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A B S T R A C T

The Southwest Pacific region, and Papua New Guinea in particular, is spectacularly endowed with mineral
resources, including some of the youngest and richest porphyry Cu-Mo-Au deposits in the world. Among them is
the giant porphyry-epithermal Ladolam Au deposit on Lihir Island in the Tabar-Lihir-Tanga-Feni (TLTF) island
chain, northeast of New Ireland. Its setting within a former forearc basin is very different from most Southwest
Pacific porphyry and epithermal deposits. Our synthesis of published and previously unreleased data from ship-
based multibeam and seismic studies, satellite gravimetry, geochemistry and geochronology reveals a far more
complex crustal structure and composition than is presently understood from the geology of the islands alone.
We show that the unique regional Au endowment results from the alignment of various preconditions that are
prolific to ore formation: i) hydrous and metal-rich metasomatic veins in the mantle source, ii) second-stage, low
volume partial melting due to incipient rifting, iii) high volatile contents and oxygen fugacities of the melts due
to preferential melting of hydrous phases in the metasomatic veins, and iv) in the specific case of Lihir, unroofing
of the volcanic edifice that led to boiling and rapid metal deposition. This study shows that the location of the
Ladolam deposit on Lihir is controlled by large-scale structures that can be traced offshore and are the site of
continuing submarine volcanism and epithermal-style Au mineralization. The observed structural framework is
dominated by the emergence of trans-lithospheric faults that provided pathways for the melts to the seafloor,
near-surface structural focusing of the ascending melts and fluids, and a regional tectonic stress regime that
stabilized the conditions over a significant period of time and/or repeatedly. Marine seismic data confirms the
complex structure of the TLTF island chain. Each island group sits on tilted blocks that form horst structures
separated by half grabens developed due to regional NW-SE-directed extension. Regional compression perpen-
dicular to the extension continues as a result of the transition from subduction to collision at the leading edge of
the Ontong Java Plateau. The protracted, transtensional motion between distinct crustal blocks controls the
location and timing of magmatism and mineralization. A kinematic link between volcanism at the location of
Lihir and the splitting of New Ireland by NE-directed propagation of seafloor spreading in the Manus Basin is
suspected. By combining onshore and offshore geology, we propose a new model of the evolution of the New
Ireland Basin, magmatism along the TLTF island chain and ultimately ore deposit formation. This study de-
monstrates the importance of integrating offshore geology and geophysics into models that aim to explain the
structural, magmatic, and sedimentary evolution of marginal basins that are host to economic mineral deposits.

1. Introduction

Papua New Guinea (PNG) lies within an area with a diverse and
very young geological history and complex tectonic evolution that
spans most of the Cenozoic (Baldwin et al., 2012). Active tectonics af-
fecting the area include collision and thrusting, subduction and arc

magmatism, rifting and backarc extension and large-scale strike-slip
faulting (Fig. 1). As a result, volcanic activity is widespread, including
the rift-related volcanic domains of the Bismarck Sea/Manus Basin, the
Papuan Peninsula and in the Woodlark Basin, arc volcanism along the
West Bismarck – New Britain – Solomon Arcs, and shoshonitic vol-
canism in the Tabar-Lihir-Tanga-Feni (TLTF) island chain. Numerous
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Fig. 1. A) Geomorphological map of eastern Papua New Guinea and the Solomon Islands including key structural features and selected place names. BSSL: Bismarck
Sea Seismic Lineation; KKKF: Kia-Kaipito-Korigole Fault; OSF: Owen-Stanley Fault; RMF: Ramu-Markham Fault; WF: Weitin Fault; GP: Gazelle Peninsula. B) Map of
tectonic plates and microplates in the same area as in A). Plate motions for the Pacific and Australian Plate are from MORVEL (DeMets et al., 2010). Other relative
motion rates in mm a−1 (yellow on red: divergence, red on yellow: convergence, black on white: transcurrent) are compiled from: Holm et al. (2016), Martinez and
Taylor (1996), Martinez et al. (1999), Tregoning et al. (1998, 1999) and Wallace et al. (2004). Dashed white arrows indicate sense of microplate rotation.
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Fig. 2. Major Cu and Au mineral occurrences in Papua New Guinea and the Solomon Islands colored according to age (for full legend details, please see A and B).
‘Plateau’ refers to both, submarine volcanic plateaux and submerged continental fragments (after Seton et al., 2016; Bulois et al., 2018). Illustration of the Solomon
Sea slab following the model of Hayes (2018) and using a 20 km depth contour interval. Data for on land deposits from Holm et al. (2019) plus four additional
mineral prospects on New Britain (see text for details); Seafloor massive sulfides after Monecke et al. (2014). A) Regional overview including the Miocene Maramuni
Arc after Holm et al. (2019). B) Detailed view of the New Britain – New Ireland – Bougainville area and including labels for all mineral deposits/prospects. Dark blue
numbers indicate structural trends of major intrusive complexes: 1) Kulu-Fulleborn Trend, 2) Uasilau Trend, 3) North Bainings, 4) Sinelu-Kaluan (Legusulum) Trend,
5) Palabong Trend (1, 2, 4, 5: Lindley, 2006a, 3: this study), 6) Miocene-Pliocene Arc Trend (after Agnew, 2018). Red numbers indicate active major fault systems: 1)
Bismarck Sea Seismic Lineation, 2) Wide Bay Fault, 3) Mediva Fault, 4) Sapom Fault, 5) Weitin Fault, 6) Buka Fault, 7) Tabar Fault. Also shown is the location of the
suggested slab tear (Holm et al., 2016) and the seismic corridor around Lihir (see Fig. 5 for details). MSC: Manus Spreading Center.
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large and very young porphyry Cu(-Mo-Au) deposits formed in this area
(Fig. 2) as products of the complex geodynamic evolution, encom-
passing repeated arc collisions, subduction reversals, and the emer-
gence of deeply penetrating, trans-lithospheric faults (e.g., Holm et al.,
2019). These include the supergiant Grasberg deposit with 26.5 Mt Cu
and 89.4 Moz Au, the Panguna Cu-Au deposit on Bougainville Island
(6.5 Mt Cu and 30 Moz Au), and the giant Ladolam gold deposit in the
TLTF island chain on the island of Lihir (61.6 Moz Au), which is one of
the largest porphyry-epithermal Au deposits in the world (Garwin et al.,
2005; Hollings et al., 2018; Agnew, 2018). Major mineral occurrences
at the seafloor include the 2.5 Mt Cu-Au-rich Solwara-1 seafloor mas-
sive sulfide deposit in the Manus Basin (Golder Associates, 2012) and
epithermal-style Au mineralization at Conical Seamount south of Lihir
(Petersen et al., 2002).

A recent review published in this journal by Holm et al. (2019)
focused on the tectonic evolution and Cu-Au metallogenesis of Papua
New Guinea and the Solomon Islands region over the last 30 Ma. They
showed that the endowment of the region is closely linked to the geo-
dynamic evolution and – in terms of total contained metal – can be
subdivided into two phases. The first is related to active subduction and
continent collision forming Cu-rich porphyries in the Maramuni Arc of
central PNG (Fig. 2) during the Middle and Late Miocene. The second
phase, dominated by Au, started in the Pliocene and was triggered by a
microplate breakout (Holm et al., 2019). In this paper, we consider
aspects of this second, Au-rich phase by reconstructing the most recent
(<3.6 Ma) magmatic and tectonic history in the Bismarck, New Britain,
and Solomon arcs, which contain nearly 100 Moz Au. This represents
>50% of the total Au endowment of PNG and the Solomon Islands,
with most of the contained Au hosted within the TLTF island chain of
the New Ireland Basin.

Magmatic activity began along the TLTF island chain in the Pliocene
in response to lithospheric extension within a former forearc basin of
the Manus-Kilinailau subduction zone (McInnes, 1992; McInnes and
Cameron, 1994; Stracke and Hegner, 1998). However, recent volcanism
post-dates active subduction of the Pacific Plate along the Manus-Kili-
nailau Trench (e.g., Kennedy et al., 1990a; McInnes and Cameron,
1994; Stracke and Hegner, 1998; McInnes et al., 1999) by at least 15 Ma
even though minor convergence is still ongoing. The youngest eruptive
products are compositionally alkaline (high-K) to shoshonitic and are
host to substantial Cu and Au mineralization. Ore metals are of mantle
origin and the alkaline melts are products of preferential tapping of
fusible lithologies (e.g., hydrous mineral-rich veins) in the lithospheric
mantle that originated from subduction zone metasomatism (McInnes
et al., 1999, 2001). This mechanism of tapping enriched portions of the
mantle has been the subject of much debate (e.g., Kennedy et al.,
1990a; McInnes and Cameron, 1994; Kamenov et al., 2008). The melts
were likely derived from deep (>2 GPa) partial melting that post-dated
the main phase of subduction, and inherited an arc-like geochemical
signature with evidence for the involvement of subducted sediments
and fluid-mobile trace elements, including metals (e.g., McInnes and
Cameron, 1994; Stracke and Hegner, 1998; Kamenov et al., 2008).
However. the specific magmatic-tectonic processes that led to the
emergence of highly productive melt and fluid pathways from the li-
thospheric mantle through the crust and to the particular locations of
the ore deposits remain poorly understood.

The single largest concentration of metals is at Ladolam in the
partially collapsed Luise volcano on Lihir. The total past production and
current reserves of Ladolam account for nearly 1/3 of the total Au in
porphyry and epithermal deposits of PNG and the Solomon Islands
(Holm et al., 2019). Detailed studies of the deposit by Carman (1994,
2003), Sillitoe (1994), Müller et al. (2001, 2002, 2003), Simmons and
Brown (2006), Blackwell (2010), Agenau (2012), and more recently by
Sykora (2017) and Sykora et al. (2018a, b), have emphasized the
complexity of geologic events and processes contributing to the extra-
ordinary size and grade of the deposit. These include anomalous
melting of subduction-modified mantle, local tectonic focusing of melts

and fluids, and a gradual change from porphyry-style to epithermal
conditions, followed by a major sector collapse of the host volcano. The
coincidence of these factors ultimately controlled the formation of the
giant Ladolam deposit (see 5.2) even though Au mineralization is ob-
served within each of the TLTF’s island groups. However, identifying
the underlying regional controls that led to major mineralization at
some locations and not at others has been complicated by the fact that
<10% of the area is exposed above sea level on the widely separated
islands of New Britain, New Ireland, Bougainville, and the TLTF chain.
In this study, we integrate publicly available and previously unreleased
marine geophysical data (multibeam bathymetry, seismic reflection,
and global gravity) with onshore and offshore structural geology, re-
gional geodynamics, lithostratigraphy, petrology, and geochemistry to
develop a detailed and new interpretation of the metallogenic evolution
of the New Ireland Basin.

2. Regional overview

Papua New Guinea encompasses the eastern half of New Guinea, the
second-largest island in the world, plus four major island chains be-
longing to the Melanesian Archipelago along the Pocklington Rise and
Woodlark Rise (rifted arc remnants north and south of the Woodlark
Basin), the active volcanic islands arcs related to the current subduction
along the New Britain and San Cristobal Trenches, and the islands along
Manus and Mussau Islands, New Hannover and New Ireland (Fig. 1).
The region is characterized by spectacular relief, both on land, in-
cluding the Papuan Peninsula, and in the surrounding marine basins.
Offshore, the bathymetry reaches a maximum water depth of ~9,140 m
below sea level in the Planet Deep (Fig. 3A) where the Weitin Fault
(subaerially exposed on New Ireland) connects to the New Britain
Trench. The Holocene magmatic arcs of the region include the West
Bismarck Arc, the New Britain Arc, and the western part of the Solomon
Arc (i.e., Bougainville), which together comprise the Melanesian Arc
(Fig. 1). The largest islands in the system of magmatic arcs are generally
<80–100 km wide, but the highest peaks reach up to 2,715 m (Mt.
Balbi on New Britain).

2.1. Geodynamic evolution

2.1.1. Eocene to early Pliocene
The geological structure of eastern PNG consists of a complex mo-

saic of at least 10 (micro-) plates, including the Adelbert, the North and
South Bismarck Microplates, the Solomon Sea Plate, and the Woodlark
Plate (e.g., Baldwin et al., 2012; Holm et al., 2016; Fig. 1B). These
microplates are trapped between the Australian Plate to the south and
the Pacific and Caroline Plates to the north. The NNE motion of the
Australian Plate and the WNW motion of the Pacific Plate result in
present-day oblique total convergence across PNG on the order of
100–110 mm a−1 (MORVEL: DeMets et al., 2010). Convergence be-
tween the (Indo-)Australian and Pacific Plates in this region dates at
least from 45 to 55 Ma when the Australian and Indian Plates started to
move jointly (Hall, 1997). Initially, the Adelbert and Finisterre Terranes
as well as the Gauttier and Bewani-Torricelli Terranes further west
formed as part of the South Caroline Arc by northward subduction at
the margin of the emerging Caroline Plate, and the remainder of the
Melanesian Arc started to form along the northeast margin of the
Australian Plate (Hall, 1997; Hill and Hall, 2003; Findlay, 2003).
Southward subduction of the Pacific Plate along the Manus-Kilinailau
Trench initiated at about 42–44 Ma and lead to the first phase of
magmatism along the Melanesian Arc, lasting from the Middle Eocene
(42–44 Ma) to the earliest Miocene (22–26 Ma; except for the Buka
Formation on Bougainville that record continued volcanism until
~18 Ma: Fig. 4). The crust of the Solomon Sea Plate formed along a
backarc spreading center between 39 and 28 Ma (Honza et al., 1987).
Southward subduction of the Pacific Plate continued throughout the
Oligocene, until collision with the oceanic Ontong Java Plateau (OJP)
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at 20–26 Ma (e.g., Kroenke et al., 1986), which triggered subduction
reversal and connected the South Caroline Arc with the Melanesian Arc
(Hall, 1997).

Holm et al. (2015, 2019) suggest that northward subduction then
initiated along the Pocklington-Aure Trough and resulting in magma-
tism along the Maramuni Arc (Figs. 1 and 2), which is now part of the
New Guinea Mobile Belt (the so-called Pocklington Trough model). An
alternative is that southward subduction instead initiated at the Tro-
briand Trough (see Holm et al., 2015, 2019). In the Pocklington Trough
model, collision of the Maramuni Arc with the Australian continental
margin resulted in a first phase of orogeny at around 12 Ma and caused
a northward jump of subduction (at maintaining the same polarity) to
the modern San Cristobal-New Britain Trench system (Holm et al.,
2015). Here, subduction initiated in the east along the San Cristobal
and eastern New Britain Trench (Hill and Raza, 1999), triggering the
resurgence of arc magmatism on Bougainville (Toniva Formation), the
Gazelle Peninsula (Nengmutka Volcanics) and potentially northwestern
New Ireland (Lumis River Volcanics; Fig. 4). Subduction then propa-
gated westwards and initiated along the New Britain Trench at about
8–9 Ma (Holm et al. 2015, 2016). This delayed onset of renewed vol-
canism along the New Britain Arc is reflected by an age of <6 Ma for
the volcanic Kapiura Beds of New Britain (Fig. 4). Synchronous opening
of the Woodlark Basin (starting in the east and propagating westwards)
led to anticlockwise rotation of the Solomon Sea Plate but slowed after
seafloor spreading reached the western Woodlark Basin (Holm et al.,
2016). Additional convergence may have been accommodated by

southward thrusting and possibly subduction along the Trobriand
Trough, which might have started at 5–6 Ma but stalled again at ~2 Ma
(Holm et al., 2015, 2016). Docking of the Adelbert and Finisterre Ter-
ranes (Fig. 1) from 3.5 to 4 Ma resulted in complex adjustments to the
regional stress field between the Australian and Pacific Plate and
fragmentation of the Melanesian Arc (Holm et al., 2016 and references
therein), most notably causing the clockwise rotation of the South
Bismarck Microplate (e.g., Wallace et al., 2004). This led to migration
of the New Britain Trench along large-scale sinistral strike-slip faults
away from New Ireland and resulted in a waning of magmatism on New
Ireland after 3.5–4 Ma (Hohnen, 1978; Stewart and Sandy, 1988).

