1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 27 January 2021
doi: 10.3389/feart.2020.596727

OPEN ACCESS

Edited by:
Alessandro Tibaldl,
University of Milano-Bicocca, Italy

Reviewed by:

Paul Mann,

University of Houston, United States
Margaret Stewart,

Mount Royal University, Canada

*Correspondence:
Nicholas J. Dyriw
nicholas.dyriv@qut.edu.au

Specialty section:

This article was submitted to
Structural Geology and Tectonics,
a section of the journal

Frontiers in Earth Science

Received: 20 August 2020
Accepted: 15 December 2020
Published: 27 January 2021

Citation:

Dyriw NJ, Bryan SE, Richards SW,
Parianos JM, Arculus RJ and Gust DA
(2021) Morphotectonic Analysis of the
East Manus Basin, Papua

New Guinea.

Front. Earth Sci. 8:596727.

doi: 10.3389/feart.2020.596727

Check for
updates

Morphotectonic Analysis of the East
Manus Basin, Papua New Guinea

Nicholas J. Dyriw "2, Scott E. Bryan', Simon W. Richards, John M. Parianos?,
Richard J. Arculus® and David A. Gust'’

"School of Earth and Atmospheric Sciences, Queensland University of Technology, Brisbane, QLD, Australia, °Nautilus Minerals
Ltd. (now Deep Sea Mining Finance Ltd.), Brisbane, QLD, Australia, 3lndependent Research Geologist, Brisbane, QLD, Australia,
“Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia

Backarc basin systems are important sites of extension leading to crustal rupture where
basin development typically occurs in rifting phases (or stages) with the final successful
stages identified by the formation of spreading ridges and new oceanic crust. The East
Manus Basin is a young (<1 Ma), active, rapidly rifting backarc basin in a complex tectonic
setting at the confluence of the oblique convergence of the Australian and Pacific plates.
Here we undertake the first comprehensive spatial-temporal morphotectonic description
and interpretation of the East Manus Basin including a link to the timing of, and tectonic
controls on, the formation of seafloor massive sulfide mineralization. Key seafloor datasets
used in the morphotectonic analysis include multi-resolution multibeam echosounder
seafloor data and derivatives. Morphotectonic analysis of these data defines three
evolutionary phases for the East Manus Basin. Each phase is distinguished by a
variation in seafloor characteristics, volcano morphology and structural features: Phase
1is a period of incipient extension of existing arc crust with intermediate to silicic volcanism;
Phase 2 evolves to crustal rifting with effusive, flat top volcanoes with fissures; and Phase 3
is a nascent organized half-graben system with axial volcanism and seafloor spreading.
The morphotectonic analysis, combined with available age constraints, shows that crustal
rupture can occur rapidly (within ~1 Myr) in backarc basins but that the different rift phases
can become abandoned and preserved on the seafloor as the locus of extension and
magmatism migrates to focus on the ultimate zone(s) of crustal rupture. Consequently, the
spatial-temporal occurrence of significant Cu-rich seafloor massive sulfide mineralization
can be constrained to the transition from Phase 1 to Phase 2 within the East Manus Basin.
Mineralizing hydrothermal systems have utilized interconnected structural zones
developed during these phases. This research improves our understanding of the early
evolution of modern backarc systems, including the association between basin evolution
and spatial-temporal formation of seafloor massive sulfide deposits, and provides key
morphotectonic relationships that can be used to help interpret the evolution of paleo/
fossilized backarc basins found in fold belts and accreted terrains around the world.

Keywords: East Manus Basin, backarc basin, morphotectonic, basin evolution, seafloor massive sulfide deposit,
Solwara 1, hydrothermal systems
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INTRODUCTION

Modern backarc basin systems, such as the Manus and Lau,
Havre, Marianas and Okinawa troughs, are important sites of
extension accommodated by crustal rupture leading to new crust
creation (Hannington et al., 2005; Wysoczanski et al., 2012; de
Ronde et al., 2014; Monecke et al., 2014). The development of
backarc basins typically occurs in rifting phases (or stages) that
ultimately lead to crustal rupture followed by seafloor spreading
and generation of new oceanic crust (Taylor, 1992; Clift and Leg,
1994; Parson and Wright, 1996; Fackler-Adams and Busby, 1998;
Taylor and Martinez, 2003). A transition from andesite- and
rhyolite-dominated, explosive volcanism and caldera-forming
events during early phases of extension to mafic, effusive-style
volcanism associated with flat-topped seamounts and fissures, are
characteristic of many of these backarc systems (e.g., Fackler-
Adams and Busby, 1998). Coupled with the compositional and
volcanic transitions is the progressive development of normal
faulting to organized half-graben or graben systems bounded by
developing transform faults and then the establishment of
spreading ridges. Established spreading ridges record complete
crustal rupture and results in significant expansion in the width of
the basin (e.g., Karig, 1970; Pearce et al., 1994; Taylor and
Martinez, 2003; Pearce et al., 2005; Keller et al., 2008).

The spatial-temporal phase evolution of backarc systems is
described for some well-studied systems such as the Lau-Havre-
Taupo system (Parson and Wright, 1996; Zellmer and Taylor,
2001) and the Okinawa Trough (Sibuet et al., 1987; Sibuet et al.,
1998). These studies document the spatial-temporal variations in
structures, volcano morphology and geochemistry during rift
evolution (see the summary in Supplementary Table S1). For
example, a 5-phase model for the tectono-morpho-magmatic
evolution of the Lau-Havre-Taupo system, in a relatively
simple tectonic setting, highlights the spatial-temporal changes
that are observed across the basin from initial extension through
to seafloor spreading (Parson and Wright, 1996). Furthermore, a
recent study on the Havre system indicates that with improved
resolution, seafloor textures reveal critical information about the
neovolcanic zones and sites of sediment infill in young, rapidly
rifting backarc systems (Caratori Tontini et al., 2019). Improving
the understanding of these systems is vital because these young
systems provide a window into the processes of crustal rupture
during early backarc formation (e.g., Sleeper and Martinez, 2016;
Caratori Tontini et al,, 2019), and these sites are also loci for
significant seafloor mineralization (e.g., Wysoczanski et al., 2010;
Timm et al., 2012; Wysoczanski et al., 2012; Johns et al., 2014;
Monecke et al., 2014; Yeats et al., 2014).

The East Manus Basin (EMB) is the youngest and most
eastward location of extensive seismicity, active volcanism, and
mineralized hydrothermal activity, of the larger Manus Basin
(Figure 1; Binns and Scott, 1993; Pegler et al., 1995; Auzende
et al., 2000; Tregoning, 2002; Sinton et al., 2003; Wallace et al.,
2005; Yeats et al., 2014). The EMB is also hosts the first seafloor
massive sulfide (SMS) mining lease, which covers Solwara 1 Cu-
Au SMS deposit (Lipton, 2012; Singer, 2014; Petersen et al., 2016).
However, no morphotectonic analysis exists for the EMB. An
analysis of rift evolution is important to understand because it:

Morphotectonic Analysis East Manus Basin

1) lies at the culmination of the oblique convergence of the
Australian and Pacific; 2) is influenced by subduction at the New
Britain Trench (Figure 1; Martinez and Taylor, 1996; Taylor and
Martinez, 2003; Lee and Ruellan, 2006; Baldwin et al., 2012; Holm
et al,, 2016); and 3) hosts some of biggest and most metal
endowed seafloor massive sulfide deposits known in modern
backarc terrains (Yeats et al., 2014; Petersen et al., 2016; Holm
et al., 2019).

For the first time, high-resolution, datasets have been
combined to undertake a comprehensive morphotectonic
analysis to constrain the tectono-magmatic evolution of the
EMB. This analysis provides context for understanding: 1) the
early stages of backarc formation during extension; 2) spatial-
temporal compositional trends and locations of magmatism
within the EMB; and 3) an interpretation of how the resulting
spatial and temporal framework links with the location and
endowment of Cu-seafloor massive sulfide (SMS) deposit
formation.

Geological Background

The Manus Basin is an active backarc basin associated with the
New Britain Trench (Taylor and Martinez, 2003). The north and
northeastern margins of the Manus Basin are bounded by a partly
active volcanic arc, interpreted to have formed above the west-
dipping subduction of the Pacific Plate (Figure 1; Connelly, 1976;
Baldwin et al., 2012; Holm and Richards, 2013) and extends from
Manus Island in the north to New Ireland in the east (Lee and
Ruellan, 2006). An active, subduction-related volcanic arc bounds
the southern basin margin, but the volcanism here is caused by
subduction along the New Britain Trench. This volcanic arc is
located above the north-dipping Solomon Plate at the New
Britain Trench.

