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e We present new marine geophysical
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e We show that the ridge is not inherited
from Cretaceous rifting that led to
isolation of Zealandia but from the
TECTA Cenozoic tectonic event

e Analysis of the structure and evolution
of Norfolk Ridge underpins our
understanding of tectonic processes of
subduction initiation
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Abstract Norfolk Ridge bounds the northeastern edge of the continent of Zealandia and is proximal

to where Cenozoic Tonga-Kermadec subduction initiation occurred. We present and analyze new seismic
reflection, bathymetric and rock data from Norfolk Ridge that show it is composed of a thick sedimentary
succession and that it was formed and acquired its present-day ridge physiography and architecture during
Eocene to Oligocene uplift, emergence and erosion. Contemporaneous subsidence of the adjacent New
Caledonia Trough shaped the western slope of Norfolk Ridge and was accompanied by volcanism. Neogene
extension along the eastern slope of Norfolk Ridge led to the opening of the Norfolk Basin. Our observations
reveal little or no contractional deformation, in contrast to observations elsewhere in Zealandia, and are hence
significant for understanding the mechanics of subduction initiation. We suggest that subduction nucleated
north of Norfolk Ridge and propagated rapidly along the ridge during the period 40-35 Ma, giving it a

linear and narrow shape. Slab roll-back following subduction initiation may have preserved the ridge and
created its eastern flank. Our observations suggest that pre-existing structures, which were likely inherited
from Cretaceous Gondwana subduction, were well-oriented to propagate rupture and create self-sustaining
subduction.

Plain Language Summary Plate tectonic theory established and proved that the surface of Earth is
composed of rigid moving plates, but it remains unclear how and why these plates sometimes re-configure their
boundaries and motions. Subduction zones are places where two plates converge and one plunges deep into the
Earth beneath the other one. As the plate sinks, it drags the rest of the plate with it and acts as an engine that
“pulls” the plate and drives horizontal motion. This is what drives the dynamics of plate tectonics. How are
subduction zones created? This remains an open question, but we know from geological observations that new
subduction zones do get created: more than half of all active subduction zones were created after the dinosaurs
died out 65 million years ago. We present new observations from northern Zealandia (a submerged continent
between New Zealand and New Caledonia) that document how one of the largest subduction zones on Earth,
the Tonga-Kermadec system, started.

1. Introduction

Subduction zones are the main drivers of plate tectonic motion, but where, when and how subduction initi-
ates remains an open science question and is one of the last great unknowns of plate tectonic theory (Arculus
etal., 2019; Cloetingh et al., 1989; Lallemand & Arcay, 2021; Stern & Gerya, 2018). Numerical modeling suggests
two end-member competing mechanisms: forced or spontaneous nucleation (Gurnis et al., 2004; Stern, 2004).
Spontaneous nucleation occurs when an old cold gravitationally unstable lithosphere next to a younger more
buoyant lithosphere sinks under its own weight into the asthenosphere. In that case, models predict subsidence,
extension and rift-associated magmatism during initiation (Arculus et al., 2015; Leng & Gurnis, 2015; Stern
& Gerya, 2018). Forced nucleation occurs when external factors induce compressional stresses within a plate
and force the lithosphere down into the mantle along a zone of preexisting weakness, such as a mid-ocean ridge
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or a fracture zone (Gurnis et al., 2004; Hall et al., 2003). In that case, models predict a high state of stress and
100-150 km of shortening in order to create a fault, followed by rapid uplift on the hanging wall, the proto-forearc,
and subsidence of the footwall in the proto-trench (Gurnis et al., 2004).

Comprehensive geological records of subduction initiation are sparse. Studies from the [zu-Bonin-Mariana (IBM)
(Arculus et al., 2015; Leng & Gurnis, 2015) and the Tonga-Kermadec systems (Stratford et al., 2022; Sutherland
et al., 2017, 2020) reveal contrasted results and interpretations. Rock records from the Amami Sankaku Basin
and from the forearc of the IBM subduction zone reveal that incipient stages of the IBM system were marked by
subsidence and seafloor spreading, suggesting that the IBM system initiated spontaneously at ca. 50 Ma (Arculus
et al., 2015).