2.1.2. Late Pliocene to recent
The convergence between the Solomon Sea Plate and the South

Bismarck Microplate (~70–160 mm a−1) is currently accommodated
by the northward subduction of the Solomon Sea Plate along the New
Britain Trench, with the highest convergence rates related to clockwise
rotation at the eastern side of the South Bismarck Microplate (Wallace
et al., 2004, 2014; Argus et al., 2011). This rotation dates back to at
least 3.5 Ma, led to a decoupling between the North and South Bismarck
Microplates and triggered backarc basin formation and seafloor
spreading in the eastern Manus Basin (Taylor, 1979; Tregoning, 2002;
Wallace et al., 2004; Holm et al., 2016). Today, extension across the
Manus Basin is accommodated by several magmatically active rifts,
including leaky transform zones along the Willaumez(-Manus) Rise, the
Manus Spreading Center, the Southern Rifts, and the Southeastern Rifts

Fig. 3. Geomorphological map of the New Ireland Basin (see text for data sources). Normal faults are indicated by lines with ticks, other faults by simple lines; thick
lines relate to major fault zones, thin lines to minor fault zones, solid lines to confirmed fault zones and dashed lines to inferred faults. Red labels in B-D denote major
fault zones. A) The lithostratigraphic outline of the Eocene-Pliocene New Ireland Basin is shown by a dashed yellow line. Major tectonic lineaments are illustrated by
dashed black lines; spreading centers in red and trenches by solid black lines with triangles. MSC: Manus Spreading Center, NIB: New Ireland Basin, OJP: Ontong Java
Plateau, SER: Southeastern Rifts, SR: Southern Rifts. B) Close-up of the Eastern Manus-New Ireland-TLTF area. Seismic lines of SO-94 shown as colored solid lines. C)
Area around the Tabar and Lihir island groups, with sites of recent hydrothermal activity (red circle: open if submarine, yellow filling if subaerial), and including the
South Lihir Volcanic Field (purple dashed outline); Light green shading: area affected by Riedel shears (see text for details). D) Area around the Tanga and Feni island
groups, with sites of recent hydrothermal activity (symbols as in C).
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in the eastern Manus Basin (Fig. 3A, B; Martinez and Taylor, 1996). The
combination of seismically active transform faults and spreading ridges
is referred to as the Bismarck Sea Seismic Lineation (Fig. 1A; Taylor,
1979). Reliable estimates on current seafloor spreading rates are lim-
ited to the Manus Spreading Center, which is opening at a rate of
92 mm a−1 in the SW, decreasing to 0 mm a−1 at the propagating rift
tip in the NE (Martinez and Taylor, 1996). As a result of this wedge-
shaped opening, the Manus Microplate (Fig. 1B) is rotating antic-
lockwise and shortening along its eastern side is accommodated by
compression along the Djaul Transform (Martinez and Taylor, 1996).
The Southeastern Rifts are bound by major sinistral strike-slip faults:
the Djaul Transform in the west and the Weitin Fault in the east
(Martinez and Taylor, 1996). The Weitin Fault thus represents a
transform plate boundary between the North and South Bismarck Mi-
croplates and is one of the most prominent onshore-offshore structural
elements in the region; on land it is occupied by a 2-km wide, flat-
floored river valley formed by rapid erosion of the tectonically wea-
kened fault rocks (Hohnen, 1978; Lindley, 2006a; Fig. 3B). This struc-
ture, together with a complex network of other faults, including the
Sapom Fault to the southeast, submarine faults in the St. Georges
Channel, and the Wide Bay and Mediva Faults on the Gazelle Peninsula
of New Britain (Fig. 2B) are thought to have accommodated the
southward migration of the New Britain Trench and the associated
displacement of New Britain from a location west of New Ireland to its
current location over the last 3.5 Ma (Lindley, 2006a; Holm et al.,
2016). The rapid and large-scale displacement of New Britain was a
direct consequence of clockwise rotation of the South Bismarck Mi-
croplate (e.g., Wallace et al., 2004; Holm et al., 2016). The majority of
the island of New Ireland is located northeast of the Weitin and Sapom
Faults, and has been fairly stable relative to the Manus-Kilinailau
Trench but the Cape St. George section of New Ireland (Fig. 3A) was
transported by at least 50 km to the SE (Lindley, 2006a; Holm et al.,
2016). Continuing transpression along the Weitin Fault includes a left-

lateral slip component of 130–139 mm a−1 and a compressional com-
ponent of ~17 mm a−1, possibly resulting in some thrusting (Mori,
1989; Tregoning et al., 1998, 1999). At least five earthquakes of mag-
nitude 7 or greater occurred along the fault within the last 25 years.

Two other prominent tectonic features on the Pacific Plate west of
the OJP may also be important for the understanding of the regional
geodynamics: The Mussau Trench and Ridge, and the Lyra Trough
(Fig. 1). The Mussau Trench is interpreted as the plate boundary be-
tween the Pacific and the Caroline Plates even though the current state
of tectonic activity remains inconclusive (Erlandson et al., 1976;
Weissel and Anderson, 1978; Hamilton, 1979). Ryan and Marlow
(1988) suggest that the Mussau Trench represents an incipient sub-
duction zone. The trench is up to 7,000 m deep, normal faulting is
evident on the outer trench wall on the subducting Caroline Plate
(Weissel and Anderson, 1978), a steeply dipping Benioff zone has been
inferred, and the Mussau Ridge east of the trench has been interpreted
as the emerging volcanic arc (Hamilton, 1979). Furthermore, the de-
formation patterns of sediments in the Manus-Kilinailau Trench change
at its intersection with the Mussau Trench: eastwards, sediments are
deformed as a result of the ongoing convergence between the Pacific
Plate and the North Bismarck Microplate whereas westwards, sediments
are undeformed (Ryan and Marlow, 1988). The section of the Manus-
Kilinailau Trench between the Caroline and North Bismarck plates may
thus be interpreted as a translithospheric strike-slip fault (Ryan and
Marlow, 1988). The Lyra Trough, which bounds the Lyra Basin
(Fig. 3A) is a graben with fault scarps up to 2,000 m high and may
expose deep crust originally formed at the margins of the OJP when it
passed over the Rarotongan hotspot about 65 Ma ago (compared to the
122 Ma age of the OJP: Shimizu et al., 2015). The structure potentially
represents a relict trench of Cretaceous or Paleogene age, or an inactive
strike-slip zone; extensional faulting is observed in the Lyra Basin east
of the Lyra Trough (Erlandson et al., 1976; Hamilton, 1979). Even
though the age and tectonic nature of the trough remains inconclusive,

Fig. 4. Lithostratigraphic overview of the New Ireland Basin (New Ireland and seismic sequences after Marlow et al., 1988) and comparison to the neighboring
islands of New Britain and Bougainville. Porphyry stocks with confirmed age dates are illustrated by the yellow diamonds (ages are from Holm et al., 2019 and/or
outlined in the main text). A compilation of major tectonic events in the region (see chapter 2 for details) is shown for comparison.
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it is likely that its inherent lithospheric weakness may influence recent
tectonics (Weissel and Anderson, 1978). Subduction of the Lyra Trough
as part of the Pacific slab could have introduced additional sediments
into the Manus-Kilinailau subduction zone.

Southward subduction of the leading edge of the OJP along the
Manus-Kilinailau Trench has not come to a full stop but progresses at a
highly oblique angle and at slow rates of 10–12 mm a−1 near the TLTF
island chain (Tregoning, 2002) and decreasing to 5–7 mm a−1 near the
Mussau Trench (Fig. 1B; Argus et al., 2011). As a consequence, the
North Bismarck Microplate still moves partially independent from the
Pacific Plate (Tregoning, 2002; Wallace et al., 2004; Argus et al., 2011).
The differential plate motions between the Pacific Plate, the North and
South Bismarck Microplates, and the crustal block of the Solomon Is-
lands need to be compensated within the Melanesian arc crust (Holm
et al., 2016) and affect a large area (green hatched area in Fig. 1B).
Wallace et al. (2004) concluded that an additional plate boundary is
required between the Solomon Islands and the North Bismarck Micro-
plate based on differential Euler vectors. Different authors place this
boundary at different locations (Fig. 5). Bird (2003) draws this
boundary between Buka Island and Bougainville, with the Feni Deep
being part of the North Bismarck Microplate. Wallace et al. (2004), in
contrast, suggest a triple junction between the North and South Bis-
marck Microplates and the Pacific Plate at the Weitin Fault just south of
New Ireland (Fig. 5). In this case, the offshore extension of the Weitin
Fault would be the plate boundary between the Pacific Plate and the
South Bismarck Microplate (Fig. 5). Holm et al. (2016) generally follow
this interpretation but place the plate boundary through the Feni Deep
and along the submarine fault system that connects the Weitin Fault
with the New Britain Trench. In this context, the young sedimentary
basin of the Feni Deep is interpreted to have formed by extension at the
margin between the North Bismarck Microplate and the Solomon Is-
lands (Holm et al., 2016). Gennerich (2002), in contrast, suggested that
the plate motion is dispersed over several fault zones that are closely
linked to the individual island groups of the TLTF chain (Fig. 5), an

interpretation that is also supported by our data. Holm et al. (2019)
chose one of these to define the plate boundary. Here, we suggest that
the plate boundary may be indeed located along the (south-)eastern
flank of the Lihir horst but, instead of bending along the eastern slopes
of New Ireland, may connect to the Weitin Fault through the central
graben of New Ireland (Figs. 5 and 6). However, these major differences
in the interpretation illustrate the tectonic complexity of the region and
the uncertainty about lithosphere-scale plate boundary faults, precisely
where the major melt and fluid pathways of the New Ireland Basin are
thought to exist.

2.2. Metal endowment

The Papua New Guinean Maramuni and Melanesian Arcs are both
exceptionally well endowed in base and precious metals as a result of
prolonged subduction-related magmatism since the Eocene (e.g.,
Garwin et al., 2005; Hammarstrom et al., 2013; Holm et al., 2019;
Fig. 2A). The intrusive complexes that host widespread porphyry and
epithermal systems are directly linked to the late stages of arc mag-
matism that followed >30 Ma of intense crustal fertilization. Holm
et al. (2019) relate most of the total contained Cu in the PNG and So-
lomon Island region to the late phase (Middle to Late Miocene) of the
Maramuni Arc, whereas microplate tectonics since the Pliocene drove
the massive Au mineralizing events of the Bismarck – New Britain –
Solomon Arc. The oldest metallogenic events in the region are related to
Late Oligocene to Early Miocene (22–25 Ma) intrusive diorite stocks
with significant Cu, Au, Ag, Pb and Zn mineralizations; at least eight
porphyry deposits or prospects formed during this phase on New Britain
and are concentrated in the West New Britain Corridor, including Mt.
Nakru, Plesyumi and Simuku (Christopher, 2002; Holm et al., 2019;
Fig. 2B, 4). These deposits, as well as the Plio- to Pleistocene Mt. Penck
porphyry system, occur along the prominent Kulu-Fulleborn trend that
is thought to represent a translithospheric structural boundary (Lindley,
2006a; Fig. 2B). Here, crustal thickness changes from 40 km (to the
west) to only 15–20 km (to the east; Wiebenga, 1973; Finlayson and
Cull, 1973), and a large positive gravity anomaly underneath central
New Britain is associated with this change in crustal structure (Lindley,
2006a). The eastern boundary is defined by the Wide Bay Fault
(Lindley, 2006a) that potentially controlled the formation of the Esis/
Mt. Likuruanga complex (Hine et al., 1978), a prospect for porphyry Cu,
epithermal Cu-Zn-Pb-Au and skarn-hosted Au-Zn (Frontier Resources,
2008). Another important mineral occurrence is the Sinivit (Wild Dog)
epithermal-style vein system on the Gazelle Peninsula (Frontier
Resources, 2016). Here, significant mineralization of Cu-Bi-Pb-Ag sul-
fide, Au-Ag tellurides and selenides is structurally controlled by the
NNE- to NE-trending Nengmutka vein system (Lindley, 1998). New
Ireland appears to be less mineralized compared to New Britain, with
only one known porphyry stock at Legusulum that intruded into the
shallow arc crust along the Sinelu-Kaluan structural lineament at about
24 Ma (Hohnen, 1978; Lindley, 2006a; Fig. 2B). Potentially, a second
porphyry stock may be present near Palabong but the occurrences of
propylitized andesite, diorite and gabbro are yet to be explored
(Hohnen, 1978). The consistent Late Oligocene to Early Miocene ages of
porphyry formation in the area correlate with the docking of the OJP
and thus a major phase of re-adjustments in the regional stress field
(Fig. 4). However, the total amount of contained Cu and Au in deposits
formed during this early phase is small (Holm et al., 2019). Sig-
nificantly larger deposits are associated with the Maramuni Arc of
mainland PNG (Fig. 2A) and formed in association with syn-orogenic
magmatism proximal to the suture between the Papuan fold and thrust
belt (representing the accretionary complex of Australian continental
platform sediments) and the New Guinea mobile belt (Holm et al., 2019
and references therein). This first major metallogenic episode
(6–12 Ma) produced a series of Cu- and Au-rich deposits/districts with
the largest at Frieda River (13.3 Mt Cu, 22.5 Moz Au: 11.5–13.6 Ma),
Wafi-Golpu (8.3 Mt Cu, 29.2 Moz Au: 6.8–8.6 Ma), and Porgera (10.6

Fig. 5. Various proposed traces of the plate boundary between the North
Bismarck Microplate and the Solomon Islands. Yellow dashed line: Bird, 2002;
blue dashed line: Wallace et al., 2004; purple dashed line: Gennerich, 2002;
orange dashed line: Holm et al., 2016; red dashed line: Holm et al., 2019; green
dashed line: this study. Black dashed lines represent accepted plate boundaries.
Color shading illustrates major tectonic plates. Earthquake data from the USGS
catalogue (https://earthquake.usgs.gov; 1970 to Nov 2018).
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Moz Au: 5.1–6.1 Ma; Holm et al., 2019). The second major metallogenic
episode (0–6 Ma) related to the onset of microplate tectonics, was re-
sponsible for massive Au enrichment in the Melanesian, West Bismarck,
New Britain, and Solomon arc crust (Holm et al., 2019). Bougainville
hosts the Panguna porphyry system (~3.4 Ma), a world-class deposit
with >30 Moz of contained Au (e.g., Bougainville Copper Limited,
2016; Agnew, 2018). The deposit sits on a distinctive NW-SE structure
that follows the Oligocene-Pliocene arc trend (Agnew, 2018), similar to
the Kulu-Fulleborn and Sinelu-Kaluan trends of New Britain and New
Ireland, respectively (Fig. 2B). It post-dates the ore forming events of
New Britain but is synchronous to volcanic activity and mineralization
in the New Ireland Basin along the adjacent TLTF island chain including
on Simberi (5.5 Moz Au: 3.6–1.9 Ma), Lihir (Ladolam, >61 Moz Au:
0.70–0.15 Ma), and Feni (Kabang prospect, 20 Mt: <0.5 Ma) (data
compiled by Holm et al., 2019). All deposits of this age post-date the
main phase of subduction or collision in the respective areas and in-
cluding the giants at Grasberg (>92 Moz Au: ~3 Ma; Cooke et al.,

2005) and Ok Tedi (15.7 Moz: ~1.1 Ma; Cooke et al., 2005), and have
in common a particular enrichment in Au. Whereas the major Au de-
posits of mainland PNG represent Miocene porphyry systems enriched
through Au-rich fluid (re-)mobilization related to (post-)orogenic
folding and thrusting, those of Bougainville and the Solomon Islands
are related to recent arc magmatic activity (Holm et al., 2016, 2019). In
contrast, deposits located within the New Ireland Basin are related to
high-K and shoshonitic magmatism linked to recent extension and
melting of subduction-modified lithosphere (Holm et al., 2016, 2019).