The EMB, sometimes referred to as the Southeastern Rifts,
forms the easternmost extensional rift segment of the Manus
Basin and covers an area of approximately 6,400 km> (Figure 2;
Binns and Scott, 1993; Martinez and Taylor, 1996). Rifting within
the basin is bounded to the west by the Dual Transform Fault, to
the east by New Ireland and the Weitin Transform Fault
(Figure 2; Martinez and Taylor, 1996; Lee and Ruellan, 2006;
Brandl et al., 2020). The nature of crustal basement, tectonic
setting and basin opening mechanisms have remained uncertain
for the EMB. This is reflected in the variety of interpretations
presented in past studies, including a backarc rift in old arc crust
(Monecke et al., 2014); an ancient forearc crust stretched between
two bounding faults in a pull-apart basin (Binns and Scott, 1993;
Martinez and Taylor, 1996; Sinton et al., 2003); a transitional
island arc and backarc rift (Hannington et al., 2005; Hannington
et al,, 2011); and a backarc spreading rift (Beaulieu et al., 2015).
Microplate formation, rotation, and adjacent subduction,
characterized by slab rollback of a steeply dipping slab and the
formation of a slab tear add to the complexity of tectonic models
of the region (Wallace et al., 2005; Baldwin et al., 2012; Holm and
Richards, 2013).

The EMB began rifting ~0.78 Ma (Martinez and Taylor, 1996;
Lee and Ruellan, 2006). This interpretation is based on magnetic
data used for Brunhes-Matuyama polarity reversal analysis (e.g.,
Bassinot et al., 1994; Martinez and Taylor, 1996). Thin slithers of

Frontiers in Earth Science | www.frontiersin.org

January 2021 | Volume 8 | Article 596727


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Dyriw et al.

Morphotectonic Analysis East Manus Basin

TABLE 1| Interpreted rift phase with associated volcano-tectonic characteristics. Surface characteristics presented here are similar to those observed in other well-studied
extensional systems summarized in Supplementary Table S1.

Phase

1

Seafloor mode

Remnant arc crust exten-
sion, incipient rifting (e.g.,
Parson and Wright, 1996)

Current transition to nascent
riting from Phase 1 to
Phase 2

Chemistry

Silicic (Patia et al., 2017)

Intermediate to silicic (Sinton
et al., 2003; Beier et al., 2015;
Thaletal., 2016; Siegburg et al.,

Structure

SFD 1- relatively shallow
seafloor, lack of clear nor-
mal faults, or lineations

The transition between
SFD1 and SFD2. Transfer
structures, steep scarps,

Volcanic morphology

Conical  volcanoes  (e.g.,
North Su and Nimab/Kaia
Natai) caldera (Tuvai)

Conical volcano with pyro-
clastic  deposits, shallow
knolls with unknown lithofa-

Volcanic activity

Unknown due to limited geo-
physical dataset for this area of
the seafloor. Rabaul Caldera on
the Gazelle Peninsula is an active
volcano (Nairn et al., 1995). Tuvai
caldera is silicic (Patia et al.,
2017). Nimab/Kaia Natai hydro-
thermally active (Dekov et al.,
2016)

North Su - cryptodome with
phreatic and phreatomagmatic
explosions pyroclastic eruptive

2018) transfer fault-oriented  cies. Vent collapse structure  debris, blocky massive lava, plus
depressions of South Su. Small knoll talus (Thal et al., 2016). South Su
(Suzette) — unknown but shows possible

2 Incipient half-graben rifting —  Mafic-Intermediate
disorganized to organized rift-  (Kamenetsky et al., 2001; faulting,
ing which includes the devel-  Sinton et al., 2003; Beier lineaments

opment of half grabens and
axial volcanic ridges (e.g.,
Parson and Wright, 1996).
Rifting here is shallow, with
widespread half grabens.

Pual Ridge marks a transition

et al., 2015)

Silicic on Pual Ridge (Barriga

SFD 2 Shallow normal

The boundary of SFD 2

central vent collapse. Suzette -
unknown, hyaloclastite present
(Yeats et al., 2014)

Effusive (hydroelastic) activity and
fissure-fed, linear morphology

Circular to irregular knolls,
some with radiating fissures
and some with flat tops, some
small knolls. A caldera in cen-
tral area

transfer

Volcanic ridge (Pual and Lobate flows (Thal et al., 2014),

zone et al., 2001; Thal et al.,, 2014; and 3 Yuam). Point source volca-  steep morphology
Beier et al., 2015) nism possible on southwest-
ern Pual Ridge, e.g., Sonne
Knoll
3 Developed axial half-graben Mafic (BABB-i.e., not true SFD 3 Half-grabensdevel- Oceanic ridge. symmetric Axial volcanic ridge generation

rifting magmatism along the
small axial ridge. Nascent or-
ganized  half-graben  of
Kumul Ridge. Possible gen-
eration of new seafloor?

ocean  spreading)
et al., 2003)

(Sinton

positively magnetized seafloor indicate volcanism <0.78 Ma. No
other absolute age constraints exist for the EMB. Rapid extension
within the EMB is driven by the oblique convergence of the
Pacific and Australian plates, which makes it the fastest extending
section of the larger Manus Basin (Martinez and Taylor, 1996;
Lindley, 2006). Furthermore, the EMB is also the locus of active,
mineralized hydrothermal and volcanic centers associated with
the positively magnetized seafloor, and host to Cu-rich SMS ore
deposits (Binns and Scott, 1993; Binns et al., 1997; Yeats et al,,
2014; Holm et al., 2016).

Convergence between the major Pacific and Australian plates
and the microplate kinematics of the region influences the
evolution of the Manus Basin (e.g., Martinez and Taylor, 1996;
Lee and Ruellan, 2006). However, how these factors influence the
EMB evolution is not clear. Part of this complexity is exacerbated
because of the relative change in the convergence angle between
the plates caused by NE-to EW-trending curvature of the leading
plate boundary (e.g., Bird, 2003). In the southeastern corner of the
EMB, the Pacific Plate converges at close to ~45°, whereas farther
north along the edge of New Ireland the angle of convergence
becomes less oblique and is near to sinistral strike-slip (e.g.,

oped in Kumul Ridge. >
200 m vertical throw

spreading ridge with axial high
minor small knolls developed

Figure 3). Coupled with the effects of major plate convergence,
the juxtaposed rotation of the North and South Bismarck
microplates further enhance the extensional stresses on the
EMB (Figure 3). The interactions of the opposing plate
vectors invokes a transtensional stress within the EMB (Binns
and Scott, 1993; Dewey et al., 1998).

A series of en-échelon volcanic edifices, associated with active
hydrothermal vents, punctuate the seafloor and are built on
Miocene arc crust, ranging in depth between approximately
1,200-2,750 m below sea level (Binns and Scott, 1993;
Martinez and Taylor, 1996; Auzende et al., 2000; Thal et al,
2014). The seafloor massive sulfide (SMS) deposits of the EMB
that are closely associated with active volcanic centers (Gamo
et al,, 1997; Auzende et al,, 2000; Thal et al., 2014; Yeats et al,,
2014) constitute some of the most copper-rich deposits of the
mineral-endowed New Guinea-Solomon Islands region (Holm
et al., 2019). This association is important here because the en-
échelon form of the volcanoes are understood to be related to the
transtensional kinematics of the EMB (Binns and Scott, 1993;
Auzende et al., 2000), and therefore, may affect SMS formation.
However, interpretation of the opening of the EMB suggests a

Frontiers in Earth Science | www.frontiersin.org

January 2021 | Volume 8 | Article 596727


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Dyriw et al.

Morphotectonic Analysis East Manus Basin

-

4°0'0"S

New Guinea

e Y dn
X~ North Bismarck microplate

A ~ g Active subduction )N\

|-~/ Paleo trench ~50m
—— Active structure
= = OJP extent
Plate Vector

~8000m

PAC Plate
67mm/year
2

£17
_ | OntongJava

| Plateau

>0
New Britain “\'“e“
oS

et

Solomon Sea microplate

data_and_products/gridded_ bathymetry_data/gebco_30_second_grid/.

