beneath the
Pacific plate. Convergence along an ~245° di-
rection isindicated by the global plate-motion
reconstructions of Scotese et al. (1988). Such
motion would directly account for the ~065°-
trending tear faults in the northeast part of the
mining district (Fig. 4). As the folds became
tight, subsidiary high-angle reverse faults
formed (Wanagon fault, Ertsberg No. 2 fault,
and Meren Valley fault).

In the simple kinematic picture deduced
from the plate motions and the trend of the
tear faulting, the expected orientation of folds
should be close to 330°/150°. The 300°/120°
trend is explainable as being due to (1) pro-
gressive rotation of growing en echelon folds
during oblique convergence (i.e., deformation
was thin-skinned) or (2) influence by base-
ment structures on the orientation of folding
in the sedimentary cover (thick-skinned de-
formation). Granath and Argakoesoemah

INDONESIA

Kinematic Model for Intrusion
in the Ertsberg Mining District
~4 to 2 Ma

Figure 17. Schematic block diagram illus-
trating the proposed emplacement model
for major intrusive bodies in the Ertsberg
Mining District between 4 and 2 Ma. This
kinematic model is based on geometric re-
lationships of major left-lateral strike-slip
fault zones, tear faults (dashed), and
the location of major intrusive bodies. In-
trusions: El—Ertsberg intrusion; GIC—
Grasbherg Igneous Complex; KR—Karume
intrusion; LT—Lembah Tembaga intru-
sion; WG—Wanagon intrusion. Strike-slip
faults: MVF—Meren Valley fault; E1F—
Ertsberg No. 1 fault; HRF—HEAT Road
fault; E2F—Ertsberg No. 2 fault; WGF—
Wanagon fault; BLF—Barat Laut fault;
FLF—Fairy Lakes fault; HWF—Hanging
Wall fault. Tear faultss GF—Grasberg
fault; CVF—Carstensz Valley fault;
NZPF—New Zealand Pass fault.

(1989) concluded that major basement faults
generated during Mesozoic rifting trend
~280° aong the south flank of the western
Central Range. Weiland and Cloos (1996)
concluded that reversal of movement on one
of these fault zones controlled the formation
of the Mapenduma anticline, a giant (30-km-
wide, 300-km-long) fold south of the mining
district that is cored by basement rock.
Fission-track thermochronology anaysis in-
dicates that this structure began to form at ca.
7 Ma, and its size indicates that shortening
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movements must have continued until 4 Ma
or so.

Stage 2 (ca. 4-2 Ma)

The second stage of deformation in the
mining district is comparatively minor, for it
only involved hundreds of metersto 1 km or
so of left-lateral strike-slip offset trend sub-
parallel to the local ~300° grain of upturned
bedding. Where crosscutting structures such
as the northeast-trending tear faults generated
during folding were present, left-stepping
bends extended. At least four of the major
strike-dlip fault zones (Wanagon fault, Erts-
berg No. 2 fault, Ertsberg No. 1 fault, Meren
Valley fault) have breccias, igneous dikes, and
mineralization indicating that the strike-slip
faulting was a significant factor in creating
pathways for intrusion and permeability for
the flow of hydrothermal fluid.

The profound change in deformation style
from regiona folding to localized strike-slip
offset is interpreted to be a manifestation of a
short-lived change in the relative plate motion
between the Australian and Pacific plates at
ca 4 Ma. We think that the strike-dlip regime
was the product of transform movement be-
tween the Australian plate and a broken off
prong of the Pecific plate north of the island.
This piece, the Caroline plate, had a short life
as a distinct kinematic entity, from ca. 4 to 2
Ma (Fig. 3; Weissel and Anderson, 1978;
Cloos, 1992).

The Bewani-Torricelli, Yapen, and Sorong
fault systems along the north coast are left-
lateral strike-slip zones with an overall trend
of ~280° (Fig. 3). If these megastructures are
ideal transform faults, the apparent Pacific-
Australian motions during their formation had
an azimuth of ~280°. This is very close to
270°, the optimal relative plate motion to ac-
tivate strike-slip along the 300° trend of the
upturned bedding. The timing of the change
to maor strike-slip faulting along northern
New Guinea is well dated from the fact that
the Bewani-Torricelli fault zone connects to
the spreading centers in the Bismarck Sea.
Magnetic anomalies indicate that these centers
began to open at ca. 3.5 Ma (Taylor, 1979).
Another nearby event related to the collision
forming the island is the formation of the
Woodlark spreading center as a propagating
tear into the northeast corner of the Australian
plate since ca. 3.5 Ma (Weissel et a., 1982).
The western highlands are not currently the
site of active faulting, on the basis of regional
seismicity. In the Ertsberg district, glacia de-
posits, at least hundreds to probably several
thousand years old, have been exposed by
mining in many places. No fault offsets have
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ever been observed. We think the cessation of
magmatic activity at ca. 2.5 Ma corresponds
to the cessation of strike-dlip faulting in this
part of the highlands.

The concept advocated here is that strike-
slip movements were distributed across the
Central Range between ca. 4 Maand ca. 2 Ma
as part of reoriented movements (well-dated
by the opening of the Bismarck and Woodlark
spreading centers) associated with collisional
orogenesis (see Cloos, 1993). The most im-
portant tectonic effect was the temporary for-
mation of the Caroline plate as a distinct ki-
nematic entity north of the island; this event
caused a change from convergent to left-
lateral transform motions. Since ca. 2 Ma, the
broken corner became reattached to the Pacific
plate, and Australian-Pacific relative motion
has been mostly accommodated by slightly
convergent transform motion along the north-
ern margin of the island (see Fig. 3).

CONCLUSIONS

Structural analyses along an ~15-km-long
transect of the HEAT and Grasberg Roads in
the Ertsberg (Gunung Bijih) Mining District
reveal severa new facts concerning the inter-
nal deformation of the Central Range of Irian
Jaya.

1. There were two distinct stages of defor-
mation since ca. 12 Ma. The first stage gen-
erated a series of northwest-trending (m-axis
= 300°) folds with associated tear and reverse
faults. The second stage resulted in significant
left-lateral, strike-slip faulting subparallel to
the regional strike of upturned bedding.

2. Five major northwest-trending (~300°)
strike-slip fault zones were found in the min-
ing district that are nearly paralel to the up-
turned sedimentary bedding. They were the
location of tens to hundreds of meters of |eft-
lateral offset that cumulatively totaled ~1 km.

3. The pattern of minor strike-slip faulting
in the domains between the major fault zones
mimics the minor fault patterns found in the
classic strike-slip clay-cake experiments of
Riedel (1929) and Tchalenko (1970). Faults
trending 040°-070° have left-lateral slicken-
sides (rakes of 5°-15°) plunging to the north-
east and are interpreted as R shears. Faults
trending 355°-015° have right-lateral slicken-
sides (rakes of 10°—20°) plunging to the north
and are interpreted as R’ shears. D shears are
subsidiary and trend ~280°-300°.

4. Calcite and pyrite vein orientations show
consistent northwest-southeast direction of
extension.

5. The change in deformation styles from
shortening to strike-dlip offset is explained as
being due to a change in relative plate motion

between the Pecific and Australian plates at
ca 4 Ma From ca 4-2 Ma, transform motion
along an ~280° trend caused left-lateral
strike-slip offset in the core of the Central
Range. This deformation formed pathways for
magma ascent and had a profound effect on
localizing hydrothermal activity. Magma as-
cent in the mining district, most obviously for
the Grasberg Igneous Complex, was localized
in the center of a pull-apart zone.
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