3. Marine data and remote predictive mapping

3.1. Digital elevation model

The digital elevation model was generated through the integration
of subaerial radar altimetry data and submarine multibeam echo-
sounder (MBES) data. The compilation of ship-based MBES data builds

Fig. 6. Remote predictive geological map of the TLTF island chain and adjacent areas. For details on the creation of the map, the reader is referred to the main text
(section 3.4).
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on the global multi-resolution topography data synthesis (GMRT: Ryan
et al., 2009) in its grid version 3.4 of July 2017. These base maps were
complemented by MBES data of eleven JAMSTEC cruises (KA01-11 leg
2, MR02-K02, MR04-08 leg 2, MR06-01, MR09-01 leg 3, MR09-04,
MR10-07, MR12-03, MR12-05 leg 1, MR99-K06, and YK06-13 leg 1)
gridded at 150 m, two U.S. cruises (RV Kilo Moana KM0625 and RV
Maurice Ewing EW0201) gridded at 50 m, the French MANAUTE cruise
of RV L’Atalante gridded at 50 m, and four German research cruises
with RV Sonne (SO-94, SO-133, SO-166, and SO-216) gridded at
30–50 m. The three RV Sonne expeditions SO-94, −133, and −166 are
of specific importance for an in-depth understanding of the strati-
graphy, structure and evolution of the New Ireland Basin. The SO-94
cruise produced the first high-resolution maps of the seafloor around all
four island groups of the TLTF chain (Fig. 3B–D; Herzig and
Hannington, 1999, 2003), which led to the discovery of the New World
and Tubaf Seamounts, the hydrothermally active Edison Seamount, and
the mineralized Conical Seamount in direct vicinity to Lihir (Fig. 3C).
During SO-133 and SO-166 mapping was extended and improved (e.g.,
differential GPS, Simrad MBES system). Data from the Advanced
Spaceborne Thermal Emission and Reflection radiometer (ASTER:
NASA/METI/AIST/Japan Spacesystems, 2009) complemented our di-
gital elevation model for areas on land.

3.2. Geophysical surveys

Correlation of strata offshore and knowledge of the subsurface
geology is guided by the extensive seismic profiles acquired across the
New Ireland Basin (see Fig. S1). First seismic surveys were conducted in
the 1970s and early 1980s, mainly to investigate the potential for hy-
drocarbon resources (Exon et al., 1986; Exon and Marlow, 1988a; Exon
and Tiffin, 1984; Ravenne et al., 1976). In 1975, the French AUSTRA-
DEC III research cruise collected >5,000 km of seismic profiles around
PNG and the Solomon Islands (Ravenne et al., 1976; Fig. S1). The first
survey targeting hydrocarbons was carried out by the Gulf Research
and Development Company in 1973, but the most comprehensive
survey was carried out during research cruise L7-84-SP with RV S.P. Lee
in 1984 (Exon and Tiffin, 1984; Exon et al., 1986; Fig. S1). During this
cruise 4,300 km of underway geophysical data including 2,000 km of
multichannel seismic reflection profiles were recorded (Exon and
Marlow, 1988a). Other major seismic surveys were carried out by the
Compagnie Général de Géophysique (CGG) for the Australian Bureau of
Mineral Resources (BMR) in 1970 (single-channel sparker records) and
the Coordination of Joint Prospecting for Resources in South Pacific
Offshore Areas (CCOP/SOPAC; single-channel seismics) in 1981 (Exon
and Tiffin, 1984). The published record of these surveys is scarce but a
compilation of the most relevant profiles is included in Marlow et al.
(1988) and Gennerich (2002). Research Vessel Sonne cruise SO-94 ac-
quired >600 km of single-channel seismic reflection profiles (Fig. S1)
that contributed to a more thorough image of the subsurface structure
and stratigraphy in the New Ireland Basin (Gennerich, 2002, 2019; this
study). Correlation of the SO-94 seismic lines with seismic data col-
lected during the 1973 Gulf (NI-) and the 1981 CCOP/SOPAC cruises of
the US Geological Survey provides a basis for the stratigraphic inter-
pretations. The seismic sequences were initially defined and correlated
with onshore stratigraphy by Exon and Marlow, 1988b; Exon and Tiffin,
1984; Marlow et al., 1988; Stewart and Sandy, 1988 (cf. Fig. 4). Al-
though not available for this study, a recent commercial survey col-
lected 3,600 km of broadband 2D seismic data from the Cape Vogel,
Bougainville, and New Ireland Basins (Searcher Seismic, 2017) high-
lighting the continuing interest in the hydrocarbon resource potential of
the area.

During SO-94 the first heat flow measurements were carried out in
the New Ireland Basin using a 2.5 m violin-bow type instrument
equipped with eleven individual temperature sensors from the Pacific
Geoscience Centre of the Geological Survey of Canada (Herzig et al.,
1994; Gennerich, 2002). Another important source of geophysical

information is the global marine gravity model of Sandwell et al. (2014)
that allows us to trace geological structures offshore.

3.3. Ground truthing

In 1994, SO-94 was the first integrated survey in the area combining
a modern multibeam mapping system (Hydrosweep) with TV-guided
rock sampling, sediment coring, seismic imaging and heatflow mea-
surements (Herzig et al., 1994). More than 500 individual rock samples
from >30 dredge and TV-grab stations were recovered, mostly in the
vicinity of Lihir (Herzig et al., 1994). A total of 14 sediment cores were
collected, ten of which were located in the New Ireland Basin. The focus
of SO-133 in 1998 was to study the extent of volcanic and hydrothermal
activity through mapping and enhanced seafloor sampling; previously
unknown tectonic structures on the seafloor were identified and
>1,200 kg of hydrothermally altered and mineralized rock were re-
covered, mostly from Conical Seamount (Herzig et al., 1998). Addi-
tional sediment coring was carried out in order to reconstruct the his-
tory of explosive volcanism in the region (Horz, 2002; Horz et al.,
2004). In 2003, shallow drilling at Conical and Edison Seamounts (32
and two stations, respectively) and in the adjacent eastern Manus Basin
was conducted during SO-166 using the Rockdrill system of the British
Geological Survey. Additionally, visual observations were carried out
using the towed camera system OFOS (Ocean Floor Observation
System) and additional rock sampling was conducted (Herzig et al.,
2003).

3.4. Data synthesis

Geological maps play an important role not only for mineral ex-
ploration targeting but also for the further understanding of the re-
gional tectonic evolution, especially when combined with remote sen-
sing techniques to cover large areas (e.g., Goetz and Rowan, 1981;
Brimhall et al., 2006). To date, no regional-scale geological maps
combining on- and offshore areas have been published because of the
scarcity of data used for conventional geological mapping. However,
remote predictive mapping allows to create first-order geological maps
in highly remote or largely underexplored areas (cf. Schetselaar et al.,
2007). For the New Ireland Basin, the interpretation of the offshore
areas is informed by published maps of the onland geology and in-
cluding those of New Britain (simplified maps: Lindley, 2006a; Holm
et al., 2013), the Gazelle Peninsula (Madsen and Lindley, 1994), New
Ireland (Hohnen, 1978; Stewart and Sandy, 1988), the TLTF island
chain (Wallace et al., 1983), Lihir (Sykora, 2017), Ambitle (Lindley,
2015), and Bougainville (Blake and Miezitis, 1967; Agnew, 2018). A
lithostratigraphic summary and correlation of strata across the area is
illustrated in Fig. 4. Geological units can be inferred from seismic
profiles, gravity, and the digital elevation model and morphology, re-
spectively. The resulting geological map (Fig. 6) represents a first re-
mote predictive map of the onshore and offshore geology of the New
Ireland Basin and adjacent areas.

4. The New Ireland Basin

The New Ireland Basin (NIB) is a 600 by 150 km sedimentary basin
that started to develop as a forearc basin along the Manus-Kilinailau
Trench in the Eocene (Exon and Tiffin, 1984; Exon and Marlow, 1988b;
Marlow et al., 1988). Today, the basin extends from Mussau in the
northwest to the Feni island group in the southeast; Along its long-axis,
the NIB is bound by the Emirau-Feni Ridge to the northeast and the
Weitin Fault to the southwest (Fig. 3A, 6; Exon and Tiffin, 1984;
Gennerich, 2002). Here, along its southwestern margin, sedimentary
strata of the NIB are uplifted and exposed on the islands of New Ireland
and New Hanover, thus allowing to study the structure and stratigraphy
of the basin onshore and correlation of the strata offshore (e.g., Exon
and Tiffin, 1984; Marlow et al., 1988; Stewart and Sandy, 1988; this
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study). The rapid uplift of New Ireland (~1 km Ma−1 since 3.5 Ma:
Lindley, 2016) may result from lithospheric thinning and mantle up-
welling in the adjacent Manus backarc basin and transpression along
the plate margin of the North Bismarck Microplate (Hohnen, 1978;
Gennerich, 2002). The Emirau-Feni Ridge to the northeast of the NIB
represents the former outer arc basement high and runs from the islands
of Mussau and Emirau along north of the Tabar, Lihir and Tanga island
groups towards the Feni island group and the Green Islands (Fig. 6).
Another bathymetric high between the Emirau-Feni Ridge and the
Manus-Kilinailau Trench is the 400 km long Nuguria Ridge (Fig. 6) that
consists of volcanic basement with little sediment cover and is believed
to represent either a sliver of island arc crust or an accreted terrane of
the Pacific Plate (Exon and Marlow, 1988a). The northwestern
boundary of the NIB is located near Mussau, where the sedimentary
strata of the NIB thin and are tectonically interrupted (Marlow et al.,
1988). The southeastern boundary of the basin is located at the pedestal
of the Feni island group, where sedimentary strata thin out towards the
Emirau-Feni Ridge (e.g., Exon and Tiffin, 1984; Gennerich, 2002). In
the central part of the basin, the sedimentary sequences accumulate to a
total thickness of up to 7 km (Marlow et al., 1988). Here, only the four
island groups of Tabar, Lihir, Tanga and Feni rise above sea-level due to
localized tectonic uplift and young, post-subduction high-K to shosho-
nitic magmatic activity (e.g., Wallace et al., 1983; McInnes and
Cameron, 1994; Stracke and Hegner, 1998). Below, we will briefly
summarize and review the geological evolution of the basin.

4.1. Geological evolution

4.1.1. Crustal basement
The geological history of the NIB is considered to have started with

the formation of igneous crust in the Cretaceous (McInnes et al., 1999).
However, the nature and origin of this igneous basement can only be
indirectly constrained through seismic imaging and the analysis of xe-
noliths entrained in volcanic systems of the NIB. A suite of igneous,
mafic xenoliths led McInnes et al. (1999, 2001) to speculate about the
existence of oceanic crust underlying the TLTF region. A single gabbroic
xenolith has a Re/Os and Re content consistent with a mid-ocean ridge
(basalt-like) origin (McInnes et al., 1999), although similar Re and Os
abundances may also be found in ocean island basalts and arc lavas
(Gannoun et al., 2016). The radiogenic Os model age returns an age of
120 Ma (McInnes et al., 1999) which is consistent with the age of for-
mation of the OJP (~122 Ma: Mahoney et al., 1993). Further support
for a basement age >100 Ma is derived from the low background heat
flow values across most of the NIB (40–50 mW m−2, n = 4: Gennerich,
2002). The thickness of the NIB crust in the vicinity of the Tanga and
Feni island groups is estimated to 16.2–17.4 km (Furumoto et al.,
1976), ~12 km of which correspond to the igneous basement (McInnes
et al., 1999). The igneous crust is thus thicker than any normal oceanic
igneous crust away from hotspots, but thinner than the 14–32 km thick
OJP (Gladczenko et al., 1997). Crust of similar thickness is found in the
Lyra Basin (~11 km), north of the TLTF chain, where it is interpreted as
a result of magmatic underplating and lava extrusions related to in-
traplate magmatism at ~65 Ma, thus post-dating the OJP emplacement
(Gladczenko et al., 1997; Shimizu et al., 2015). This age, however, may
be too young to be a potential candidate for the igneous basement
underneath the TLTF islands. Alternatively, the TLTF basement may be
similar to crust found in the nearby Solomon Islands. On the islands of
Choiseul and Guadalcanal, Petterson et al. (1999) described the igneous
basement as compositionally similar to mid-ocean ridge basalt (as op-
posed to a plume origin), Cretaceous in age and later intruded and
overprinted by island arc magmatism. Oceanic crust preserved in the
Makira Terrane of the Solomon Islands, is transitional between mid-
ocean ridge and plateau-derived crust and older than 90 Ma. Osmium
model ages, the thermal regime and the thickened crust of the igneous
basement underneath the NIB agree with an origin similar to that of
oceanic crust fragments in the Solomon Islands. However, further

combined reflection/refraction seismic and/or drilling studies are re-
quired to resolve the nature and origin of the basement.