” 2
g Y o &g
o sy » Xy -
2] Woodlark microplate =~ < 3
© s AR ’
AUS Plate 20
. ' 63mm/year \q B 5 % s
T T ;
144°0'0"E 148°0'0"E 152°0'0"E

FIGURE 1 | Geological setting of the New Guinea-Solomon Islands region (After Bird, 2003; Wallace et al., 2004; Holm et al., 2016). EMB outlined in red polygon,
Manus Basin outlined with blue dashed polygon, Willaumez Rise outlined with brown dashed polygon, and the New Guinea Basin outlined by purple dashed polygon.
Microplate motion based on GPS vectors of the New Guinea region (Wallace et al., 2004). Yellow star indicates pole of rotation of the AUS-South Bismarck Microplates.
Arrows indicate plate motion based on Euler vectors of the best fit model (Wallace et al., 2004). Bathymetry derived from General Bathymetric Chart of the Oceans
(GEBCO, Weatherall et al., 2015)-I0C, IHO, and BODC, 2003, “Centenary Edition of the GEBCO Digital Atlas”, Intergovernmental Oceanographic Commission and the
International Hydrographic Organization as part of the General Bathymetric Chart of the Oceans; British Oceanographic Data Center, Liverpool-https://www.gebco.net/

156°0'0"E

symmetric pull-apart model (e.g., Martinez and Taylor, 1996),
which is not consistent with a transtensional setting. Therefore,
analysis of the rift phase development is critical for the EMB to
better understand the relationships between rift phase evolution
and the formation of SMS deposits.

Data and Methods

This paper integrates large geophysical datasets generated by
numerous research and industry exploration voyages in the EMB.
A substantial regional bathymetry dataset and extensive, local,
high-precision surveys provide nearly total coverage of the EMB
(Barriga et al., 2001; Bach, 2011; Lipton, 2012; Yeats et al., 2014).
These data, acquired from surface ships and submersible vehicles,
is advantageous because bathymetric and sonic backscatter data
represent the most straightforwardly observable, analyzable and
interpretable expression of active tectonics. Where available, the
magnetic, gravity, and seismic data also provide valuable
constraints.

Bathymetric Data

Digital elevation models (DEMs) have been generated by
integrating  various datasets obtained by multibeam
echosounder (MBES) through the EMB, covering a total area
of ~6,390 km* (Figure 2). Bathymetric data collected by RV
Sonne (expedition SO216) in 2011 (Bach, 2011), processed at

30-m pixel resolution, and various expeditions conducted by
Nautilus Minerals, specifically the MV Duke in 2012 (Lipton,
2012), form the primary bathymetric dataset for this study. The
DEMs were collated into ArcGIS software for analysis and
modeling.

Surface Units and Seafloor Roughness
Seafloor acoustic backscatter, collected during MBES operations,
represents the return acoustic echo reflected from the seafloor.
The intensity of the return signal in the backscatter data is a
qualitative but reliable measure of seafloor ‘hardness’ (Gonidec
et al,, 2003; Dartnell and Gardner, 2004). Areas of low to high
reflectivity (acoustic backscatter) can be interpreted as sediment
or rock outcrop, respectively. Variation in seafloor substrate type
(i.e., rock or sediment), roughness (or ruggedness) and slope also
affect the backscatter response. For example, fresh, smooth
volcanic sheet flows with little sediment cover return a
relatively strong backscatter response compared to the low
reflective response of thick (>1 m) pelagic sediments.

Ideally, calibration of backscatter response to substrate
lithology (e.g., volcanic rock or sediment) and grain size (e.g.,
Dartnell and Gardner, 2004) provides the best approach to
interpret backscatter data. However, this level of detail is not
available at sufficient resolution for the EMB. Backscatter
interpretations for the RV Sonne data collected in 2011 are
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based on a combination of surface texture, slope variability and
complementary ground-truth data from other studies, for
example, PACMANUS (Binns and Scott, 1993; Parr and
Binns, 1997; Barriga et al., 2001; Thal et al., 2014), and North
Su (Binns et al., 1997; Yeats et al., 2014; Thal et al., 2016).

Interpreting backscatter data requires understanding the
seafloor morphology because variations in depth, slope and
roughness can return similar responses irrespective of seafloor
geology. Interpretation requires continual cross-referencing with
high-resolution bathymetric data to identify regions of high slope
angles or variation in surface texture. For example, pillow breccias
on a steep ridge may return a signal that is like volcaniclastic
sediment, leading to a potential false interpretation. Visual
ground-truth and sample data are not available across the
entire EMB.

Sediment accumulation for the EMB is estimated at ~25 cm
per 1,000 years (Binns and Scott, 1993), or about ten times
higher than other backarc basins such as the Lau Basin (Gill,
1976). High terrestrial sediment input combined with
volcaniclastic supply and pelagic fallout can obscure or cover
features on the seafloor, leading to incorrect interpretation.
Sediment distribution is important because the degree of
sediment cover is typically used to estimate the age of
volcanism in modern basins (e.g., Gill, 1976; Wysoczanski
et al, 2010). To reduce inconsistencies in mapping and
create a more reliable morphotectonic map, a sediment-
outcrop interpretation was generated using the backscatter
data to improve interpretation of seafloor features.

Seafloor Classification

Seafloor surface characteristics were derived from bathymetry
using the Benthic Terrain Modeler (BTM) 3.0 add-on in ArcGIS
v10.6 (Wright et al., 2012; Walbridge et al., 2018), and the R/V
Sonne 2011 MBES data. The BTM is a pixel-based surface tool
that allows the user to interrogate bathymetric data, on a pixel-to-
pixel comparison (Walbridge et al., 2018). This tool is useful for
identifying surface variation, characterizing and identifying
seafloor morphology (Verfaillie et al, 2006; Rengstorf et al.,
2012; Ismail et al, 2015; Watson et al., 2017; McNeil et al,
2020). This method provides a quantitative measure of seafloor
variation, removing interpretation bias. Generation of the
bathymetric model relies on pixel variation of the complete
dataset relative to a user-defined pixel grid.

Results from the BTM raster processing includes slope, terrain
ruggedness (sometimes referred to as rugosity) and aspect ratio. Slope,
also referred to as the first derivative of elevation, is the maximum rate
of change (elevation) within a three-by-three pixel-grid, and results are
between 0° (horizontal) and 90° (vertical) across the area. Aspect ratio
displays the orientation of edge faces where elevation increases relative
to surrounding surfaces and helps identify and interpret orientations
of lineations and faults. Terrain ruggedness generates a raster based on
aratio of the surface area of a user-defined grid normalized to a planar
surface, and is a measure of the surface complexity or roughness (Du
Preez, 2015). Bathymetric position index (BPI) is an analysis of the
elevation of each pixel compared to the average elevation of
neighboring pixels, within a user-defined neighborhood (Walbridge
et al,, 2018). Positive values indicate a bathymetric high such as hills,
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Manus Basin. Solid line represents known boundary, dashed line is unknown, or interpreted boundary. Uncoloured areas within the red dashed polygon indicate the
unknown microplate placement in the EMB. Question marks indicate the uncertainty of the plate boundaries in the eastern area.

mounds and ridges, and negative values indicate gullies or depressions.
A seafloor classification map, identifying seafloor domains, was
generated from the results of these models and the classification
dictionary (depth limit and slope limit columns in Supplementary
Table S2).

Lineament identification and interpretation of seafloor structure
followed common methods used in the interpretation of seafloor
geophysical data. For example, first vertical derivative (1VD)
magnetic data are used to “see through” sediment cover and
identify lineaments at depth (e.g., Anderson et al, 2016). The
term ‘lineament’ is used here to describe linear features that may
have either structural or tectonic origins including faults and
fractures, or represent linear geomorphological features such as
ridge crests and volcanic chains/ridges (e.g., Peacock et al., 2016).
Finally, the seafloor domain classification informed the generation of
the morphotectonic map (see Morphotectonic Map of the East
Manus Basin) through interpretation and integration of the final
BTM model and DEMs with recent regional tectonic reconstructions
(e.g, Martinez and Taylor, 1996; Wallace et al., 2004; Wallace et al,,
2009; Holm and Richards, 2013; Holm et al., 2016).

Supplementary Geophysical Data

Limited proprietary and open-source magnetic and gravity data
are available for the EMB. Manus Basin gravity and magnetic
survey data collected during a 1985 research voyage of the Moana
Wave, were interpreted by Martinez and Taylor (1996) and Lee
and Ruellan (2006). While these data are the primary data for
Manus Basin interpretation, the resolution provides only limited
coverage of the EMB. These data were reprocessed (by Nautilus
Minerals geophysicists) and integrated into ArcGIS for
comparison and interpretation with other seafloor data.
Magnetic and gravity data from some key locations
complimented bathymetry for structural interpretation.

RESULTS

The BTM and bathymetry analysis are first used to identify
different seafloor surface features in the EMB and then used
as the foundation for the morphotectonic map. Second, the key
morphotectonic features are distinguished and used to identify
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the rift phase(s), their sequence, and how these relate to other
backarc systems.