Seismic reflection data and rock samples from northern Zealandia reveal that the initiation of Tonga Kermadec
subduction caused compression in the overriding plate after 53—48 Ma that lasted until 37-34 Ma. This is the
so-called Tectonic Event of the Tasman Area (TECTA), and suggests induced initiation (Stratford et al., 2022;
Sutherland et al., 2017). Based on results from the International Ocean Discovery Program (IODP) Expedition
371, Sutherland et al. (2020) propose that Tonga Kermadec subduction nucleated in the north and a subduction
initiation rupture event, which combines spontaneous and dynamically forced mechanisms, propagated south-
ward. Termination of the subduction rupture event at its southern-most extent was associated with widespread
TECTA deformation. Deep seismic imaging of the Puysegur subduction zone in the south Tasman Sea, which is
currently in a state of forced nucleation, corroborates this idea because it shows that inherited buoyancy contrasts
and structural weaknesses play a key role in subduction initiation (Shuck et al., 2021).

The Norfolk Ridge is a continental ribbon at the eastern edge of northern Zealandia (Mortimer et al., 2017).
It is located in a key position at the boundary between Neogene volcanic arcs and backarc basins to the east
and Paleozoic and Mesozoic basement rocks overlain by Cretaceous-Cenozoic sedimentary basins to the west
(Figure 1) (Collot et al., 2009, 2012; Maurizot, Bordenave, et al., 2020; Maurizot, Cluzel, Meffre, et al., 2020;
Mortimer, 2004; Sutherland, 1999). The Norfolk Ridge is proximal to where Tonga Kermadec subduction initia-
tion is hypothesized to have taken place and constitutes the margins of the enigmatic New Caledonia and Norfolk
basins (DiCaprio et al., 2009; Gurnis et al., 2004; Sutherland et al., 2010, 2017, 2020). Norfolk Ridge is mostly
submarine but emerges in New Caledonia, Norfolk Island, and northern New Zealand. The geology of New Cale-
donia and northern New Zealand is well known (Isaac, 1996; Maurizot and Mortimer, 2020; Rait et al., 1991) and
the stratigraphy around the transition zone at the southern end of Norfolk Ridge, Reinga Basin, is well surveyed
and was drilled at IODP Site U1508 (Bache et al., 2012; Orr et al., 2020; Stratford et al., 2022; Sutherland
et al., 2020). However, because data coverage over Norfolk Ridge is poor, the structure, geology and stratigraphy
of the ridge remain undocumented. Studying this ridge offers a unique opportunity to depict subduction initiation
processes.

We present new geophysical and geological data from two voyages (TECTA and VESPA) conducted on RV L'At-
alante in 2015 (Collot et al., 2016; Patriat et al., 2015). We describe and analyze the Cenozoic stratigraphy and
structural style of Norfolk Ridge and discuss implications for understanding the tectonic evolution of the region
with respect to subduction initiation processes. This paper is the first comprehensive description of Norfolk
Ridge, which is ~1,500 km long and lies in a key location for understanding the Cenozoic tectonic development
of the region.

2. Tectonic and Geological Setting
2.1. Geodynamics

During the Jurassic to Early Cretaceous time, Zealandia (Figure 1) was located along the eastern convergent
margin of the Gondwana super-continent and regions that were to become New Caledonia and northeastern
New Zealand were in a forearc position (Cluzel & Meffre, 2002). Widespread continental rifting affected this
region during the early Late Cretaceous (~110-80 Ma) and subsequent Late Cretaceous to early Eocene seafloor
spreading of the Tasman Sea (83-52 Ma) isolated Zealandia from Gondwana (Gaina et al., 1998; Hayes &
Ringis, 1973).

Relative plate motions can be considered in three main phases (Collot et al., 2020): (a) a period of Tasman Sea
opening from 83 to 52 Ma; (b) a transition period from 52 to 43 Ma involving subduction initiation; and (c) a
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Figure 1. The SW Pacific region. (a) Regional bathymetric map. (b) Regional map showing the nature of basement, after Collot et al. (2012). Black line outlines

the Zealandia continent. Dashed arrows show the movement (retreat) of the Tonga Kermadec subduction zone, in a schematic fashion (actual backarc basin opening
directions are more complex). The black rectangle outlines the location of Figure 2. AUS: Australia, TS: Tasman Sea, LHR: Lord Howe Rise, NC: New Caledonia,
NCT: New Caledonia Trough, NR: Norfolk Ridge, RB: Reinga Basin, DEC: D'Entrecasteaux Ridge, NB: Norfolk Basin, LR: Loyalty Ridge, 3KR: Three Kings Ridge,
NFB: North Fiji Basin, SFB: South Fiji Basin, LCR: Lau Colville Ridge, LB: Lau Basin, TKR: Tonga Kermadec Ridge, PP: Pacific Plate, NZ: New Zealand.