4.1.2. Supracrustal assemblage
The oldest supracrustal rocks exposed on New Ireland, New Britain,

and Bougainville are the Late Eocene to Oligocene volcanics and vol-
caniclastics of the Jaulu, Baining, and Atamo Formations and corre-
spond to the volcanic basement and seismic units e-v of the NIB (Figs. 4
and 6). These andesitic volcanic and volcaniclastic rocks comprise ag-
glomerates, lapilli tuff, porphyritic lava, and ignimbrites belonging to
the island arc sequence that formed during subduction of the Pacific
Plate at the Manus-Kilinailau Trench (e.g., Hohnen, 1978; Stewart and
Sandy, 1988). During the Oligocene, subsidence was initially restricted
to the central portions of the basin before more widespread subsidence
resulted in the basin-wide deposition of epiclastic turbidites in the Early
Miocene (Exon and Marlow, 1988; seismic units d-e: Fig. 4). On New
Ireland, the Jaulu Volcanics are locally intruded by the Late Oligocene
to Middle Miocene Lemau Intrusive Complex (Fig. 6), which forms
stocks of gabbro, norite, and diorite with locally minor porphyry-style
Cu mineralization (e.g., Palabong, Legusulum: Hohnen, 1978; Stewart
and Sandy, 1988; Lindley, 2006a). Early to Late Miocene platform
carbonates of the Lelet (New Ireland), Yalam (New Britain), and Ker-
iaka (Bougainville) Formations unconformably overlie earlier (volcani-)
clastic turbidites and correspond to seismic units c-d in the NIB (Fig. 4).
Following subduction reversal and subduction initiation along the New
Britain Trench in the Late Miocene, a phase of rapid subsidence affected
the NIB that led to deposition of the bathyal Punam Limestone con-
formably above the Lelet Limestone (Exon and Marlow, 1988b). This
formation corresponds to seismic units b-c of the NIB (Fig. 4) and
consists mainly of foraminiferal ooze with limited input of pyroclastic
material (Stewart and Sandy, 1988). In contrast, age-equivalent strata
of Bougainville (Toniva Formation), the Gazelle Peninsula (Nengmutka
Volcanics: Fig. 6), and northwestern New Ireland (Lumis River volca-
nics) reflect increased volcanic activity related to the initiation of
subduction along the eastern New Britain Trench from the Middle
Miocene onwards (Fig. 4). Continued regional convergence finally led
to compression in the NIB and triggered uplift of the southwestern (i.e.,
New Ireland) and northeastern margins (i.e., Emirau-Feni Ridge) of the
basin and subsidence became restricted to the basin’s center (Exon and
Marlow, 1988b). The platform carbonates of the Lelet Formation on
New Ireland, for example, were uplifted by as much as 3.5 km (Lindley,
2016), and today, represent the – by area – most extensive lithology of
the island (Hohnen, 1978; Fig. 6). The Pliocene to Early Pleistocene
Rataman Formation (Kapiura Beds of New Britain, seismic units a-b of
the NIB) overlies the Punam Limestone on New Ireland and consists of
volcaniclastic and calcareous sediment that records an abrupt onset of
pyroclastic volcanism followed by a gradual decrease of volcaniclastic
material in the sequence (Stewart and Sandy, 1988; Fig. 4). This vol-
canic phase reflects the transition of New Ireland from an arc frontal
setting to its current, volcanically inactive rear-arc setting as a result of
migration of the New Britain Trench in the Late Pliocene (~3.6 Ma).
The submarine strata of the Rataman Formation were still deposited at
water depths greater 500 m (Hohnen, 1978; Stewart and Sandy, 1988).
Offshore, the Rataman Formation is restricted to the central NIB as a
result of the beginning uplift of the Emirau-Feni Ridge in the Late
Pliocene (Marlow et al., 1988). At the same time, emerging alkaline
volcanism affected the offshore part of the NIB locally and led to the
formation of the Tabar-Lihir-Tanga-Feni island chain (Figs. 6 and 7).
The Rataman Formation is well imaged in seismic profiles across the
NIB (Fig. 8), indicating that faulting and uplift of the islands (~2 km:
Marlow et al., 1988) started later than 3.6 Ma. On New Britain (Kimbe
Volcanics), including the Gazelle Peninsula, and on Bougainville
(Bougainville Group) arc volcanism continued throughout the Plio-,
Pleisto- and Holocene (Fig. 4). Quaternary strata, including the Maton
Conglomerate, alluvial sediments, fringing reefs, shelf sediments, and
volcanic products (Stewart and Sandy, 1988) correspond to seismic

P.A. Brandl, et al. Ore Geology Reviews 121 (2020) 103491

10



units sf-a in the NIB (Fig. 4). Here, the formation is restricted to the
young basins between the individual island groups (‘relict NIB’: Fig. 6).

4.1.3. Structural geology
The displacement of New Britain along several trans-lithospheric

strike-slip zones (Wide Bay, Mediva, and Weitin faults) led to breakup
of the New Britain – New Ireland – Bougainville/Solomon island arc
after 3.5 Ma (Davies et al., 1984; Holm et al., 2016). Differential plate
motions between the North Bismarck Microplate and the Solomon Is-
lands triggered extension and led to formation of the >4,600 m deep
Feni Deep (Fig. 6). Here, the crust is thinned and large-scale normal
faults bound the southwestern margin of the deep (Furumoto et al.,
1976). On New Ireland, two dominant structural orientations can be
observed: one oriented roughly N-S, with variations from NNW-SSE to
NNE-SSW, and a second set of faults oriented roughly E-W, with local
variations from NW-SE to SW-NE. The large Andalom, Karu, Ramat, and
Matakan Faults (Fig. 3B) are the dominant N-S-trending structures
crossing the island and show evidence for up to 150–500 m of vertical
and up to 6 km of lateral displacement (Hohnen, 1978; Lindley, 2006a).
With the exception of the Andalom Fault that bounds the Lelet Plateau
to the west, these structures form the central graben of New Ireland
(Fig. 6) between the easternmost rifts of the Manus Basin and the Lihir
island group; This is the only location where the Pliocene Rataman
Formation is preserved on land (Fig. 6). Furthermore, these faults cut
the otherwise uninterrupted New Ireland escarpment at the margin of
the Manus Basin and St. Georges Channel (Fig. 3B). Roughly E-W-
trending subordinate structures are parallel to the strike of extensive
normal faults mapped in the eastern Manus Basin and are thus parallel
to the direction of rift propagation (Fig. 6). The Karu Fault possibly
connects to a series of normal faults that bound the Tabar horst to the
east forming the prominent escarpment observed offshore (Fig. 3B/C, 7;
see 5.1.). Another major fault system in the NIB is the South Lihir Fault
Zone (proposed new name for the ‘Tabar Fault System’ of Marlow et al.

(1988) south of Lihir) that runs roughly parallel to the Weitin Fault and
Manus-Kilinailau Trench from west to southeast of Lihir (Fig. 3C; see
5.2.). The present-day stress regime is dominated by the response of the
trapped North Bismarck Microplate to NE-SW-directed compression
(colliding Pacific Plate) and NW-SE-directed extension (rotating South
Bismarck Microplate).

4.2. Metal deposits

Offshore, the NIB represents a highly permissive tract for Au mi-
neralization. The currently inferred amount of Au contained in the NIB
totals to at least 70 Moz. The most famous and, with >61 Moz of
contained Au, the by far largest single occurrence is the giant Ladolam
deposit. The deposit is hosted in volcanic breccias that overlie an in-
trusive stock with porphyry-style mineralization and an active geo-
thermal system of the partially collapsed Luise volcano on Lihir (Davies
and Ballantyne, 1987; Moyle et al., 1990; Carman, 1994, 2003; Müller
et al., 2001, 2002, 2003; Blackwell, 2010; Agenau, 2012; Sykora, 2017;
Sykora et al., 2018a, b; see 5.2.). However, additional smaller gold
systems are being mined in the TLFF island chain on Simberi in the
Tabar island group and several exploration projects have been or are
active on the islands of Mussau (up to 28 g/t Au), Tabar (Tupinda and
Banesa prospects), Tanga (Dawal and Sereng prospects with <2 g/t Au)
and Feni (Kabang prospect with 20 Mt at 1 g/t Au) (Lindley, 2016;
Holm et al., 2019; Willsteed T.V. Associates, 2012). The discovery of
Cu-Au mineralization on Conical Seamount (1,050 m water depth)
south of Lihir, was the first known example of submarine epithermal-
style gold mineralization anywhere in the world (Petersen et al., 2002;
Hannington et al., 2005). The place of these deposits in the regional
metallogenic evolution is only just being revealed by the growing
knowledge of the offshore geology and geophysics that will be reviewed
below.

Fig. 7. Temporal evolution of volcanism across the TLTF island chain. A detailed compilation of published ages of igneous rocks and minerals is presented in Table 1.
Two previously unreleased 40Ar/39Ar ages of biotite indicate an age of 287 ± 20 ka for Conical Seamount and 222 ± 34 ka for Tubaf Seamount (ages determined by
the Geological Survey of Canada). Colored boxes illustrate the time period of magmatic activity for the individual islands and volcanic systems. If no error bar is
indicated, the error is smaller than symbol size.
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5. The Tabar-Lihir-Tanga-Feni (TLTF) island chain

5.1. Tabar island group

The Tabar island group consists of three islands, from north to
south, Simberi, Tatau and Tabar (Fig. 3C). The central part of Simberi is
composed of mafic-intermediate lava flows, which represent the rem-
nants of an eroded stratovolcano, and younger volcaniclastic rocks.
Potassium-Ar ages for volcanic rocks on Simberi are between 3.7 ±0.2
and 3.5 ±0.2 Ma (Rytuba et al., 1993), which are the oldest radio-
metric ages for volcanic activity in the TLTF island chain (Fig. 7;
Table 1). Volcanism on Simberi continued at least until 1.92 ±0.27 Ma
(McInnes, 1992; Fig. 7). Tatau represents another eroded volcanic
complex (Wallace et al., 1983), and Tabar consists of two major vol-
canic edifices, both intensely eroded and faulted but younger than the
volcanic rocks of Tatau and Simberi. A single sample from a quartz-
trachyte dome inside the crater of Mt. Sororamba in the northwest of

Tabar, yielded a K-Ar age of 0.986 ±0.08 Ma (Fig. 7) and the volcanic
center on southeastern Tabar may be even younger based on the ap-
pearance of the edifice (Wallace et al., 1983). Thus, volcanism in the
Tabar group appears to have migrated from the north to the south.

Offshore, only the area around Tabar island has been surveyed by
ship-based multibeam echosounder. East of Tabar, an escarpment up to
500 m high runs parallel to the eastern shorelines of the islands
(Fig. 3C) and marks the surface expression of a major normal fault,
possibly with an additional strike-slip component. Southwest of Tabar,
there are several features with basal diameters of about 1 km and
heights of up to 200 m that are exposed on the flanks of the island at
~1,250 m waterdepth (Fig. 3C). We speculate that these features are
volcanic in origin and, because of their alignment, may be controlled by
underlying extensional faults buried by debris from the pedestal of
Tabar island. This is further supported by their position along strike of
the Andalom Fault of New Ireland when extrapolated offshore (Fig. 6).

The westernmost part of seismic line SCS-04 crosses the western

Fig. 8. A) and B) Reinterpreted seismic profiles SCS-01, SCS-02 and SCS-04 of SO-94 (Gennerich, 2002, 2019). C) Interpreted line drawing of the seismic reflection
profiles presented in A) and B). Inset in B) shows the location of the lines in the New Ireland Basin. The locations of two heatflow stations on seismic profile SCS-04
are marked by yellow stars. Note the tilting of the individual island groups as indicated by the strata and the dip of the normal faults: the Tabar and Lihir horsts are
tilted to the NW, whereas the Tanga horst is tilted to the SE. The incipient rift axis is thus inferred to be located between the Lihir and Tanga island groups. MTD: Mass
Transport Deposit.
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flank of the Tabar crustal block or horst (Fig. 3B, 8). The shallow
subsurface is characterized by a series of well stratified seismic re-
flectors that are imaged to a sub-seafloor depth of ~900 m (based on 1 s
two-way travel time (TWT) and assuming a seismic velocity of 1800 m/
s: Marlow et al., 1988). Marlow et al. (1988), Exon and Marlow
(1988b), and Gennerich (2002) interpreted these reflectors to represent
Pleistocene to recent sediments (Unit sf–a, Fig. 4). At multiple locations,
chaotic to transparent seismic bodies are present in the layered sedi-
ments, most likely representing mass transport deposits from gravita-
tional collapse along the flanks of the Tabar island group (MTD: Fig. 8).
The shallow sediments show an undulating character which may result
from compaction due to progressive sedimentation. Eastwards, unit sf-a
thins out and finally disappears at the flank of the Tabar horst (Fig. 8).
The shallow sediments are underlain by Pliocene volcaniclastic turbi-
dites, corresponding to seismic Unit a-b (Marlow et al., 1988; Exon and
Marlow, 1988b; Gennerich, 2002) and probably belonging to the Ra-
taman Formation of New Ireland (Fig. 4). This unit reaches a maximum
thickness of ~1,000 m at the western end of the seismic line and crops
out at the seafloor along the Tabar horst. Both seismic units dip towards
the west which may be caused by syn-sedimentary or post-sedimentary
uplift of the Tabar horst and/or a westward tilting of the Tabar crustal
block. Seismic reflections within both units also show a series of small
(<100 m) vertical offsets indicative of the presence of minor faults
(Fig. 8). Whether these faults are limited to the sedimentary section or if
they connect to underlying basement faults cannot be resolved within
the SCS-04 seismic profile. Below Unit a-b, multiples of the seismic
reflectors prevent the interpretation of deeper subsurface strata.

East of the Tabar block, seismic reflections within unit a-b are re-
peatedly offset up to 550 m (0.55 s TWT) along prominent eastward-
dipping normal faults (Fig. 8). This led to the formation of a 500-m high

escarpment which is clearly visible in the bathymetric data (Fig. 3C).
The escarpment strikes roughly NNW-SSE and can be traced from
50 km north of Simberi to immediately north of New Ireland where its
morphologic expression is lost due to the lack of ship-based bathymetric
data. Projected onto New Ireland, the location of the escarpment cor-
relates with the location of the Karu Fault (Fig. 3C), which marks a
prominent change in topography and structural fabric on the island.
Hohnen (1978) interpreted the Karu Fault as a normal fault with 500 m
vertical displacement. The abrupt change in elevation from ~ 1,500 m
west of the fault to a maximum of 500 m east also corresponds to a NE-
SW narrowing of the island from 25 km to just 7 km wide (Fig. 3B). A
major NNW-SSE trending fault (‘Tabar Fault’ of Wallace et al., 1983)
with an orientation similar to that of the offshore escarpment runs
through the center of Tabar and offsets the two volcanic complexes
(Fig. 3C). A second, possibly subordinate set of faults affecting the
Tabar group strikes generally NW-SE, similar to structures observed
south of Lihir (see below). Two major N-S-trending faults run through
Tatau (Fig. 3C). Here, the (south)western part of the island is down-
thrown along a NE-trending fault relative to the (north)east of the is-
land, consistent with the sense of tilting observed in the seismic profiles
on the west side of the pedestal. The Sarawere Passage between Tatau
and Tabar (Fig. 3C) may host another NE-trending fault (Wallace et al.,
1983), and smaller but otherwise similar NNW-SSE trending faults can
be seen on Simberi.