Outcrop and Sediment Cover

Four different surface zones are interpreted in the EMB
(Figure 4). These zones can be broadly grouped into: 1)
sediment-dominant areas with minimal volcanic outcrop
(Sediment >> Outcrop) where backscatter response is white
to light gray with mottled texture; 2) Sediment-covered seafloor
with sporadic volcanic outcrop (Sediment > Outcrop) where
backscatter is relatively light gray and mottled; 3) exposed rock
with patchy sediment cover (Outcrop > Sediment) with
backscatter response showing increased darker patches
within gray mottling; and, 4) volcanic outcrop-dominant
with limited sediment coverage (Outcrop >> Sediment),
where backscatter response is dominated by dark gray to
black pixels.

Seafloor Domains of the East Manus Basin
Four geomorphic seafloor domains (SEFD) of regional extent have
been generated by the BTM (Figure 5), providing a pixel-to-pixel
seafloor model, and forming the base layer for the
morphotectonic map. The SFD delineate areas with varied but
characteristic morphology and provide a basis for geological
interpretation of rifting phases. Further details of the four SFD

and their primary features are given in Supplementary Table S2.
First-order differences in SFD are surface morphology and
relative depth. Surface morphology reflects primary features
(e.g., volcanic constructional features or faulting) and surface
responses are affected by secondary processes (e.g., sediment
cover).

SED1 is relatively shallow (>1900 m), gently undulating and
internally structureless seafloor, but is bound by rapid changes
in seafloor depth (i.e., steep scarps). SFD2 and SFD 3 both
occur at greater depths (2000-2,400 m) and have generally low
relief, but SFD3 exhibits greater internal structuring with deep
depressions bounded by steep scarps. In several cases the
symmetric form to these depressions are interpreted to
reflect grabens. SFD4 is separated out as a distinctive but
highly varied seafloor domain characterized by abrupt and
extreme changes in slope, varied roughness, variable
morphology, and high backscatter intensity that often occurs
within the other seafloor domains. Most of SFD4 coincides
with known constructional volcanic features across the EMB
(e.g., Figure 2), and exhibit considerable morphological
complexity (Figure 6). The volcanic edifices assist in
identifying two important basin characteristics: lithospheric-
scale structures acting as pathways for ascending magmas, and
the evolutionary stage of development of the EMB. Although
numerous volcanoes exist in the EMB (Figure 2), their
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morphological variation across the EMB has not previously
been utilized to understand rifting history.

Six volcanic morphologies are distinguished (Types 4.1-4.6)
based on differences in average slope, basal extent, shape, area,
relative height (relief) and backscatter response (Figure 6).
Detailed  descriptions of the volcano morphological
characteristics are given in Supplementary Table S3. In
addition to these volcano types, smaller circular features rising
less than 100 m above the seafloor are identified and referred to
here as mounds. Interpretation of the origins of these small-scale
features is beyond the scope of this study but they reflect
additional styles of seafloor volcanic eruptions from
isolated vents.

Most (84%) volcanic edifices (SFD4) occur within SFD2.
Apart from the Kumul Ridge within the Kumul Ridge axial rift
and the Dartboard volcano (Figure 2), no other significant
volcanic features occur to the northwest of the Kumul Rift
within SFD3 (Figure 6). In contrast, the absence of clear
constructional volcanic features within SFD3 suggests a lack
of volcanism in that part of the seafloor. Of note is that the
rift-parallel, elongated structures, such as the Pual Ridge
(Type 4.4), are restricted to the boundaries of the SFD2
domain. Conical volcanoes like North Su (Type 4.5), are
also typically found at the edges or boundaries between

SFDs. DESMOS (Type 4.6), a shallow caldera structure
(Gamo et al., 1997), occurs in the center of SFD2, but
equivalent structures are not observed elsewhere
within SFD2.

Linear Trends in the East Manus Basin
Lineaments are identified from bathymetry and complemented
with magnetic first vertical derivative (1VD) data. Across the
EMB, a series of northeast and northwest-trending lineaments
dominate the EMB (Figure 7). Lineaments are readily defined
from linear features in bathymetry data that exhibit a variation
in seafloor depth along a continuous (linear) length. These
features were cross-referenced against the aspect ratio output
from BTM to ensure accurate placement. Further, where
available 1VD magnetic data were used, some additional
features became highlighted representing subseafloor
lineaments, that are not clear from bathymetry alone. The
northwest lineaments are broadly parallel to the main
bounding structures and parallel to the dominant rift
orientation. The northeast-trending lineaments are most
well-developed in SFD3, and least developed in SFDI. In
contrast, northwest-trending lineaments are delineated by a
linear series of point source volcanic structures that are
dominant in SFD2.
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with the names and Type 4 subclass shown in brackets. White scale bar for inset images represents 1 km. Base layer represents BTM results from Figure 4. More
detailed information is given in Supplementary Table S2.
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FIGURE 7 | Lineament analysis of the EMB. Lineaments are separated into four groups: left-lateral transforms (the major structures); northeast-trending; curvilinear
(arcuate curved appearance); and northwest-trending. Lineament terminology is based on current structural interpretations described for the greater Manus Basin (e.g.,
Martinez and Taylor, 1996; Sinton et al., 2003). Black triangles identify the location of known volcanoes. Lineament orientation distribution shown in the inset.
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MORPHOTECTONIC INTERPRETATION

The four different SFDs identified for the EMB (Figure 5) record
different expressions of extensional faulting and graben
development, crustal thinning (as indicated by seafloor depth),
transtension accommodation, and active volcanism. These
characteristics are manifest in different stages of backarc basin
evolution (e.g., Parson and Wright, 1996; Fackler-Adams and
Busby, 1998; Sibuet et al., 1998; Caratori Tontini et al., 2019).

Morphotectonic Map of the

East Manus Basin

The new morphotectonic map of the EMB (Figure 8) identifies
important morphotectonic features of the EMB including: 1)
lineaments and structures that control extension, transform
motion, rifting and volcanism; 2) constructional, high-relief
volcanic features that punctuate the seafloor and lack
sedimentary cover; and 3) seafloor domains that form the
basis of determining rifting phases. The map presented here
shows the major morphotectonic components including
prominent extensional zones, transfer lineaments and
transform faults, and seafloor volcanic features associated with
rifting phases within the active basin.

Lineament and Structural Terminology

We use the term “accommodation zone” to describe an area of
strain between two sub-parallel, overlapping faults (Peacock et al.,
2000), or soft linkages where rift boundary faults are not

connected, but end and overlap (Zwaan and Schreurs, 2017).
Tip damage zones represent features that develop at the
terminations of transform faults and marks a jump in strain
localization (Kim et al., 2004; Peacock et al., 2016).

Bounding Faults

The two primary bounding faults of the EMB are the Dual Fault
in the west, and the Weitin Fault in the east (Figure 7). The
tectonic model of Martinez and Taylor (1996) had assumed that
these faults extend completely across the EMB. However, the
interpretation here is that the lineation terminates at the
intersection with the Kumul Ridge, where the orientation of
the lineaments sharply changes from 350° to 075° (Figure 7).
This interpretation requires that the Dual Fault terminates at the
Kumul Ridge (Figure 8). Consequently, the stress
accommodation of extension along the Dual Fault must be
taken up along the Kumul Ridge. This interpretation is
consistent with that of Lindley (2006) who suggested no
connection exists between the submarine faults of the EMB
and the major faults on the Gazelle Peninsula, eastern New
Britain (Figure 3).

The Weitin Fault is the eastern bounding structure of the EMB
(Figure 8; Martinez and Taylor, 1996) and is interpreted to
accommodate extension in the southeastern segment within
the EMB (Martinez and Taylor, 1996). A near-vertical, 200 m
high scarp dips steeply toward the St Georges Channel to the east
(Figure 9), along strike of the interpreted termination of the
Weitin Fault (Finlayson and Cull, 1973a; Lee and Ruellan, 2006;
Lindley, 2006). This scarp may represent the surface expression of

Frontiers in Earth Science | www.frontiersin.org

10

January 2021 | Volume 8 | Article 596727


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Dyriw et al.

Morphotectonic Analysis East Manus Basin

SuSu Knolls

-2000m

2
2

2000 3000

-2000mf

2016).