period after 43 Ma during which Tonga Kermadec subduction evolved into its present state where the Pacific
Plate subducts beneath the Australian Plate and retreats eastward. The Tasman Sea opening separated northern
Zealandia from Australia, but it remains unclear whether northern Zealandia was part of the Pacific plate before
52 Ma (Steinberger et al., 2004). Southwest Pacific plate closure calculations cannot reliably resolve any motion
between northern Zealandia and the Pacific plate during the interval 83-52 Ma, but several authors have proposed
the possibility of subduction zones with back-arc basins (with minor net motion) between the Pacific plate and
Norfolk Ridge during this time (Cluzel et al., 2001, 2006; Collot et al., 2020; Matthews et al., 2015; Schellart
et al., 2006). At ~52 Ma, the Tasman Sea stopped spreading, IBM subduction nucleated, and absolute motion
of the Pacific plate started to change, as manifested by the Emperor-Hawaii seamount chain geometry (Arculus
etal., 2015; Gaina et al., 1998; O'Connor et al., 2013). By 43 Ma, western Pacific subduction systems were estab-
lished from Japan to Tonga (Meffre et al., 2012; Reagan et al., 2010), the Emperor-Hawaii bend was complete
(O'Connor et al., 2013), and Australia started to move rapidly northwards, away from Antarctica and toward the
western Pacific (Cande & Stock, 2004).

Most geological structures located between the Norfolk Ridge and the active subduction systems of Tonga Kerma-
dec and Vanuatu are thought to be younger than 43 Ma (Sdrolias et al., 2003). A few Cretaceous basalts have
been dated from the Tonga forearc (Falloon et al., 2014) and Archean to Cretaceous xenocrysts are reported from
arc volcanic rocks of the Solomon Islands and Espiritu Santo (Buys et al., 2014; Tapster et al., 2014), but they
remain anomalies in what is otherwise a region dominated by arcs and back-arc basins younger than 43 Ma. The
oldest arc rocks found in the Tonga forearc are ~45-48 Ma (Bloomer et al., 1995; Duncan et al., 1985; McDougall
et al., 1994; Meffre et al., 2012). The Norfolk Basin is located immediately east of Norfolk Ridge and is thought
to have opened as the back-arc of westward-dipping and eastward retreating Tonga Kermadec subduction, but
the basin may contain hyper-extended continental fragments that were previously contiguous with the Norfolk
Ridge (DiCaprio et al., 2009). Three Kings Ridge (Figure 1) is a relic Oligocene to early Miocene arc (Agranier
et al., 2023; Gans et al., 2022; Mortimer et al., 1998), and is offset from its northern equivalent, Loyalty Ridge,
by the Cook Fracture Zone (Figure 2). Magnetic anomaly and seafloor fabric interpretation combined with the

COLLOT ET AL.

3 0f 23

85U8017 SUOWWIOD @AIEaI 3(dedl|dde au Aq peusenoh ae sl VO ‘88N JO s3I 10} Ariq1T 8Ul|UO /8|1 UO (SUOTIPUOD-PUR-SLBY/LID A8 | 1M ARe.q 1 [BU 1 [UO//:SdNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/€0/20] U0 AriqiTauljuo AB|IM ‘InZe,d 8100 81SeAIUN AQ TZZ0T00D2202/620T 0T/I0p/w0d A8 i Ake.q 1 put|uo'sgndnBey/:sdny woy pepeojumod ‘€ ‘€202 *£20252ST



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010721

25°S

Us
>
A

25°S

30°S

-

) N
: <H9nQH.L VINOGE'!VO M3

8
w4

N,

35°S
~
30°S

. SOUTHERN
'=4 NORFOLK
| BASIN

B ()

4000 3500  -3000  -2500 2000  -1500  -1000  -500

Figure 2. (a) Bathymetric map of the area between New Caledonia and Northland New Zealand. (b) Inset location map

of Norfolk Ridge. Stars indicate dredge locations. DR1 to DR7 are from the VESPA cruise. DR10 is from SS01/2003. The
red circle is the position of the International Ocean Discovery Program site U1507. Bold black lines represent reflection
seismic profiles shown in this paper. Dashed line is the position of the wide-angle seismic profile Z1107. LHR: Lord Howe
Rise, WNCT: West New Caledonia Basin, WNR: West Norfolk Ridge, WR: Wanganella Ridge, RR: Reinga Ridge, MR:
Maria Ridge, VMFZ: Vening Meinesz Fracture Zone. Bathymetric data is a combination of satellite altimetry data (Smith &
Sandwell, 1997) and a compilation of shipborne multibeam data (Karthikeyan et al., 2022).

age of dredged rocks show that Cook Fracture Zone activity was synchronous with the opening of the South Fiji
and Norfolk basins during the interval 34—15 Ma (Herzer et al., 2011).