The structural fabric of the Tabar group and nearby New Ireland is
dominated by extensional deformation along N-S striking normal faults.
The onshore-offshore correlation of structures across New Ireland to the
Tabar island group supports the interpretation of a prominent eastward
dipping normal fault that underlies the east Tabar escarpment. This
fault marks the transition between the Tabar horst and the adjacent

Table 1
Compilation of igneous rock and mineral ages from the TLTF island chain. (*) denotes a potentially erroneous age datum (Wallace et al., 1983), and (†) represents a
sequence (average) of two and three individual ash layers, respectively. See main text for a discussion of the age data of Horz et al. (2004) and their possible relation
to the individual volcanic centers of Feni.

Location Age (Ma) Error (Ma) Method Material Host rock Reference

Tabar
Simberi 1.92 ±0.27 Ar-Ar Clinopyroxene Alk. Ol-Basalt McInnes, 1992

2.3 ±0.4 K-Ar Whole Rock Mugearite Rytuba et al., 1993
2.9 ±0.6 Ar-Ar Amphibole Hawaiite McInnes, 1992
2.94 ±0.25 Ar-Ar Amphibole Mugearite McInnes, 1992
3.1 ±0.3 K-Ar Whole Rock Alk. Ol-Basalt Rytuba et al., 1993
3.13 ±0.06 Ar-Ar Amphibole Hawaiite McInnes, 1992
3.5 ±0.2 K-Ar Whole Rock Alk. Ol-Basalt Rytuba et al., 1993
3.6 ±0.8 Ar-Ar Amphibole Alk. Ol-Basalt McInnes, 1992
3.7 ±0.2 K-Ar Whole Rock Alk. Ol-Basalt Rytuba et al., 1993

Tatau 1.91 ±0.1 K-Ar Whole Rock Hawaiite Rytuba et al., 1993
2.0 ±0.2 K-Ar Whole Rock Hawaiite McInnes, 1992
2.8 ±0.2 K-Ar Whole Rock Trachybasalt Rytuba et al., 1993

Tabar 0.986 ±0.08 K-Ar Plagioclase Qtz-Trachyte Wallace et al., 1983
Lihir
Lihir (Niolam) 0.36 ±0.03 K-Ar Biotite Monzonite Rytuba et al., 1993

0.342 ±0.036 K-Ar Biotite Monzonite Davies and Ballantyne, 1987
0.917 ±0.1 K-Ar Biotite Volcanics Moyle et al., 1990

Tubaf Smt. 0.21 ±0.08 Ar-Ar Amphibole Cumulate Renno et al., 2004
0.222 ±0.034 Ar-Ar Biotite Trachybasalt Geological Survey of Canada

Conical Smt. 0.287 ±0.02 Ar-Ar Biotite Trachybasalt Geological Survey of Canada
Tanga
Lif 0.187* ±0.02 K-Ar Whole Rock Trachybasalt Wallace et al., 1983
Bitbok 1.08 ±0.08 K-Ar Biotite Qtz-Trachyte Wallace et al., 1983

1.14 ±0.08 K-Ar Biotite Qtz-Trachyte Wallace et al., 1983
Feni
Ambitle 0.0023 ±0.0001 14C Licence et al., 1987

0.0085† ±0.0005 Biostrat. Ash Horz et al., 2004
0.016 Biostrat. Ash Horz et al., 2004
0.053 Biostrat. Ash Horz et al., 2004
0.104† ±0.01 Biostrat. Ash Horz et al., 2004
0.49 ±0.1 K-Ar Biotite Qtz-Trachyte Wallace et al., 1983
0.68 ±0.1 K-Ar Biotite Qtz-Trachyte Wallace et al., 1983

Babase 1.53 ±0.15 K-Ar Amphibole Trachybasalt Wallace et al., 1983
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sedimentary basin with a half-graben structure to the east (Fig. 8). A
total sediment thickness in the basin of up to 7 km has been mapped by
earlier seismic studies (e.g., Exon and Tiffin, 1984; Exon and Marlow,
1988b). Within the half-graben, seismic units sf-a, a-b, as well as b-c are
resolved by the seismic data. The latter unit represents Miocene to early
Pliocene limestones with interbedded volcaniclastic turbidites (Marlow
et al., 1988; Exon and Marlow, 1988b; Gennerich, 2002), which are a
likely equivalent to the Punam Limestone that overlies the Early to Late
Miocene Lelet Limestone (Fig. 4). Units sf-a and a-b do not show sys-
tematic faulting; however, some steeply dipping faults are observed in
unit b-c, which may indicate extensional deformation in the Miocene.
The lack of seafloor expressions does not allow a detailed analysis of
these deeper faults. Between shotpoints (SPs) 1,000–1,750 of seismic
profile SCS-04, seismic units a-b and b-c are interrupted by a body of
reduced reflectivity (Fig. 8) that may represent a Late Miocene carbo-
nate platform belonging to the Lelet Limestone (Gennerich, 2002). Al-
ternatively, the seismically transparent feature may result from the
presence of fluids in the subsurface. Locally reduced seismic reflectivity
within the shallow subsurface (unit sf-a) between SPs 1,750 and 1,250
are also consistent with this interpretation and may indicate vertical
fluid migration along channels.

Simberi hosts one economic Au deposit which consists of several
near-surface structurally-controlled orebodies of sulfide-rich epi-
thermal-style mineralization overlain by a 15–45 m thick oxide cap,
with a total Au resource (sulfide and oxide) of about 5.5 Moz (Holm
et al., 2019). The mineralization shows a structural control, with a
surficial geochemical anomaly of >0.2 g/t Au, aligned along a strong
airborne radiometric and magnetic anomaly with a strike length of
~4 km (Porter Geoconsultancy, 2017). The mineralization is associated
with irregular breccia zones in diverse lithologies including altered
alkaline lava, intrusives, coarse volcaniclastics and tuffs (Porter
Geoconsultancy, 2017). This style of mineralization shows distinct si-
milarities to the Ladolam deposit on Lihir (see below). Several occur-
rences of hydrothermally altered volcanic rocks associated with quartz
veining and anomalous base metal contents also have been reported on
Tatau and other islands of the Tabar group. Currently active thermal
springs (<36 °C) occur at Sambuari Bay on Tatau (Fig. 3C) and appear
to be taking advantage of NW-SE trending structures similar to those
that control the local mineralization on Simberi (cf. Wallace et al.,
1983).

5.2. Lihir island group

The Lihir group consists of the main island Lihir (alternatively re-
ferred to as Niolam), the two islets of Sanambiet and Mali northeast of
Lihir, and the two islands of Masahet and Mahur north of Lihir
(Fig. 3C). Sanambiet and Mali are raised Quaternary corals reefs; the
two northern islands are Pleistocene or older reef-covered volcanic
edifices (Wallace et al., 1983; Fig. 6). Lihir itself is built of five distinct
blocks, the Pliocene Londolovit block, the Plio- to Pleistocene Wurtol
wedge and three Pleistocene volcanoes, Kuniho, Kinami and Luise
(Fig. 9). The Londolovit block and Wurtol wedge both represent faulted
and dissected parts of eroded volcanoes composed of volcaniclastic
deposits, mafic lava flows and an ankaramitic basement (Wallace et al.,
1983). The Wurtol wedge may represent the eroded remnants of a Plio-
to Pleistocene precursor of the Luise volcano. Its basal diameter would
have been ~15 km and the former vent might have been close to that of
the Luise volcano (Wallace et al., 1983). The Luise volcano itself is
dominated by a large (4 by 3.5 km) scar, representing the remnants of a
major sector collapse with steep, up to 640 m-tall sidewalls (Sillitoe,
1994; Herzig et al., 1998; Moyle et al., 1990; Blackwell, 2010). The
height of the original edifice prior to the sector collapse is thought to
have been 600–900 m higher than today (Wallace et al., 1983;
Blackwell, 2010). A 120-m high quartz trachyte plug, interpreted to
represent a late stage intrusion, is preserved in the center of the

Fig. 9. Map of the Lihir area with the distinct geological blocks of the island
(after Sykora, 2017). Tectonic structures are as described in Fig. 3. Seismic
profiles of SO-94 are outlined by solid, colored lines and two sections of the
SCS-031 profile are shown in further detail in B) and C). B) and C) show the
anticlinal structure south of the Lihir that is linked to the transcurrent South
Lihir Fault Zone. The fault zone itself is poorly resolved in seismic profiles as a
result of its near-vertical dip and strike-slip character without any significant
stratigraphic offset. Results of heatflow measurements (SO-94 HF-39: individual
locations indicated by yellow stars) are given in mW m−2.
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Ladolam open pit and is surrounded by active geothermal features (see
below).

Similar to Tabar, multiple large, E-dipping normal faults occur on
the eastern flank of the Lihir horst, whereas on the western flank there
are no indications for large-scale faulting (Fig. 8). On land, the structure
of Lihir is controlled by prevalent N- to NNE-trending faults, a second
set of NE- to E-trending faults and subordinate faults of W to NW di-
rection (cf. Sykora, 2017). The dominant control of faults with a
northerly strike is less evident at the surface but was revealed by the
interpretation of magnetic data (Sykora, 2017). The pattern of block
faulting with an easterly dip and northerly strike is similar to that of
Tabar and consistent with tilting of the individual blocks toward the
west and uplift of the eastern parts of the islands in both island groups.
Around the Ladolam deposit on Lihir, uplifted fringing limestone ter-
races record a minimum uplift of 38 m following the sector collapse of
Luise volcano about 190 ka ago. Uplift, however, is not continuous but
episodic and the ~2 m of uplift since 1832 CE imply uplift rates of
>11 mm a−1 at least during short periods of time (Blackwell, 2010).
The important implication being that the surface of the Ladolam ore
body as exposed prior to mining initially formed in the submarine en-
vironment. The total rate of uplift of the island blocks, which may result
from a combination of tectonic tilting (up to 30° at Luise: Blackwell,
2010) and uplift driven by magmatic intrusions, may be as much as
2 km (Exon and Marlow, 1988b) since 3.6 Ma.

The seafloor around Lihir is fully covered by ship-based multibeam
data and allows a comprehensive analysis of terrestrial and submarine
geology. The pedestals of Lihir and the crustal block of Masahet are
mostly shaped by erosional channels. The southern flank of Lihir ap-
pears to be smoother, but the eastern flank has a hummocky appearance
as a result of submarine mass transport deposits, likely from volcanic
sector collapse (Fig. 3C, 6). These deposits were sourced from the Luise
volcano and one or more sources at the southeast shore of Lihir. At
greater water depths, large parts of the seafloor between the Lihir and
Tanga groups are characterized by extensive fields of sediment waves
(i.e., large-scale depositional bedforms similar to dunes: Fig. 3C), which
are common around volcanic islands (e.g., Kermadec arc: Wright et al.,
2006; South Sandwich arc: Leat et al., 2004) and usually result from
eruption-fed turbidity currents and/or landslides along the island flanks
(Pope et al., 2018). The largest field of sediment waves is 40 km long,
but similar features can be traced around the entire island at the
2,200–2,400 m depth contour line. The highest waves are located
25 km to the southeast of the island (Fig. 3C), where they create up to
20 m of seafloor relief with up to 15° steep slopes on the downslope
side. Farther upslope, younger, mass wasting products cover the sedi-
ment waves with blocky seafloor morphology. The large areas of the
wave fields and the lack of distinct side scarps or head scarps support
the interpretation that the waves were formed by turbidity currents
travelling along the island flanks (Pope et al., 2018).

Clear evidence for recent submarine volcanic activity is observed
offshore Lihir at two locations: New World Seamount west of Masahet
and Mahur, and Tubaf, Edison and Conical seamounts south of Lihir
(Fig. 3C, 6, 9; Herzig et al., 1994). New World Seamount is about 800 m
high, has a basal diameter of roughly 4 km, and appears to be currently
inactive based on the sediment cover (Fig. 10A). The position of the
seamount is structurally controlled by the intersection of WSE-ENE and
NNW-SSE trending faults (Fig. 3C). At New World Seamount in the
eastern part of the half-graben between the Tabar and Lihir groups
(near SP 3,250 on seismic line SCS-02), only seismic units sf-a and the
uppermost part of unit a-b are resolved by the seismic data (Fig. 8). The
reflections are discontinuous and somewhat chaotic, which is likely
caused by sediment transport along the flanks of the seamount and the
nearby Lihir horst (between SPs 2,250 and 3,000: Fig. 8).

South of Lihir, the South Lihir Volcanic Field (SLVF) comprises >30
small volcanic cones and eruption diatremes (Fig. 3C, 9). Three in-
vestigated edifices, named Edison, Tubaf and Conical Seamount are
each unique. The largest, Conical Seamount, is a 300 m high edifice

(summit at 1,050 mbsl) with a pristine conical shape that is built of
massive lava flows, pillow lava and talus breccia of alkali olivine ba-
saltic and ankaramitic composition (Herzig et al., 1994; Petersen et al.,
2002). Tubaf Seamount is a maar-like volcano that erupted volcanic
bombs rich in mantle and crustal xenoliths. The host lava is a por-
phyritic phlogopite-basalt probably similar to the xenolith-bearing al-
kali olivine basalt described from Tabar (McInnes and Cameron, 1994).
The pyroclastic deposits of Tubaf lack any sediment cover and samples
of the volcanic ash recovered during SO-94 were pristine (Herzig et al.,
1994). Edison Seamount is another low-relief maar volcano that is cut
by the South Lihir Fault Zone (see below) and hosts two active, low-
temperature hydrothermal fields (diffusely venting) and vent-related
biological communities (Fig. 3C, 10B). Three 40Ar/39Ar dates from the
SLVF yield ages of 287 ±20 ka for Conical Seamount (biotite), and
222 ±34 ka (biotite) to 210 ±80 ka (amphibole) for Tubaf Seamount
(Fig. 7). These lavas are thus about 100 ka younger than the youngest
biotite ages from the Lihir porphyry system (Davies and Ballantyne,
1987; Rytuba et al., 1993). Because the erupted trachybasaltic to ba-
saltic trachyandesitic lava is similar in composition to the most primi-
tive volcanic rocks onshore, the submarine volcanoes may represent the
early phase of a new volcanic center of the Lihir group (Stracke and
Hegner, 1998). This suggests that volcanism in the Lihir group is mi-
grating southwards, similar to what is observed in the Tabar group. The
central part of the SLVF, including Conical, Edison, and Tubaf Sea-
mount, straddles an anticlinal structure roughly parallel to the Manus-
Kilinailau Trench and Weitin Fault and perpendicular to the direction of
regional compression (Fig. 9; Gennerich, 2002). Large-scale strike slip
faults (part of a fault duplex; new name: South Lihir Fault Zone; Fig. 3C)
cut the anticline close to the location of the SLVF, and are the locus of
both high heat flow (Gennerich, 2002) and strong near-bottom
anomalies of dissolved CH4 (e.g., at “Mussel Cliff” with up to 9,000 nl/l
CH4: Herzig et al., 1998; Fig. 3C). Mixed degassing of CH4 and H2S
along the South Lihir Fault Zone supports cold seep biota along >2 km
strike length (Herzig et al., 1998). The high heat flow close to the an-
ticlinal structure (Fig. 9C) has been interpreted as subsurface hydro-
thermal fluids related to the recent volcanism in the SLVF (Gennerich,
2002).