FIGURE 9 | 3D Transects across SFD 1 to SFD 2 around the SuSu Knolls area. (A) shows the boundary between SFD1 and SFD2 west of the SuSu Knolls, looking
to the southeast. The SuSu Knolls are in the top left of the figure. Inset is a profile and highlights the steep scarp that defines the boundary. Vertical exaggeration is 2.5x.
(B) 3D view of the St Georges Channel highlighting the fault scarp along the Weitin Fault trace. Image is 2.5x exaggerated and viewed to the northwest. Interpreted trace
of the left lateral Weitin Fault lies at the base of the scarp. (C) Plan view showing the transects in (A,B). Images and profiles were generated using QGIS (QGIS,

the steep faults of the transform fault system, consistent with
previous studies that suggest the Weitin Fault is a near-vertical,
large crustal-scale structure in southern New Ireland defining the
boundary between the South Bismarck and Pacific plates
(Lindley, 2006). However, evidence for displacement along the
fault from land-based geological mapping has proved
inconclusive, but the consensus is that the fault has both

vertical and lateral displacement (Hohnen, 1978; Lindley,
2006). Interpretation of recent seismic activity has identified a
left-lateral sense of motion at depths >10 km (moment tensor
data obtained from https://www.usgs.gov/natural-hazards/
earthquake-hazards/earthquakes—accessed May 18, 2019).
Previous studies showed the Weitin Fault terminating at
various locations along the eastern edge the EMB. However,
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FIGURE 10 | Curvilinear features northwest of the Weitin Fault. These features are previously described by Binns and Scott (1993). An interpreted fault termination

linear structures that could relate to the extension of the Weitin
Fault are not evident northwest of the Bugave Ridge (Figure 8). A
lack of linear features may result from: 1) heavy sediment cover
given this is a sediment-dominated region of the EMB (e.g.,
Figure 4); or, 2) the Weitin Fault terminating at the curved,
northeastern tip of the Bugave Ridge, which is the eastern edge of
SED1 (Figure 7). Support for the latter scenario comes from
seismic evidence that shows the locus of seismic activity does not
continue north along strike of the Weitin Fault, but rather steps
inboard at the Bugave Ridge across the EMB (Supplementary
Figure S1).

Interpretation of Curvilinear Structures

A distinctive feature of SFD4 are curvilinear units that occur as
bathymetric highs on the seafloor and propagate into the EMB
(Figure 10). These elevated curvilinear structures are observed
along-strike southeast and northwest of the Dual and Weitin
Faults, respectively (Figure 8). The structures observed along-
strike of the Weitin Fault, begin with the “tail” of the Bugave
Ridge. These features have been described as uplifted tectonic
blocks (Binns and Scott, 1993). However, the orientation, shape
and placement of these features are consistent with “tip damage”
zones (Kim et al., 2004). Such zones are common features of
transtensional rifting regimes wherein stress, strain and slip is
transferred at the termination of a transform fault (Wilson, 1965;
Kim et al., 2004; Peacock et al., 2016). These structures indicate
the transfer of strain toward zones of less stress and increased
weakness (Kim et al., 2004). The development of these structures
along-strike of the Weitin Fault likely reflects the increased strain
along that edge of the EMB due to proximity of the converging
Pacific Plate. The interpretation presented here proposes that
these structures represent tip damage zones, which is consistent
with the left-lateral shear sense of the two major faults.

Accordingly, these represent the zone of strain transfer and
mark the beginning of an accommodation zone in the
southern part of the EMB.

More generally, structures developed between the Dual and
Weitin faults are within the releasing bend of these major strike-
slip structures. Releasing bends are common features in
transtensional basins (Cunningham and Mann, 2007), where
the movement of transform faults at the basin edges
propagates across a rifting basin (e.g, Wu et al, 2009).
Accordingly, there must be structures accommodating
extension between the two damage zones of each transform
fault within SFD 2.

Normal Faults and Half-Grabens

A series of half-graben structures, with relay ramps, dominate the
deeper northwestern segment of the EMB within SFD3
(Figure 8). Figure 11 is a cross-section using true surface
bathymetry through the half-graben of the Kumul Ridge, with
an interpretation of the subsurface structures. The lineaments are
interpreted to be high-angle normal faults, with up to ~300 m of
vertical relief. An axial ridge runs the length of the rift axis. The
bounding faults of the half-grabens are high relief features on the
seafloor that are identified in SFD4 but are not volcanic, and are
distinguished by their asymmetry, smooth pixel texture and high
backscatter response on the downthrown edge. Relay ramps are
developed in the central and northeast regions of the half-graben
sequences indicating active extension (e.g., Figure 12; Gawthorpe
and Hurst, 1993; Peacock et al., 2016).

Normal faults are widespread across the EMB (Martinez and
Taylor, 1996; Lee and Ruellan, 2006). In the absence of seismic
data, linear features associated with asymmetric structures that
have a down-thrown side are interpreted as normal faults. A
series of linear, shallow-dipping features define the boundaries of
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FIGURE 11 | Cross-section showing half-graben development in the northwest zone. Section line A, A’ is shown in Figure 6. Sediment coverage estimated from
backscatter, and seismic interpretations (Martinez and Taylor, 1996; Auzende et al., 2000; Lee and Ruellan, 2006). This half-graben feature is discussed in previous
literature (e.g., Auzende et al., 2000). Extension of faults below the seafloor surface is interpreted. Sediment coverage estimated from patchy seismic data (P. Crowhurst,
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FIGURE 12 | Relay ramps within SFD3, associated with the Kumul Ridge. Relay ramp schematic after Fossen and Rotevatn (2016).
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SED2. Volcano type 4.4 (e.g., Pual Ridge), are bounded by high-
angle scarps interpreted as small normal faults. High-angle scarps
form the boundary between SFD 1 and 2, where subtle, linear
northeast-trending depressions can be observed within the
relatively shallow SFD1 (Figure 9). Vertical displacement
varies from 100 m to 200 m, along the length of the scarp,
which intersects a small cluster of northeast-trending edifices,
known as the SuSu Knolls (Figure 9). The high-angle and
displacement vector identifies the scarp as a normal fault, and
is consistent with interpretations by Martinez and Taylor (1996).
Farther to the northeast, the Bugave Ridge structure extends away
from the SuSu Knolls and continues to the edge of the EMB,
where it rotates to become a curvilinear feature (Figure 10).

Volcanoes and Volcanic Lineaments
The SuSu Knolls are a series of northwest-trending individual
edifices that lie at the southwestern end of the Bugave Ridge,

along strike of the Tumai Knoll (Figures 7). The SuSu Knolls,
including the northern most edifice Suzette, lie at the
transition between SFD1 and SFD2 (Figure 8). From this
point north, a series of constructional volcanic edifices
punctuate SFD2. The edifices are generally aligned in a
northwest direction, stepping left at regular intervals across
the EMB until they intersect the Yuam Ridge, the first of two
elongate ridges. Ridges have an en-échelon geometry,
connected to the Kumul Ridge by two knolls (Marmin
Knolls) with fissures at similar orientations.

Additionally, some of the individual volcanoes, i.e., conical
volcanoes and seamounts, are focused at the intersection of
northwest- and northeast-trending structures (Figure 13). This
relationship is important as these intersections may also represent
zones where dilation facilitates and focuses magma and fluid
migration, similar to dilational jogs proposed for some porphyry
Cu ore systems (Richards et al., 2001; Richards, 2003; Sillitoe, 2010).
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orthogonal rifting style in the northwest of the EMB (i.e. Kumul Ridge), and the southeast of the basin where extension is accommodated in a left-stepping
accommodation zone. The more complex accommodation zone hosts the significant seafloor mineralization discovered in the EMB. Specifically, mineralization develops
where cross-cutting structures intersect. Structural terms come from Gibbs (1984); Karson and Rona (1990); Mauduit and Dauteuil (1996); Kim et al. (2004); Wu

etal. (2009); Peacock et al. (2016). (B) A schematic interpreting the ~1 Myr evolution of the EMB. Pull-apart rifting generating the half-graben rifts is interpreted to occur
on the North Bismarck microplate; the left-stepping accommodation zone is interpreted to represent extension through the South Bismarck microplate. Note that the
Pual Ridge and the Kumul Ridge are assumed as relatively stationary. Abbreviations: PR, Pual Ridge; KR, Kumul Ridge; DES, DESMOS, UMBO, Umbo Knolls; SuSu,
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The intersection of the northwest-trending SuSu Knolls
(i.e., Suzette, North and South) lineament and northeast-
trending Bugave Ridge is an example of this relationship. In a
transtensional setting, points of crustal weakness develop along
fractures and lithospheric scale structures (Wu et al., 2009). In
extensional environments, locations of crustal weakness can be
utilized by ascending magmas (Clift and Leg, 1994; Parson and
Wright, 1996; Wright and Gamble, 1999; Wysoczanski et al.,
2010). The Okinawa Trough, for example, represents an analogue
of tectonic development from arc to backarc. In this system, the
associated structures control volcanism within the rifted
continental crust (Sibuet et al., 1987).

Volcanic features are developed along both the northwesterly
and northeasterly structural trends (e.g., Figure 7). Linear ridges
and fissures (e.g., Pual Ridge and the fissures associated with
Umbo knolls) trend northeast (Figure 8). With overall extension
in a northwest southeast direction, these features are extension-
normal structures wherein magmatism is focused along fissures.
Point source volcanic units, i.e., conical volcanoes, calderas and
knolls/seamounts (e.g., SuSu Knolls and Umbo Knolls) occur on
northwest trends. Northwest-trending series of linear clusters of
individual volcanic units dominate SFD2. These volcanic
lineaments are parallel with the regional bounding transform
faults (i.e., the Dual and Weitin faults) but occur at the
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intersection of northeast rift-parallel structures. The volcanic
units do not occur as a single lineament. Instead, the volcanic
lineaments are a series of left-stepping and offset to the west,
where they intersect the major volcanic ridges, and the lineament
terminates except for a small cluster of seamounts and fissures
(e.g., Marmin Knolls) on the eastern edge of SFD 3, northwest of
the Pual Ridge (Figure 8).

The en-échelon geometry of volcanic lineaments observed in
other active submarine basins, such as the Eastern Lau Spreading
Center (ESLC), has previously been suggested to be the
expression of rift accommodation zones (e.g., Parson and
Wright 1996). We propose these volcanic features represent
magma pathways at the intersection of two structures,
generated by the transtensional stress. The first tip damage
structure occurs along strike of the Bugave Ridge and this
marks the location of the initiation of stress transfer from the
Weitin Fault inbound (i.e., to the northwest). After the
termination of the Weitin Fault, the Bugave Ridge trends
approximately northeast-southwest.

Similar interpretations of small, linear volcano trends defining
crustal-scale structures, exist for other basins. In the NE Lau Basin
for example, volcanoes are distributed along lithospheric
structures that define microplate boundaries (Sleeper and
Martinez, 2016); in the Havre system, linear en-échelon trends
of volcanoes occur (Caratori Tontini et al., 2019). In the EMB, the
en-échelon alignment (Binns and Scott, 1993) of the volcanic
units and their apparent strong structural control highlights the
surface expression of the major fault structures that
accommodate rifting (e.g., Thal et al., 2014). The compilation
of volcanic features presented here supports this hypothesis and
show a systematic, linear distribution of volcanic units
throughout the southeastern segments. Within SFD 2, where
the volcanic units of South Su, North Su, Suzette and the Tumai
Ridge occur along a northwest transect. Subsequently, a major
conclusion of this interpretation is that the volcano distribution
in the EMB traces the microplate boundary and Bismarck Sea
Seismic Lineament.

DISCUSSION

Extension Within the East Manus Basin

A schematic interpretation of the primary lineaments and their
structural importance is shown in Figure 13. A disparity between
styles of extension accommodation exists. In the northwest, a
classic pull-apart system is prevalent, with high-angle normal
faults running perpendicular to a major transform fault (Dual), a
linear axial ridge (Kumul Ridge), and where volcanic edifices are
lacking (Figures 5, 7). This morphology and interpretation
conforms with the simple pull-apart model of Martinez and
Taylor (1996). However in the southeast, a series of left-
stepping interconnecting individual structures exist, aligned
broadly in a northwest direction and in an en-échelon array
(e.g., Binns and Scott, 1993). This pattern extends from the
northwestern tip of the Weitin Fault to the Kumul Ridge
(Figure 13). The disparities in styles of extension may be the
result of regional kinematics: the major Pacific Plate is likely

Morphotectonic Analysis East Manus Basin

coupled with the North Bismarck microplate resulting in a
northwest-directed extensional vector (e.g, Holm and
Richards, 2013; Holm et al., 2016).

The South Bismarck Plate is rotating clockwise in an arcuate
fashion in response to the high-angle oblique convergence
between the Australian and Pacific plates, and asymmetric
plate rollback at the New Britain Trench (e.g., Wallace et al,
2005; Wallace et al., 2009; Holm et al., 2016). Therefore, rather
than a simple pull-apart style, extension in the southeast is
accommodated by a transfer zone (Figure 13). In this zone, a
left stepping series of rift-parallel and transform-parallel
structures interconnect to accommodate extension in an
arcuate pattern. Described in earlier studies as en-échelon
(Binns and Scott, 1993; Martinez and Taylor, 1996; Auzende
et al., 2000), it is apparent this is an accommodation zone. The
accommodation zone is likely the result of extensional and strike-
slip components, as the thicker crust in that area crust responds to
the rapid (140 mm/year) extension driven by microplate rotation
(Martinez and Taylor, 1996; Wallace et al., 2004), and the overall
transtension generated by the oblique, rapid convergence of the
major Australian and Pacific plates (Baldwin et al., 2012).

Basin Evolution Phases

For the larger Manus Basin, the five phases of backarc basin
development (Parson and Wright, 1996) have progressed through
to seafloor spreading, taking place at the Manus Spreading Center
(Martinez and Taylor, 1996; Taylor and Martinez, 2003; Lee and
Ruellan, 2006). However, for the EMB, three phases of backarc
evolution are recognized and are specific to this extensional
system. These phases comprise of: Phase 1, incipient
extension; Phase 2, crustal rifting; and Phase 3, incipient
seafloor spreading.

Brunhes-Matuyama polarity calculations applied to magnetic
seafloor data provide the constraints to the absolute age limit to
rifting in the EMB (e.g., Binns and Scott, 1993; Martinez and
Taylor, 1996; Sinton et al., 2003; Lee and Ruellan, 2006).
Positively magnetized seafloor in the EMB identifies zones of
magmatism that are younger than the Brunhes-Matuyama
polarity reversal at ~0.78 Ma (Johnson, 1982; Bassinot et al.,
1994). These age limits are derived from the observation of
thin slithers of ‘positive’ crust intersecting ‘negative’ pre-
existing arc crust. Therefore, the associated seafloor volcanism
is limited to <0.78 Ma. Sulfide mineralization at Suzette is
interpreted to form from 6,000 years to present (Johns et al.,
2014). The SuSu Knolls are volcanically active (Thal et al., 2016),
with an eruption suspected in 2015 (Crone and Bohnenstiehl,
2019). The following rifting phases are interpreted with these age
constraints.

Figure 14 illustrates the spatial extent of the three phases of
basin development based on the identified seafloor domains.
Despite the EMB being smaller, younger, and associated with
more extreme microplate kinematics, similarities in
morphotectonic characteristics between the EMB and other
modern backarc basins still exist. Table 1 summaries the
features of the three phases of the EMB which are broadly
similar but not identical to those listed in Supplementary
Table S1.
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We emphasize observations of the seafloor are a temporal
snapshot of basin evolution. Assuming that local plate kinematics
have to a first approximation remained constant, each rift phase
evolves directly from the previous phase such that rifting
progresses to crustal rupture and spreading center
development (Karig, 1970; Parson and Wright, 1996; Caratori
Tontini et al., 2019). Through this continuum, there can be some
superposition of rift phases, and some areas likely preserve
remnants of prior phases leading to more complexity. For
example, the andesitic to dacitic Sonne Knoll, a volcanic
feature on the Pual Ridge (Thal et al, 2014), may be a
remnant of Phase 1 style volcanism. Although located within
Phase 2 extended crust, the Sonne Knoll is compositionally
similar to that of SuSu Knolls, and shares similarity in that it
has a more conical style morphology yet is distinct from the
surrounding rocks of the Pual Ridge (e.g., Sinton et al., 2003; Thal
et al., 2014; Beier et al.,, 2015). More detailed analysis of the three
phases of EMB evolution follows.

Phase 1-Extension of Pre-existing Arc Crust

Phase 1 is a period of incipient extension of existing arc crust
(Table 1; Figure 8). SFD1 exhibits characteristic features of Phase
1 rifting, involving extension of crust coeval with poorly
developed, incipient faulting. Phase 1 is characterized by:

(1) Relatively shallow (average depth ~1,670 mbsl; std. dev
~210m) but undulating bathymetry (range = 817 to
2,149 mbsl) as represented by SFD1;

(2) A paucity of established lineaments (Figure 7), and seafloor
structure (except at seafloor domain boundaries);

(3) Volcanic edifices that are conical volcanoes and calderas:
examples include North Su, and the collapsed vent structure
of the South Su volcano; and Tuvai Caldera, offshore New
Britain (e.g., Patia et al., 2017).

The seafloor is relatively shallow because of the comparatively
thick, preexisting arc crust (~15 km) comprising SFD1 (Finlayson
and Cull, 1973b). The SFD1 domains are adjacent to the subaerial
islands of New Britain and New Ireland where crustal thicknesses
increase up to 32-35km (Finlayson and Cull, 1973a; Finlayson
and Cull, 1973b). Few lineaments can be identified (Figure 7),
even in regions where little sediment cover exists (e.g., Figure 4).
Lineament development and intensity increases toward the
boundary with SFD2 domains, which is accompanied by
increasing undulations of seafloor elevation.