Marlow et al. (1988) previously suggested that the large NW-SE-
trending structures south of Lihir connect with the Tabar Fault even
though they are not well imaged by seismic profiles SCS-031 and SCS-
032 (Fig. 9). This might be due to their near-vertical geometry, which
are difficult to image in 2D seismic data, and because they are lacking
shallow vertical offsets (Fig. 9). High sedimentation rates of
10–19 cm ka−1 (Gennerich, 2002) further hinder imaging of the
structure at the seafloor. However, the orientations of the strike-slip
faults, roughly parallel to the Weitin fault system, and the local trans-
pression as indicated by the anticlinal structure suggest that they are
part of the regional transcurrent tectonics. A series of roughly N-S-
trending faults that cut across the anticlinal structure are most likely
Riedel shears related to the regional transcurrent motion and local NW-
directed extension (Fig. 3C, 9). The extension of these faults to the
south suggest a possible connection to the faults bounding the central
graben of New Ireland, namely the Ramat and Matakan Faults (Fig. 3B).
However, it remains unclear whether this faulting is part of a larger
seismic corridor between New Ireland and Lihir, and extending as far as
the Manus-Kilinailau Trench (Fig. 5), as previously suggested by Herzig
et al. (1994), Gennerich (2002), and Petersen et al. (2002).

Another sedimentary basin occurs between Lihir and Tanga (Fig. 8)
with horizontally layered reflections in the shallow sub-surface corre-
sponding to unit sf-a. The sequence is interrupted by three sedimentary
blocks; the easternmost rising up to 900 m above the seafloor. The
blocks consist of westward-dipping strata bound by east-dipping normal
faults on their eastern sides, similar to the Tabar and Lihir tectonic
blocks. Normal faults of the Tanga horst further to the southeast of the
basin show a westerly and thus reverse dip direction so that the axis of
the incipient rift in the NIB is likely to be located in this basin (Fig. 8).
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Immediately north of the uplifted sedimentary blocks, is a 35 by 25 km
wide depression, here referred to as the Lihir Deep (maximum water
depth 3,400 m; Fig. 3B). The Lihir Deep is embedded between the
Nuguria Ridge and the Emirau-Feni Ridge (Fig. 6). An east-dipping
escarpment, up to 1000 m high on the northwest side of the Lihir Deep
may be a continuation of the eastward-dipping normal faults on the east
side of the Lihir horst (Fig. 8). A series of NW-SE-trending ridges and
escarpments, up to 30 km long and 1,500 m high manifest the Emirau-
Feni Ridge north of Tanga (Fig. 3B). These structures, including the
Lihir Deep, may have formed in a tectonic response to the indentation
of the Lyra and Nuguria Reefs on the Manus-Kilinailau Trench (Fig. 6).

The largest magmatic-hydrothermal system in the TLTF is located in
the Luise volcano of Lihir. The earliest stages of formation of the giant
Ladolam deposit started between 0.92 and 0.34 Ma (Davies and
Ballantyne, 1987) during a protracted phase of NW-SE directed com-
pression and WNW-directed extension (Sykora, 2017; Sykora et al.,
2018b). The alkalic intrusive and breccia complex of the original Luise
volcano was dominantly a porphyry-style system (e.g., Carman, 1994)
associated with abundant anhydrite and carbonate but low-grade Au
(<1 g/t: Sykora, 2017; Sykora et al., 2018b). From 0.6 Ma onwards, the
mineralization transitioned to epithermal-style with sulfide and adu-
laria alteration, during which the main resource was emplaced (e.g.,
Moyle et al., 1990; Carman, 1994). Veins that post-date the initial
porphyry stage formed in an extensional setting that ultimately pro-
vided the pathways for the epithermal fluids (Sykora, 2017; Sykora
et al., 2018b). A critical event in the formation of the deposit was the
major sector collapse at about 190 ka (Blackwell, 2010). Unroofing of
the volcano removed material with a vertical thickness of 600–900 m
that caused the release of magmatic volatiles, boiling of the hydro-
thermal system, and triggered rapid high-grade Au mineralization (e.g.,
Wallace et al., 1983; Moyle et al., 1990; Carman, 1994). Offshore Luise,
the seafloor is covered by debris from the sector collapse, with blocks
up to 200 m in size (Fig. 3C). At the time of sector collapse, the hy-
drothermal system is thought to have been at or below sea level, sug-
gested by 38 m of uplift of the crater floor since the collapse (Blackwell,
2010). Even today, the geothermal system at Ladolam is highly active.
Most of the mine and associated facilities are powered by geothermal
energy, with >275 °C hot brines sourced from up to 1,300 m deep
drillholes (e.g., White et al., 2010). These brines are extracting ~24 kg
a−1 Au, which would be sufficient to create an orebody similar to the

size of the Ladolam deposit within 55 ka (Simmons and Brown, 2006).
Consistent with the northerly strike of the most prominent fault pattern
of Lihir, mineralization at Ladolam was strongly structurally controlled,
with the principal vein arrays linked to N- to NW-directed transten-
sional shearing that also produced NE-striking tensile to hybrid veins
(Sykora, 2017; Sykora et al., 2018a). Exceptionally rich and high-grade
Au is localized in dilatational jogs associated with the NE- to ENE-
striking fabric (Sykora, 2017; Sykora et al., 2018b). Sykora et al. relate
the genesis of the vein network at Ladolam to a change in the regional
stress regime from compression during the porphyry stage to extension
during the epithermal stage (NE-striking fabric). Whereas compression
during the porphyry-stage may primarily reflect the regional stress field
dominated by collision with the OJP, extension during the epithermal
stage may be focused more locally. Continued normal faulting along the
eastern flank of the Lihir horst eventually enhanced the susceptibility of
the Luise volcano for a sector collapse and may have provided the
pathways for the ascent of ore-forming fluids (cf. Sykora et al., 2018b).

A very similar style of alteration and mineralization was found
offshore at Conical Seamount in the SLVF, where Au-rich, siliceous
veins with disseminated polymetallic sulfides were sampled by a TV-
controlled grab from the top of the volcano at a water depth of 1,050 m
(Petersen et al., 2002). Native Au and electrum occur in sulfide-rich
veins of black amorphous silica that are hosted by intensely altered,
high-K calc-alkaline basalts, nearly identical to those of Ladolam. The
proximity of Conical Seamount to the giant Ladolam deposit on Lihir
raises the possibility that both subaerial and submarine gold miner-
alization in the region were related to the same district-scale tectonic
and magmatic events.

5.3. Tanga island group

The Tanga island group consists of the four islands Malendok, Lif,
Tefa and Boang, and two small islets (Bitlik and Bitbok) (Fig. 3D).
Boang in the northeast is completely covered by raised reef limestone;
the other three islands are relicts of the Plio-Pleistocene Tanga volcano
after its collapse in the Lower Pleistocene. The two small islets Bitlik
and Bitbok mark the center of a submerged caldera and are the sub-
aerial expression of a post-caldera quartz-trachyte dome having a K-Ar
age of ~1.1 Ma (Wallace et al., 1983; Fig. 8). An isolated low-tem-
perature (35 °C) thermal spring is located at the south coast of

Fig. 10. Seafloor images of A) sediment-covered lava at New World Seamount (SO-94 43-OFOS), B) living vent site mussels (Calyptogena) at Edison Seamount (SO-
94 28-OFOS), and C) a large boulder of altered and partially mineralized trachybasalt lava from Conical Seamount.
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Malendok (Wallace et al., 1983; Fig. 3D). Overall, the evolution of the
Tanga volcano is similar to the Luise volcano of Lihir (e.g., sector col-
lapse) but despite this similarity, a significant mineralization so far has
not been discovered in the Tanga group.

The seafloor around the Tanga group shows two morphological
domains. Northeast of Boang, the seafloor is characterized by up to
500 m high crustal blocks and ridges, as part of the Emirau-Feni Ridge
(Fig. 3D). Around Malendok and the collapsed Tanga volcano, the
seafloor is smooth with two prominent erosional channels at the
southern pedestal (Fig. 3D). The larger of the two channels has a
>200 m high sidewall, and due to their straightness, the channels may
be structurally controlled. Southeast of the remnant Tanga volcano,
sediment waves extend far upslope close to the coasts of Lif, Tefa, and
Malendok (Fig. 3D). The largest wave field is located at 1,800 m water
depth and greater, and the morphology of the waves suggests that they
result from turbidity currents similar to those SE of Lihir. Smaller wave
fields in channels south of the Tanga group have clearly defined side-
walls, which suggest land sliding (e.g., Pope et al. 2018), possibly as-
sociated with collapse of the Tanga volcano in the Lower Pleistocene.
On the west side of the Tanga horst, multiple seafloor scarps indicate
possible westward dipping normal faults; on the east side, seismic line
SCS-01 runs across a 600 m-high E-W trending escarpment (SP 1,850)
which marks the transition to a small sedimentary basin (between SPs
1,450–1,800: Fig. 8B). Within the basin, a 5 km-wide sedimentary block
with ~SE dipping strata is uplifted ~100 m above the surrounding
seafloor and may represent a small horst or remnant block (Fig. 8B).
However, other prominent faults or tilted strata are not imaged be-
tween the Tanga and the Feni horsts.

5.4. Feni island group

The Feni group in the southeast of the island chain encompasses the
islands of Babase and Ambitle (Fig. 3D). Both are volcanic in origin and
host central craters with satellite cones. Babase comprises two volcanic
complexes in the west and east of the island. The eastern volcano is
younger based on its pristine morphology and is made up of basaltic to
trachybasaltic lava flows and minor scoria layers and has a steep,
central crater with associated geothermal activity (Wallace et al.,
1983). The western volcano is composed of quartz-trachyte that is ex-
posed in an escarpment at its southern side. This complex has a K-Ar
age of 1.53 ±0.15 Ma (Wallace et al., 1983; Fig. 7). Volcanism mi-
grated southwestward to the Nanum Valley Complex (Fig. 3D) on
Ambitle (K-Ar ages of 0.68 ±0.1 to 0.49 ±0.1 Ma: Table 1), where a
Plio- to Pleistocene stratovolcanic sequence with older mafic to inter-
mediate lava flows is separated from younger trachytic tephra layers by
an unconformity (Wallace et al., 1983). Post-caldera trachyte tuff-
breccia deposits yield a 14C age of 2.3 ±0.1 ka (Licence et al., 1987;
Fig. 7) and thus record the most recent subaerial volcanic activity in the
TLTF island chain. A seismic crisis in 2012 confirms that Ambitle is still
active (Lindley, 2015).

Volcanism on Ambitle is structurally controlled by the intersection
of the Niffin Graben with the Kabang Fault (Fig. 3D; Lindley, 2015). The
NW-SE trending Niffin Graben is subparallel to a series of faults mapped
on the pedestal of the Feni group: one west of Feni and the other one
running between Babase and Ambitle, forming a conjugate set with ESE
to E-trending faults offshore (Fig. 3D). The Nanum Valley Complex on
Ambittle has a number of similarities to the Luise volcano on Lihir. Both
volcanoes have been unroofed by sector collapse and similar styles of
epithermal mineralization have been recognized recently on Ambitle
(Kabang Prospect: Lindley, 2015). Hot springs, boiling mud pools, and
other geothermal manifestations occur inside the caldera as well as
along faults on the western flank of the Nanum Valley Complex. Off-
shore, active hydrothermal venting is known from Warramung and
Tutum Bay (Wallace et al., 1983; Licence et al., 1987; Pichler and Dix,
1996; Fig. 3D).

Regionally, the Feni group sits on the margin of the Emirau-Feni

Ridge (Fig. 6). The pedestal of the island group is characterized by a
number of fault-bounded ridges and several terraces south of Feni show
morphologies indicative of submarine mass wasting deposits. However,
the 300 m-high steps suggest an underlying structural control with a
WNE-ESE orientation (Fig. 3D). At the northwest corner of the Feni
Deep, between Feni and New Ireland, a series of seafloor escarpments is
visible in the ship-based bathymetry (Fig. 3D). These escarpments have
an NNW-SSE strike, an easterly dip, vertical offsets of up to 200 m, and
may represent the surface expression of major normal faults that run
along the NE pedestal of New Ireland (cf. Fig. 5; Gennerich, 2002).

6. Magmatic activity and ore-forming potential

6.1. Temporal evolution of volcanism

Several studies have proposed a progression of magmatic activity
along the TLTF island chain from the Tabar group in the NW towards
the Feni group in the SE (McInnes and Cameron, 1994; Kamenov et al.,
2005; Lindley, 2016). This is based on the ~ 3.6 Ma age of the oldest
dated volcanic rocks on Simberi (Wallace et al., 1983) and the 2.3 ka
age of the most recent volcanic products on Ambitle Island (Licence
et al., 1987). However, no systematic radiometric dating has been
carried out on any of the islands to confirm migration of volcanism
along the island chain. Wallace et al. (1983) inferred the onset of vol-
canism in all four island groups to the Pliocene (Fig. 7). The Londolovit
block of Lihir and the volcanic roots of nearby Masahet and Mahur are
no younger than Pliocene and thus at least similar in age to the volcanic
rocks of Simberi. Volcanism among all four island groups persisted
throughout the Upper Pliocene and Pleistocene (Fig. 7; Table 1).
Therefore, we suggest that magmatic activity along the island chain
started in the Tabar and Lihir island groups and may have commenced
in the Tanga and Feni island groups soon after.

Most of the volcanic centers are composite volcanoes. Some record
an early effusive phase dominated by mafic-intermediate lava flows
that is followed later by an explosive (or porphyry) stage producing
volcaniclastic deposits (Simberi, Tatau, Tanga volcano, Ambitle:
Wallace et al., 1983). Quartz-trachyte domes and shallow monzonite
intrusions in the case of Luise volcano represent the latest volcanic
stage and intruded or extruded during the post-caldera or post-collapse
stage (Luise, Tanga and Ambitle volcanoes, SLVF and on Tabar). The
late stage quartz-trachyte domes represent small volumes of highly
differentiated melts of the trachytic (and thus alkalic) rock series. Their
near synchronous appearance on all island groups after 1.1 Ma (Fig. 7)
and the absence of large volumes of other volcanic products may in-
dicate that volcanism along the TLTF island chain – with the possible
exception of the SLVF – is currently waning. This is in accordance with
observations from a 333 ka-long tephra record recovered from offshore
sediment coring (Horz et al., 2004). Tephras originating from alkaline
volcanism along the TLTF island chain are restricted to the area around
Feni and most likely reflect explosive eruptions of the Ambitle (and/or
Babase) volcano(es) at 94–114 ka, 53 ka, 16 ka, and 8–9 ka (Horz et al.,
2004; Table 1). Note that Horz et al. (2004) refer to Babase as the
volcanic source but we suspect this may be in fact Ambitle for two
reasons: i) a significant time gap was suggested by Wallace et al. (1983)
between the age of Babase (1.53 Ma) and the latest activity on Ambitle
(2.3 ka: Licence et al., 1987) and ii) Horz et al. (2004) incorrectly as-
signed the radiometric age of Licence et al. (1987) to Babase instead of
Ambitle.

Within each individual island group, volcanism appears to have
migrated from north or east to south or west and thus from a location
closer to the nearly stalled Manus-Kilinailau Trench towards New
Ireland (Fig. 7). In the Tabar group, volcanism migrated from Simberi,
across Tatau to Tabar; in the Lihir group from Masahet and Mahur,
across Lihir and recently further south to the SLVF; in the Feni group
from Babase to Ambitle. Only one volcanic system is identified in the
Tanga group (Wallace et al., 1983). In the Feni group, a break in
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volcanism occurred between the Plio- to Pleistocene pre-caldera and
caldera-forming eruptions (>1.5 Ma), and the post-caldera extrusion of
the quartz-trachyte dome on Ambitle (<0.7 Ma; Wallace et al., 1983;
Fig. 7), and a similar break may have occurred on the other islands.
Across the TLTF island chain, (late-stage) magmatic activity is still
ongoing on Lihir (Davies and Ballantyne, 1987; Wallace et al., 1983),
offshore Lihir in the SLVF, and on Ambitle (Licence et al., 1987) and/or
Babase (Horz et al., 2004). Heat-flow measurements across the SLVF
provide evidence for locally increased heat flow (up to 137 mW m−2:
Gennerich, 2002) related to Pleistocene volcanism. However, wide-
spread re-heating of the basin due to magmatism is not evident.

6.2. Magma composition

The silica-undersaturated and alkali-rich nature of the igneous rocks
of the TLTF island chain was first recognized by Glaeßner (1915). Alkali
basalts, (porphyritic) trachybasalts (Fig. 11) and trachyandesites, and
ankaramites occur on all islands but basanites, tephrites and phonolites
may be restricted to some (e.g., Lihir, Ambitle: Heming, 1979; Kennedy
et al., 1990a; Müller et al., 2001), and late-stage monzodioritic

intrusions and (trachy-) andesitic/latitic dykes are found only on Lihir
(Müller et al., 2001). The volcanic suites of Lihir, Simberi and Ambitle
are probably the best studied due to the interest in Au exploration on
these islands (e.g., McInnes, 1992; McInnes and Cameron, 1994; Müller
et al., 2001, 2002, 2003; Lindley, 2015). Geochemically, TLTF lavas are
almost entirely trachytic with some lavas extending into the phonote-
phrite and tephriphonolite fields of the total alkali versus silica diagram
(Fig. 12A). These rocks belong to the high-K and shoshonitic rock series,
with the majority of the samples falling into the field of absarokite
(<52 wt% SiO2) and shoshonite (52–56 wt% SiO2; Fig. 12B, C).
Magmas of shoshonitic composition are associated with extension of an
active or relict arc or the final stages of arc volcanism above steeply
dipping slabs (e.g., Gill and Whelan, 1989; Kepezhinskas, 1994;
Ishizuka et al., 2010). In case of the TLTF island chain, a genetic link
either to the almost inactive Manus-Kilinailau subduction zone or to
incipient rifting in advance of the propagating Manus backarc basin is
thus conceivable. However, the geochemistry of TLTF lavas per se does
not allow to distinguish which of the two viable mechanisms is ulti-
mately driving regional magmatism.

Volcanic rocks of the TLTF chain are generally volatile-rich (up to

Fig. 11. A) Exterior of a typical lava bomb that is host to various types of xenoliths to the right and cut surface of a dunite xenolith to the left (SO-133 56GTVA-2,
Tubaf Seamont), B) Veined lherzolite xenolith (SO-133 35GTVA, Edison Seamount), C) Gabbroic xenolith (SO-133 56GTVA-3G, Tubaf Seamount), D) Hornblende-
rich cumulate (SO-133 54GTVA-2P, Tubaf Seamount), E) Supracrustal (limestone) xenolith entrained in a multilayered trachybasalt bomb (SO-133 34GTVA-2,
Edison Seamount), F) Mineralized clinopyroxene-rich trachybasalt with distinct zones of unaltered, altered and mineralized rock and veins (SO-133 25GTVA-8C,
Conical Seamount).
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12 wt%: McInnes and Cameron, 1994), and are enriched in Large-Ion
Lithophile Elements (LILE) such as Ba, Rb, Sr, Cs, and the light Rare
Earth Elements (REE) but show a strong negative anomaly of the High
Field-Strength Elements (HFSE; Fig. 13). These patterns reflect the
contrasting behavior of fluid-mobile (LILE) versus immobile (HFSE)

trace elements during subduction zone processes and arc magmatism
and are thus being used as a geochemical fingerprint (e.g., Pearce et al.,
2005). However, they also record major differences when compared to
the volcanic suites of the active West Bismarck and New Britain Arcs:
e.g., crystallization of Ca-bearing and/or Al-poor phases such as

Fig. 12. Major element discrimination diagrams for volcanic rocks of the TLTF island chain. Data of TLTF lavas and tephras are compiled from Johnson et al. (1988),
Stracke and Hegner (1998), Müller et al. (2001, 2003), Herzig and Petersen (2000), and Horz et al. (2004). Data from the West Bismarck Arc is from Woodhead et al.
(2010) and those of the New Britain Arc from Woodhead et al. (1998). A) Volatile-free total alkali (Na2O + K2O) versus silica (SiO2) diagram after Le Bas et al. (1986)
showing the alkaline character of TLTF lavas as compared to the active New Britain and West Bismarck Arcs. B) Volatile-free K2O versus SiO2 classification diagram
after Le Maitre et al. (1998) illustrating the high-K to shoshonitic affinity of TLTF lavas. Most samples of the TLTF island chain fall into the field of absarokite
(>52 wt% SiO2) and shoshonite (52–56 wt% SiO2). C) Volatile-free K2O versus Na2O classification diagram after Turner et al. (1996) confirming the shoshonitic
character of TLTF lavas. D) CaO/Al2O3 versus SiO2 illustrating the different magma differentiation paths between actives arcs and the TLTF island chain. E) SiO2

versus MgO: TLTF lavas have lower silica contents at any given MgO. F) CaO versus MgO: At high MgO contents (less differentiated samples), TLTF lavas indicate a
higher CaO (see text for discussion).
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clinopyroxene is enhanced during magmatic differentiation (Fig. 12D).
The reason being the high volatile content that facilitates the crystal-
lization of clinopyroxene and magnetite at the expense of plagioclase
(e.g., Gaetani et al., 1993; Zimmer et al., 2010). Furthermore, volcanic
rocks from Luise volcano and Conical Seamount formed at oxygen fu-
gacities (Δ log fO2) between +0.7 and +4.8 relative to the quartz-
fayalite-magnetite (QFM) buffer (Müller et al., 2001, 2003), which re-
flects more oxidized conditions than in the calc-alkaline volcanic suites
of active arcs (e.g., +1.0 to +1.86 of the Marianas Arc: Brounce et al.,
2014). As a result, magnetite is an abundant phenocryst phase (up to
5 vol%; Müller et al., 2002) in Lihir lavas, which is consistent with the
finding that high magnetite content is a distinctive mineralogical fea-
ture of Au-rich porphyry systems (Sillitoe, 1979; Mungall, 2002; Müller
et al., 2002; Richards, 2005, 2009). Numerous authors suggest the high
oxygen fugacity to be a consequence of preferential melting of meta-
somatic veins in the subduction-modified mantle source (Heming,
1979; Kennedy et al., 1990b; McInnes and Cameron, 1994; Stracke and
Hegner 1998; McInnes et al., 2001; Müller et al., 2001, 2003).

6.3. Metasomatic enrichment of the mantle source

Alkaline volcanism along the TLTF island chain carries abundant
xenoliths to the surface. They are particularly common on Simberi, and
at Edison and Tubaf Seamount (Herzig et al., 1994; McInnes and
Cameron, 1994; Fig. 11) and provide unique insights into the under-
lying crust and mantle (McInnes and Cameron, 1994; McInnes et al.,
1999; Franz and Wirth, 2000; Grégoire, 2001; McInnes et al., 2001;
Franz et al., 2002; Renno et al., 2004; Franz and Romer, 2010;
Kamenov et al., 2005, 2008; Soustelle et al., 2013). Supracrustal xe-
noliths entrained in TLTF lavas consist of mudstones, reef and platform
carbonates (Fig. 11E), and volcaniclastic sediments that reflect the
range of lithostratigraphic units of the NIB (Fig. 4), partially meta-
morphosed to amphibolite-facies conditions (McInnes et al., 2001).
Crustal xenoliths include basalt, orthopyroxene- and/or ilmenite- and/
or magnetite-bearing gabbro (Fig. 11C), troctolite, anorthosite and
plagiogranite, all of which show evidence for partial melting during
eruptive transport (McInnes et al., 2001). Erupted ultramafic mantle
xenoliths include spinel-facies peridotite (Fig. 11A, B), ranging from
dunite and refractory harzburgite to lherzolite and spinel olivine web-
sterite (in order of abundance). They are interpreted as samples of the
residual mantle after extraction of 15–25% partial melt in a mid-ocean
ridge environment (Grégoire, 2001; McInnes et al., 2001; Franz et al.,
2002; Franz and Romer, 2010). This refractory mantle source was later

depleted by further extraction of partial melt and altered to various
degrees by hydrothermal fluids in a supra-subduction zone setting (e.g.,
Franz et al., 2002). The precise nature of the high-density, H2O-rich,
carbon and sulfur-bearing fluid associated with the alkali aluminosili-
cate melt is unknown but is thought to be related to the dehydration of
hydrothermally altered oceanic igneous crust of the Pacific Plate during
subduction along the Manus-Kilinailau Trench (‘fossil arc mantle’:
Kennedy et al., 1990b; Franz et al., 2002; Franz and Romer, 2010). The
result is a heterogeneous mantle source with metasomatic veins that
contain phlogopite, amphibole, pyroxene, garnet, magnetite and Fe-Ni
sulfides, and high concentrations of fluid soluble elements (e.g., alkalis,
S, Cu, Zn, Rb, U, Pb, large ion lithophile and light rare earth elements)
associated with slab-derived HFSE-poor hydrous melts (Grégoire, 2001;
McInnes et al., 2001; Franz et al., 2002; Kamenov et al., 2008; Franz
and Romer, 2010). These metasomatic veins are 2–800 times more
enriched in ore metals (Cu, Au, Pt and Pd) relative to normal depleted
arc mantle (McInnes et al., 1999, 2001). During melting, these veins
contribute disproportionately to partial melting thus producing metal-
rich, oxidized magmas that are fertile for porphyry-epithermal ore
formation (e.g., Müller and Groves, 1993; McInnes and Cameron, 1994;
McInnes et al., 1999, 2001).

Metasomatism of the mantle peaked at temperatures of
790–1,030 °C and pressures of 1.0–2.2 GPa and resulted in oxidation of
the mantle source, with oxygen fugacities ranging from −0.3 (Δ log fO2

relative to the QFM buffer) for the least altered xenoliths to + 1.0 for
moderately altered xenoliths (McInnes et al., 2001). However, values of
Δ log fO2 up to + 2.0 QFM, or possibly + 4.0, are estimated for the
most intensely metasomatized xenoliths cut by secondary mineral veins
(McInnes et al., 2001; Franz et al., 2002; Fig. 11B). Polyphase meta-
somatism may result from the variable slab contributions in response to
collision, slab steepening and/or overturning, subduction reversal and
slab tearing (Gennerich, 2002; Franz and Romer, 2010); The subduction
of the Lyra Trough with a thick sediment sequence could have an ad-
ditional impact. Leaching of altered ultramafic xenoliths to extract the
labile metasomatic phases yields a wide range of Sr-Nd-Pb isotopic
compositions that reflect the contribution from three or more sources,
including Pacific-type MORB mantle, sediment-derived melts and either
Indian-type MORB or Australian sub-continental lithospheric mantle
(Kamenov et al., 2008). TLTF lavas, in contrast, record only a narrow
range of radiogenic isotopes that reflect contributions from just two
isotopic reservoirs: addition of material from the Pacific slab and partial
melting of the Pacific-type MORB mantle wedge (Stracke and Hegner,
1998; Kamenov et al., 2008).

Fig. 13. Multielement diagram with element con-
centrations normalized to primitive mantle
(Lyubetskaya and Korenaga, 2007). Note the nega-
tive anomalies of the high field-strength elements,
similar to those of active arcs. TLTF generally record
higher incompatible element contents relative to the
active New Britain and West Bismarck Arcs. This
may result from the smaller degrees of partial
melting underneath the TLTF island chain when
compared to active arcs. Data sources as in Fig. 12.
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6.4. Melt fertility

TLTF lavas record Sr/Y ratios higher than 35 (Fig. 14A) which is one
characteristic feature of Au-rich porphyry systems (Loucks, 2014). High
Sr/Y as well as the absence of a negative Eu anomaly (Fig. 13) may
result from the delayed fractionation of Sr-rich plagioclase due to high
volatile content and thus an expanded stability field of clinopyroxene
(e.g., Gaetani et al., 1993; Zimmer et al., 2010; see above). The lower
SiO2 content of TLTF magmas relative to Cu-fertile porphyries in
modern arc suites results from the alkaline character and the specific
source mantle of TLTF magmas as compared to active arc suites with a
tholeiitic and/or calc-alkaline affinity (cf. Loucks, 2014). Based on this
parameter, the active New Britain and West Bismarck arcs cannot be
regarded as Cu-fertile on a regional scale (Fig. 14A). However, high Sr/
Y could result not only from variations in the crystallizing assemblage
as a function of volatile load but also from primary source variations.
The steep dip of the Pacific slab would offer a geodynamically feasible
setting for the direct melting of the slab either through slab breakoff or
thermal rebound after subduction stalled. Direct melting of the slab
produces adakitic melts with Sr/Y and La/Yb both >20 (Richards and
Kerrich, 2007). TLTF lavas, in contrast, do not exceed a La/Yb ratio of
15 (Fig. 14B) and are thus unlikely to be a product of direct slab
melting. Instead, they may originate from dehydration of the slab and
the formation of potassic super-critical fluids that either generate rear-
arc potassic or ultrapotassic magmas directly or form oxidized veins or
cumulates in the overlying crust and mantle that can melt during a later
tectonic event (e.g., Mungall, 2002; Davidson et al., 2007). At TLTF, the
young age of the cumulate (<1.5 Ma, possibly as young as 0.21 Ma:
Renno et al., 2004) indicates that amphibole-rich cumulates form syn-
chronously with local magmatic activity. Metasomatism of the deep
crust and lithospheric mantle may thus be an active, ongoing process
that is potentially enhanced due to slow-down of subduction and
steepening of the Pacific slab. Furthermore, Gennerich (2002) suggests
that the mantle beneath Lihir was metasomatically overprinted twice
based on his analysis of the Wadati-Benioff Zones: i) by (previous)
subduction of the Pacific Plate along the Manus-Kilinailau Trench, and
ii) by the recent subduction of the Solomon Sea Plate along the New
Britain Trench. Irrespective of their concrete origin, melting of am-
phibole-rich cumulates may generate Si-undersaturated, Ca-rich melts
(Médard et al., 2006) similar to those erupted along the TLTF island
chain. These lavas have higher CaO and lower SiO2 contents relative to
active arc lavas, especially at high MgO (Fig. 12E, F). Further evidence
for the important role of amphibole breakdown for melting in the TLTF
island chain is physically recorded in xenoliths entrained in lavas from
Tubaf Seamount (Renno et al., 2004). Here, melting of amphibole-rich
cumulates generates two types of silicate melt: a trachyandesitic to
tephriphonolitic melt preserved as intracumulate glass and a foiditic
melt initially present as an immiscible liquid phase. The erupted lava
hosting the xenoliths represents a mix of these two compositions
(Renno et al., 2004). The formation of cumulates and melt stagnation at
deep crustal levels may be facilitated by regional compression (in NE-
SW direction, extension in NW-SE direction) and has also been found
critical for porphyry copper ore formation (cf. Loucks, 2014).