In both modern and ancient submarine extensional basins,
volcanic and structural information has been used to delineate
changes in rifting phase (Table 1; Clift and Leg, 1994;
Parson and Wright, 1996; Fackler-Adams and Busby, 1998).
The characteristics of volcanic expression and erupted
compositions reflect changes in rift phase such as from
caldera/conical volcanoes erupting silicic magmas to fissure-
fed volcanoes erupting mafic magmas (Fackler-Adams and
Busby, 1998). Similar morphological transitions are evident
in the EMB. Between the boundary of Phase 1 and Phase 2
seafloor, the volcanic morphology transitions from conical
volcanoes, to flat top seamounts and small knolls with
radiating fissures (SuSu Knolls to Umbo Knolls; Figure 8)
Furthermore, this morphological change is concomitant with
an increase in normal faulting (e.g., Figure 8).
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Phase 2-Crustal Rifting

Phase 2 is represented by SFD2 domains, which are areas within
the EMB experiencing at least the early stages of crustal rifting
(Table 1; Figure 8). Key features of Phase 2 areas include:

(1) Abundant normal faults with small throws;

(2) A central constructional volcanic zone made up of knolls and
flat top knolls with radiating fissures (Tumbo Knoll and
Umbo Knolls) and a caldera (i.e., DESMOS);

Distinctly deeper (average depth ~2055mbsl; std. dev
~100mbsl) and  smooth  seafloor  (range =
1,490-2,328 mbsl), especially on the outer flanks upon
which sedimentary depocenter(s) have developed.

3)

More extended and presumably thinner crust is indicated by
the depth of the seafloor, but this is not yet confirmed by
geophysics (Finlayson and Cull, 1973b). Normal faults have
greater along-strike continuity compared with the lineaments
and faults observed across Phase 1 areas. Larger elevation
changes are observed across the normal faults (up to 150 m),
and where associated with volcanic ridges, the normal faults
have opposing dips (northwest- and southeast-facing). These
interpretations are consistent with past regional studies of the
area (e.g., Martinez and Taylor, 1996; Auzende et al., 2000;
Brandl et al., 2020).

Sediment cover is interpreted to dominate SFD2 as indicated
by backscatter response and exceptionally smooth seafloor
away from the central belt of volcanoes (Figure. 2). Based
on the low reflectivity and smooth seafloor, we suggest shallow
graben-half-graben systems across Phase 2 have been partly
filled with sediment. Increased sedimentation filling fault
depressions is a feature similar to those observed in the
fault-bounded sediment-filled grabens of the offshore
sections of the Taupo Volcanic Zone (Parson and Wright,
1996). We note the smoothest seafloor in SFD2 (Figure 4) is
located in a similar position to the depocenters created in
analogue models, which predict development of depocenters
on the outer flanks of the rift within transtensional systems
(e.g., Wu et al., 2009).

Volcanic features developed in Phase 2 form an approximately
northwest-trending belt. Spatially, the volcano type changes from
knolls and seamounts (e.g., Tumbo Knolls) at the eastern margin,
to ridges and fissures in the west (e.g., Pual Ridge, Marmin Knolls;
Figure 4). Ridges and fissures are northwest-striking, parallel to
the regional extensional orientation (Martinez and Taylor, 1996).
The association of more abundant northwest-striking normal
faulting with volcanic ridges and fissures indicates volcanism is
strongly syn-extensional in SFD2.

Of note is that the volcanic edifices and structures exhibit an offset
or a series of left-steps across SFD2, (Figure 13-accommodation
zone). The left-stepping, en-échelon nature of the volcanic edifices is
interpreted to result from accommodation through this zone, and
reflects the transtensional nature of rifting in this part of the EMB
(e.g., Figure 13; Binns and Scott, 1993). This transfer zone represents
the extension of the Bismarck Sea Seismic Lineament through Phase
2 (Figure 14).

Morphotectonic Analysis East Manus Basin

Phase 3-Nascent Organized Half-Graben System and
Axial Volcanism

Phase three represents seafloor areas within the EMB that have
experienced more protracted rifting and crustal thinning, as
exemplified by SFD3. It is similar to Phase 3 of Parson and
Wright, 1996 (Table 1). The Pual Ridge (Figure 8) marks the
boundary between Phase 2 and Phase 3 and the corresponding
SED. Phase 3 is characterized by:

(1) Deeper seafloor (average ~2,330 mbsl; std. dev ~200 mbsl);

(2) A set of mid-to high-angle, south-dipping, inward-facing,
normal faults, part of half-graben structures, and relay ramp;

(3) A linear axial volcanic ridge; and

(4) A lack of volcanism to the northwest of the axial ridge.

A well-developed half-graben sequence is observed along the
Dual Fault (Figure 11). The half-grabens are ~30 km wide and
can be traced for ~20 km along strike. A set of relay ramps
observed to the northwest of the axial ridge confirm a kinematic
linkage of normal faults (Figure 12). Backscatter response
confirms the half grabens are sediment-filled. Similar half-
graben systems have been described from the Ngatoroirangi
Rift, Southern Havre Trough (Wysoczanski et al., 2010), and
the evolution of the western and eastern Havre Trough (e.g.,
Caratori Tontini et al, 2019). The lack of constructional
volcanoes in this area is consistent with observations from the
Rumble and Ngatoro rifts in the southern Havre Trough (Parson
and Wright, 1996). We conclude extensional tectonism is
recorded by SFD3 and it shares morphological, structural, and
volcanic similarities with Phase 3 of Parson and Wright (1996).

The elevated axial ridge and a flanking graben structure at the
Kumul Ridge are features indicative of recent volcanism and
nascent seafloor spreading (e.g., Figure 11; Parr and Binns, 1997).
These features are consistent with those described and observed
in other rifts in the Southwest Pacific. For example, the
Ngatoroirangi Rift in the Havre Trough exhibits a similar axial
valley high, produced by pillow and lobate flows, within the broad
graben (Wysoczanski et al., 2010). Furthermore, dominant fault
scarps extending 20-30 km sub-parallel to the axial ridge, with
throws of ~200-250m are features of fast-spreading ridges
(Carbotte and Macdonald, 1994). It is unlikely the Kumul
Ridge has produced large volumes of lava, based on seafloor
magnetization and Brunhes-Matuyama results from the
SeaMARC survey (Martinez and Taylor, 1996), and the small
extent of the axial ridge in the bathymetric data. Seismic evidence
suggests the axial trace may still be active.

We propose that the Kumul Ridge is not currently a true
oceanic spreading center given the absence of a seafloor magnetic
signature as observed for the Manus Spreading Center (Figure 3;
Martinez and Taylor, 1996). The muted magnetic response over
the Kumul Ridge indicates limited magmatism has occurred over
the last one Myr (Martinez and Taylor, 1996; Lee and Ruellan,
2006). Furthermore, the axial ridge is a half-graben rift developed
normal to the Dual transform fault. Compositions from a limited
number of basaltic samples collected by CSIRO from the Kumul
Ridge have a backarc basin signature (eg, higher large ion
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lithophile elements, SiO,, Al,O5; and H,O; and low FeO*, TiO,,
and CaO, and are light rare earth element enriched compared to
MORB). These rocks are also geochemically distinct compared to
other samples collected further to the southeast from DESMOS
to Bugave Ridge, which exhibit a progressively increasing arc-like
geochemical signature (Sinton et al., 2003; Park et al., 2010).

Bismarck Sea Seismic Lineament

Defining the extension of the Bismarck Sea Seismic Lineament
(BSSL) into the EMB is crucial to understanding the
development of rifting and volcanism. The BSSL is the plate
boundary between the microplates of the Bismarck Sea: the
North Bismarck, South Bismarck and Manus Microplates
(Figure 3; Martinez and Taylor, 1996). To date, extension of
the BSSL into the EMB has not been well documented. Figure 14
illustrates schematically the spatial distribution of the rift phases
and identifies the possible trace of the BSSL. This interpreted
trace of the BSSL is consistent with an active, shallow (<50 km)
zone of seismicity coincident with volcanic features at the
surface (Supplementary Figure S1). We propose the BSSL
extends into the EMB at the termination of the Dual Fault,
along the Kumul Ridge, and broadly tracks the location of
volcanic features at surface (Figure 14). This interpretation is
based on the termination of the transfer faults, occurrence of tip
damage zone, and the density and spatial distribution of the
shallow (<20 km) earthquakes.