TLTF lavas record high (50 to >150 ppm) Cu contents similar to
other volcanic suites of the active West Bismarck and New Britain Arcs
(Fig. 14C). However, the particular enrichment of the TLTF island chain
in Au remains more of an enigma, especially due to the lack of re-
presentative Au data and the incomplete understanding of Au behavior
in this specific setting. Richards (2005, 2009) suggested that a sub-
duction-related multi-stage process could pre-condition the mantle
source and ultimately lead to Au fertile magmas: Generally, Au is more
siderophile than Cu and thus formation of only small amounts of sulfide
effectively sequester any Au from the silicate melt; Cu is less affected
due to its lower partition coefficient (DCu ~ 103 compared to
DAu ≥ 105) and its overall higher abundance (Richards, 2005, 2009).
Since minor amounts of sulfide are commonly present during active
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Fig. 14. Trace element diagrams used to infer the ore-forming potential of
volcanic rocks. A) Sr/Y versus SiO2: The Sr/Y divide at 35 for the fertility of Au-
rich porphyries (Loucks, 2014) is illustrated by the dashed, dark grey line.
Commonly, porphyry copper deposits have intermediate to high silica content
(>57 wt% SiO2: Loucks, 2014), whereas TLTF rocks are silica undersaturated.
B) La/Yb versus Yb (in ppm). C) Cu (in ppm) versus MgO (in wt.%) of TLTF
lavas and the active New Britain and West Bismarck Arcs. The average Cu
evolution path observed in magmatic arcs with <20 km crustal thickness
(Chiaradia, 2014) is illustrated by the brown arrow; note that TLTF lavas show
some scatter but do not indicate a particular Cu enrichment. Data sources as in
Fig. 12.
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calc-alkaline arc magmatism, the related porphyry systems are gen-
erally fertile for Cu but less for Au. When the residual mantle becomes
progressively depleted in magmatic sulfides due to melting, any re-
maining sulfide phases will be particularly rich in Au (Richards, 2005;
2009). During a second melt extraction event, these Au-rich magmatic
sulfides are then mobilized. At TLTF, direct petrological evidence for
the metal-rich nature of the parental melts is derived from amphibole-
rich cumulate rocks from Tubaf Seamount where a Cu-rich sulfide melt
co-exists with silicate melts and a Cu-Cl salt-hydrate melt (Renno et al.,
2004). During subsequent melt ascent and magma differentiation it is
critical for shallow ore-forming processes to retain the Au (or any other
ore metal) in the melt phase (Park et al., 2019). A high melt oxidation
state that suppresses sulfide saturation is thus important (e.g., Hamlyn
et al., 1985; Richards, 2005, 2009) and possibly a direct consequence of
high bulk volatile content (e.g., Bénard et al., 2018; Humphreys et al.,
2015; Moussallam et al., 2016) as also observed in TLTF magmas.

During magmatic differentiation, silica undersaturation and the
availability of large quantities of oxidized sulfur eventually trigger
crystallization of haüyne, a feldspathoid that incorporates SO3 as a
major constituent, which is present in TLTF lavas over the full com-
positional range from 46.5 to 55.8 wt% SiO2 but mainly in Na-rich
(Na2O > 4.6 wt%) rocks (cf. Wallace et al., 1983). Feldspathoids in
TLTF lavas have haüyne-rich cores and are more sodic towards the rims,
whereas groundmass feldspathoids are SO3-free sodalites (Wallace
et al., 1983). The fractional crystallization of a sulfate-bearing mineral
phase such as haüyne may help to suppress early volatile saturation that
would trigger explosive volcanic eruptions rather than porphyry for-
mation (cf. Pasteris, 1996). Magmatic fluids and gases with a very high
metal transport capability may then form at a late stage and may be
released directly into the magmatic-hydrothermal or epithermal ore-
forming system. At Lihir, late-stage Au-bearing magmatic fluids con-
tinue to be focused into the active geothermal system from a deep in-
trusive body (Simmons and Brown, 2006). Additionally, alkaline and
silica-undersaturated host rocks are efficiently buffering any circulating
hydrothermal fluids, especially when water to rock ratios are low
(Smith et al., 2017). The resulting near-neutral or alkaline fluids are
effective carriers for Au (and Te) and Au-Te-bearing quartz veins may
precipitate upon subsequent fluid focusing (Smith et al., 2017) and it is
thus not surprising that these veins are also observed at Ladolam
(Sykora et al., 2018b).

7. Synthesis

7.1. Tectonic controls on magmatism

Most of the magmatic and ore-forming processes along the TLTF
island chain are reasonably well understood but less is known about the
ultimate causes of shoshonitic magmatism in the region. Holm and
Richards (2013), Holm et al. (2016) and Sykora (2017) argued for the
presence of a slab tear north of the strong bend in the New Britain
Trench between New Britain and Bougainville, based on a dis-
continuous Wadati-Benioff Zone of the subducting Solomon Sea Plate at
depths >100 km; In recent slab models, however, the slab is continuous
(Hayes, 2018; Fig. 2B). Slab tears (e.g., Gasparon et al., 2009; Conticelli
et al., 2009) and windows (e.g., Adams et al., 2005; Yang et al., 2012)
have been linked to shoshonitic magmatism in several locations
worldwide and are associated with an increased crustal heat flow
(Marani and Trua, 2002). In the NIB, however, crustal heat flow is low
(Gennerich, 2002), which is consistent with its initial formation in a
forearc setting (cf. Stein, 2003). It has to be noted though that its
thermal state may not have adjusted following displacement to its
current location in a rear- or backarc setting relative to active sub-
duction along the New Britain Trench. Lindley (2016), argued that the
localized thinning of the lithosphere underneath the individual island
groups was sufficient to partially melt the highly fusible metasomatic
veins in the mantle. The critical question in this respect is whether

melting to produce shoshonitic magmas is triggered by incipient rifting
or the dehydration of a steeply dipping slab. In our study area, the near-
stalled Pacific slab (cf. Gennerich, 2002) and the Solomon Sea slab
(Fig. 2) are both steeply dipping and may thus influence melting un-
derneath the TLTF island chain (e.g., release of supercritical fluids,
sediment melting). A comprehensive and detailed petrological and
geochemical study of the TLTF rocks could help to answer this question
in the future.

Based on the information available, we propose that incipient rifting
and extension of the upper crust is the main control on melting. Several
authors have suggested a possible genetic link between opening of the
Manus backarc basin and extension in the NIB (Johnson et al., 1979,
1988; Wallace et al., 1983). The corridor of shallow (<35 km) earth-
quake epicenters extending from the rifted arc crust in the easternmost
Manus Basin across the central graben of New Ireland (Fig. 6), and into
the NIB at the location of the SLVF and the Lihir island group (Fig. 5;
Herzig et al., 1994; Gennerich, 2002; Petersen et al., 2002) may be the
geophysical expression of this link. This seismic corridor was first
proposed by Wallace et al. (1983) and is also visible in the probabilistic
seismic hazard map of PNG (Ghasemi et al., 2016). The rather weak and
scattered seismicity along the proposed plate boundary (Fig. 5) results
from seismic activity along normal faults, which is less (due to
creeping) and of lower magnitude compared to thrust or strike-slip
faults (Doglioni et al., 2015).

Alternatively, magmatism along the TLTF island chain may be
controlled by the tectonic response to incipient collision in the region
with the OJP. Vertical movement along the Emirau-Feni Ridge reversed
in the Pliocene from subsidence to uplift (Marlow et al., 1988) and this
timing coincides with the onset of magmatic activity in the NIB at
~3.6 Ma (Fig. 7). Impacting of the OJP into the former New Ireland
forearc explains the NE-SE directed compression. The associated dila-
tational motion of the North Bismarck Microplate in a northwesterly
direction results in upper crustal extension, faulting and formation of a
horst-and-graben structure across the NIB. Advancing collision over the
past 3.6 Ma led to progressive uplift of the northeastern margin of the
NIB (represented by the Emirau-Feni Ridge as the outer arc high).
Today, subsidence is most pronounced in the basins between the in-
dividual island groups of the TLTF chain, and between the TLTF island
chain and New Ireland. However, the synclinal axis of the NIB (NW-SE
strike) may have migrated southwestwards towards New Ireland over
time. If subsidence mirrors crustal thinning, this process may also ex-
plain the migration of volcanism observed in the individual island
groups.

Independent of the ultimate tectonic cause, we consider incipient
rifting as the driving force for high-K to shoshonitic magmatism.
Already minor crustal thinning is sufficient to generate small volumes
of alkaline melt, as evident from studies of continental rifts where
highly fusible metasomatized parts of the lithospheric mantle melt first
(e.g., Brandl et al., 2015). Similarly, at (relict) arc roots, already small
changes to the thermal regime are sufficient to trigger partial melting of
amphibole-rich lithologies (Davidson et al., 2007). Furthermore, in-
cipient rifting has been identified as the driving force behind shosho-
nitic magmatism in a range of volcanic arcs globally including the ac-
tive Izu-Bonin-Mariana (e.g., Ishizuka et al., 2010) and Kamchatka Arc
(Kepezhinskas, 1994) and the relict Vitiaz Arc of Fiji (e.g., Gill and
Whelan, 1989).

7.2. The role of microplates

The latest plate reorganization in the Bismarck Sea area (i.e.,
docking of the Finisterre Terrane) and the onset of backarc spreading in
the Manus Basin closely coincided with the earliest alkaline magmatism
in the TLTF area from ~3.6 Ma (Fig. 7). However, the main phase
(3.6–1.1 Ma) of horst-and-graben tectonics and volcanism along the
TLTF islands may relate to collision with the OJP, subsequent uplift of
the outer arc high (see above), and the dilatational movement of the
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North Bismarck Microplate. At the same time, backarc spreading pro-
pagated into the eastern Manus Basin and/or sped up in response to the
rapid clockwise rotation of the South Bismarck Microplate. Fast sub-
duction of the Solomon Sea Plate along the New Britain Trench at rates
of up to 157 mm a−1 (Fig. 1B) and the southward migration of the
trench created further extensional stress in the overriding plates
(Lindley, 2006b). Strike-slip motion along the Weitin Fault and Bis-
marck Sea Seismic Lineation allows the South Bismarck Microplate to
move independently from the Pacific Plate. However, the minor com-
ponent of thrusting that is observed along the Weitin Fault (~17 mm
a−1: Tregoning et al., 1999) reflects the transference of SW-directed
compressional stress across the eastern North Bismarck Microplate and
the New Ireland Basin in particular (Fig. 15). Regional extension, in
contrast, prevails in a northwesterly-southeasterly direction, and thus
parallel to the direction of backarc opening but normal to the trajectory
of compression (Fig. 15). Along the Bismarck Sea Seismic Lineation, this
extension is compensated by the formation of new oceanic crust at
backarc spreading centers that started in the W and propagated east-
wards over time. It is possible that propagation does not stop at the
Weitin Fault but instead affects the lithosphere beyond the master fault
(i.e., the New Ireland Basin). Rifting of the New Ireland crust resulted in
the formation of the central graben and may additionally influence
incipient rifting in the New Ireland Basin (Fig. 15). An important
finding is that the long axes of the uplifted blocks are rotated coun-
terclockwise to the northwest at Tabar and Lihir relative to the Tanga
and Feni crustal blocks. Thus, the basin between Lihir and Tanga, and
the graben structure that extends across New Ireland represent the axis
of the incipient rift (Fig. 8C). However, extension is distributed over a
series of steeply dipping normal faults rather than a single master fault,
which is seismically imaged at the eastern and southeastern flanks of
the Tabar and Lihir horsts and the northwestern flank of the Tanga
horst (Fig. 8). These faults may represent the splayed, near-surface
expressions of the detachment faults of the inter-island half grabens and
explain why the melts are erupted in the structural highs and not within
the half grabens. Thus, deep-rooted fault systems structurally control
each individual island group and provide the pathways for the rapid
ascent of magmas from great depth that is reflected by the high

abundance of nearly pristine lower crustal and mantle xenoliths en-
trained in the eruptive products of Simberi and the SLVF.

8. Conclusions

Integrating new offshore data with a review of the geological setting
of one of the world's largest porphyry-epithermal Au deposits highlights
its unique setting in a former forearc sedimentary basin that is under-
going incipient rifting and faulting, and generating shoshonitic mag-
matism. The perfect alignment of ore-forming processes including un-
roofing of the porphyry system that led to boiling and rapid metal
deposition may explain why the Ladolam deposit on Lihir is the only
giant deposit in the area. However, all volcanic centers in the New
Ireland Basin are likely to be prolific to host Au-rich mineral systems
because of similar geological preconditions and tectonic processes.
Magmatism with a geochemical subduction signature but post-dating
active arc volcanism (associated with subduction along the Manus-
Kilinailau Trench) results from the destabilization of hydrous phases in
the lithospheric mantle source. Melting is triggered by incipient rifting
in response to collision with the OJP and crustal fragmentation at the
margin of the North Bismarck Microplate. The refractory but metaso-
matically enriched mantle source results from earlier subduction-re-
lated magmatism (melt depletion of the sub-arc mantle) and subsequent
metasomatism by sediment melts and/or dehydration of the subducting
Pacific slab in a forearc setting. The sulfur-, carbonate-, and alkali-, and
here especially K-rich magmas of the TLTF island chain are the product
of second-stage partial melting. Lithosphere-scale faulting, including
large transcurrent zones and deeply penetrating listric normal faults are
thought to provide the melt and fluid pathways for porphyry-epi-
thermal Au mineralization. Lihir is located at the intersection of several
of these structures (Fig. 15) and records an intense magmatic history
spanning ~3.6 Ma. This situation contrasts sharply with the pre-
dominantly compressional stress regimes on land New Britain, New
Ireland, and the Solomon Islands. Shoshonitic magmatism similar to
along the TLTF island chain is common worldwide, where active or
relict arc crust undergoes incipient rifting, and a number of giant

Fig. 15. Schematic cross-section through the present-day New Ireland Basin (from SW to NE) at the location of Lihir (upper plate only). Note the purpose of this block
model is to illustrate the links between collision, microplate interaction, tectonic structure, regional magmatism and the focusing of melts and fluids. The tectonic
setting controls the regional metal endowment (melting of a metasomatized lithospheric mantle source) but local structure is responsible for the focusing of metals
into and ore-forming system.
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porphyry-epithermal Au deposits including Cripple Creek (USA), Em-
peror (Fiji), and Porgera (PNG) are associated with similar high-K
rocks.
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