Rifting Models for the East Manus Basin
The kinematic and structural model of Martinez and Taylor
(1996) for the EMB outlines a symmetric, pull-apart basin
setting. Two bounding transform faults are a requirement of
this model to accommodate the observed extension and rifting,
and to develop a symmetrical pull-apart basin. In a young,
modern rifting system, these transform faults should be
evident at the surface as dominant linear features, such as in
the Gulf of California (Lonsdale, 1989; Ferrari et al., 2013). We
identify two aspects of this model that require modification given
the data presented here: 1) basin symmetry and seafloor
expression of the bounding transform faults; and 2) the
development of half-graben systems.

The western edge of the Weitin Fault lacks seafloor
morphological features that are characteristic of half-graben
sequences (Figure 8). The scarp along the edge of the Weitin
Fault marks the edge of SFD1, and the relatively shallower, gently
undulating seafloor of SFD1 generally lacks evidence of well-
developed normal faults like those north of the Kumul Ridge in
SED3 (Figure 8). The extent and distribution of the different SFD
across the EMB also lack symmetry. Therefore, considering that
the seafloor varies markedly in the northern and southern
sections, a revised interpretation of the EMB rifting phases is
needed.

Archetypal active back-arc basins such as the Lau-Havre
Trough system (Karig, 1970; Parson and Wright, 1996;
Caratori Tontini et al, 2019) and Marianas (Martinez and
Taylor, 2003; Stern et al, 2003; Pearce et al., 2005) have
developed along long convergent plate boundaries with long
histories of continuous subduction between large tectonic
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plates (e.g., Australia-Pacific). In the EMB, the rifting
environment is more complex and is due to the combination of:

(1) Rapid microplate rotation (Tregoning et al., 2000; Tregoning,
2002; Wallace et al., 2005);

(2) The oblique and rapid convergence of the Pacific and
Australian plates (Baldwin et al., 2012);

(3) Plate coupling between the North Bismarck Microplate and
the Pacific Plate (Martinez and Taylor, 1996);

(4) Relatively thick, pre-existing arc crust (Finlayson and Cull,
1973a; Finlayson and Cull, 1973b);

(5) Deep and steep subduction (Holm and Richards, 2013);

(6) Oblique slab rollback (Holm et al., 2016); and

(7) A plate tear on the subducting Solomon Sea slab (Holm and

Richards, 2013).

Extension in the EMB has been ongoing over the last
~1 Myr (Martinez and Taylor, 1996; Kamenetsky et al,
2001). Seafloor characteristics observed in the EMB
highlight the diversity of features generated in the earliest
stages in the transition from an arc to backarc basin: varied
bathymetry and volcano morphology exist in these transitional
terrains. Therefore, the associated characteristics observed in
the EMB should be used as a guide for observation of other
modern systems in very early stages of arc to backarc transition
rather than for a direct comparison with more mature backarc
basin systems.

Implications for Mineralization in the East

Manus Basin

This study now places the known SMS deposits of the EMB in a
morphotectonic context. An improved tectono-magmatic
understanding is critical for the deposits in the EMB, because
recent studies of mineralization suggest direct magmatic
involvement in the formation of these deposits, both in the
EMB (Yang and Scott, 2002; 2005; Yeats et al., 2014; Dekov
et al, 2016) and in other arc-backarc systems in the Southwest
Pacific (de Ronde et al., 2005; Wysoczanski et al., 2012; Li et al,,
2016). Significant SMS are associated with point source volcanoes
at the intersection of the northwest- and northeast-trending
structures. This relationship is best illustrated at the
intersection of the Bugave Ridge and the SuSu Knolls
(Figure 13). The Suzette edifice lies directly on top of this
intersection and hosts the Solwara 1 Cu-SMS ore deposit
(Lipton, 2012; Yeats et al., 2014). Most other SMS deposits in
the EMB are associated with edifices at these intersections and are
restricted to SFD1 and SFD2.

We propose the morphotectonic setting in the EMB is
significant in terms of localization of mineralization. This
relationship is observed for magmatic-hydrothermal systems in
other settings such as those of porphyry Cu deposits in tectonically
complex crustal settings. For example, the combination of oblique
plate convergence at crustal boundaries (Richards, 2009),
subduction and structural intersections that generate dilational
zones (Wu et al., 2009; Piquer et al., 2016) are critical for Cu-Au ore
deposit formation (e.g., Escondido and Chuquicamata, Chile
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(Richards et al., 2001; Sillitoe, 2010; Hervé et al., 2012; Rivera
et al., 2012). Identifying, and exploring for these structures are
common practice employed in porphyry Cu-Au and epithermal
exploration (Glen and Walshe, 1999; Richards, 2003; Sillitoe,
2010; Glen, 2013). Furthermore, observations from some
Australian VMS terrains propose that primary syn-volcanic
faults are important in ore-focusing, but are generally hard
to distinguish (Large, 1992). As demonstrated here, a
relationship exists between volcanism and cross-cutting rift-
parallel and rift-oblique structures, and these components are
intimately linked to mineralized SMS systems (e.g., Figures
13, 14).

A critical interpretation here is the accommodation zone acts
as a releasing bend within the extending crust in the EMB. We
propose that this fault network develops dilational conduits,
where magma and fluid can migrate and undergo focused flow
to the surface. This structural setting may account for the
disparity of known SMS north of the Pual Ridge, where simple
pull-apart rifting dominates, and lacks these dilational conduits.
Evidence from the morphotectonic framework presented here
suggests syn-volcanic faults are directly related to focusing
magmatic activity and ore-generating fluids in early rifting arc
to back arc terrains.

CONCLUSION

The compilation of open source and proprietary industry
geophysical data has culminated in the first morphotectonic
map of the EMB (Figure 8). The geomorphometric analysis
provided a technique to assess the nature of rifting in the EMB,
in the general absence of seismic data. Seafloor modeling of
bathymetric data using the BTM software identified four
distinct seafloor domains. A series of structural and volcano-
morphological features associated with each phase presents an
opportunity to examine the relationship between the phases of
basin development, structures, volcanism, and associated
mineralization. Within each phase, the basin-bounding faults
and volcanism reflect a complex but non-unique set of features
that develop in different seafloor domains during the evolution
from an arc to backarc environment.

The EMB exhibits three phases of rifting from ‘early extension
of pre-existing crust’ to ‘nascent seafloor spreading’. Phase 1
represents the early extension of pre-existing arc crust, and
particularly characterizes the southern margin of the EMB.
The high-angle fault scarp along the northern edge of Phase 1,
and the linear series of volcanic units (the SuSu Knolls), spatially
mark the transition of Phase 1 to Phase 2. This sharp transition is
important because it signals a change to more organized rift
structures and has spatial-temporal context to mineralization.
Rift-parallel ridges (Pual and Yuam) mark the transition between
Phase 2 and Phase 3. An organized half-graben system
exemplifies Phase 3 rifting. In the deepest locations, rifting has
evolved to form a ridge high and marks the transition to nascent
seafloor spreading.

Morphotectonic Analysis East Manus Basin

The pre-existing crust is progressively thinned from Phase 1
to Phase 3. The presence of half-graben structures in Phase 3
suggest that the crust there has undergone more extension than
in Phase 1. Half-graben structures are not present in Phase 1
because the thicker crust that underlies those regions has
undergone limited extension. The variation in seafloor
characteristics are also a consequence of the plate kinematics.
Specifically, the orientation of the convergence of the Pacific
Plate into the southern half of the EMB is at a lower angle than
in the north (e.g., Hall, 2002; Bird, 2003). Using these regional
kinematic indicators is critical for the local scale interpretation
of rifting within the EMB. Major plate convergence combined
with the juxtaposed rotation of the microplates results in a
greater transtensional stress in the southern half of the EMB. It
is the interaction of these macro-to microplate kinematics that
leads to the varied extension and accommodation styles in
the EMB.

Two principal structural components are interpreted to
control rifting. The first is a northeast-trending, rift-parallel
structural fabric that accommodates extension. The second is a
series of northwest-trending volcanic-defined lineaments that
represent accommodation zones, which transfer the stress
associated with the oblique convergence of the Pacific and
Bismarck microplates plates, particularly across Phase 1 and
Phase 2.

The observations and interpretations here suggest that
primary structural intersections are important for modern
extensional magmatic-hydrothermal provinces, like the EMB.
These structural intersections form dilational features along
fault bends that may act as conduits for magma and fluid
migration. Within the EMB, significant Cu mineralization
occurs at the intersection of northwest-and northeast-trending
structures. Solwara 1 Cu-Au SMS deposit is located at the
intersection of the rift-parallel Bugave Ridge and the transfer-
parallel SuSu Knolls volcanic lineament. This association
indicates that economic Cu mineralization may be intimately
linked to these intersecting structures and the transition between
early rifting Phases 1 and 2.
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