It has been suggested on the basis of field observations from New Caledonia that several microplates were active
and several subduction flips took place during the interval 70 to 50 Ma (Aitchison et al., 1995; Cluzel et al., 2001;
Schellart et al., 2006; Whattam, 2009). In these models, the South Loyalty Basin (Figures 1, Figure 2) opens
as a backarc basin to a west-dipping eastward-retreating subduction that flips at ~50 Ma into an east-dipping
westward-retreating subduction. Once the South Loyalty Basin was entirely consumed, its margin (Norfolk
Ridge) presumably entered the subduction zone and became locked during the Eocene, leading to obduction in
New Caledonia. However, no Paleocene or Eocene volcanic arc has been found to support this interpretation. For
a review of these geodynamic models, see Collot et al. (2020).

2.2. Physiography and Geology of Norfolk Ridge

Norfolk Ridge is oriented north-south, is 1,500 km long and 50-100 km wide. It is connected to Grande Terre,
New Caledonia, in the north and to Northland, New Zealand, in the south (Figures 1, Figure 2) (Collot et al., 2009;
Eade, 1988; Ravenne et al., 1977). Its crest is typically at 1,000-1,200 m below sea level, except along two
shallower terraces: one is located between 26°S and 27.5°S at 500-700 m water depth, and the other is around
Norfolk Island at 50-100 m water depth (Figure 2). Quaternary coral reefs and intraplate basalts dated at 2-3 Ma
crop out on Norfolk Island (Jones & McDougall, 1973). Seven unnamed seamounts (white ellipses in Figure 2b),
ranging from 10 to 40 km in diameter and 1-2 km in height and with tops culminating at 500—100 m water-depth,
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are located on the western flank of the ridge (Mortimer et al., 2020). The western slope of Norfolk Ridge deep-
ens toward the New Caledonia Trough (NCT), which reaches 3,500 m water-depth. At the northwestern end of
the ridge the West New Caledonia Basin (Figure 2) (Lafoy et al., 2005) is expressed as a 100 km wide, 2,500 m
deep terrace that overhangs the NCT. To the east, the ridge is flanked from north to south, by the 2,500 m deep
Pines Ridge that marks the offshore continuation of the New Caledonian ophiolite (Auzende et al., 2000; Patriat
et al., 2018), the central Norfolk Basin at 3,500 m water-depth, and the southern Norfolk Basin at 5,000 m water
depth, respectively.

Dupont et al. (1975) interpreted low-fold seismic reflection profiles and identified a > 3,000 m thick sedimentary
cover on Norfolk Ridge, a sedimentary faulted acoustic basement, volcanic intrusions and normal faults that
offset sedimentary cover on the flanks of the ridge. They describe Norfolk Ridge as a perched syncline tilted
toward the east.

In terms of basement geology, wide-angle seismic refraction profiles shot across the northern ridge sector (see
location of profile Z1107 on Figure 2) reveal a 20-25 km thick crust with typical continental crust velocities
(Klingelhoefer et al., 2007; Shor et al., 1971). Rocks dredged during research cruises GEORSTOM (Monzier &
Vallot, 1983), SS01/2003 (Crawford, 2004) and VESPA (Patriat et al., 2015) are the only offshore samples of the
ridge (see location on Figure 2). Dredge GO348 recovered a 26.3 + 0.1 Ma shoshonite dated by Ar/Ar on biotite
and 23-16 Ma shallow-water limestone (Mortimer et al., 1998). Dredge GO347 recovered Late Oligocene to
Early Miocene limestones containing shallow-water fossils and rounded lithic and pebbly limestones with bathyal
ooze cavity fillings of probable Pliocene to Recent age (Herzer & Mascle, 1996). Dredge GO351 comprises Late
Cretaceous black shales, late Eocene siliceous mudstones and middle to late Eocene sedimentary breccias (Herzer
& Mascle, 1996). Dredge SS01/2003 DR10 recovered andesitic to trachyandesitic lava, but dating and analytical
results have not yet been published (Crawford, 2004). Igneous samples from dredge sites DR1, DR4 and DR7
collected during VESPA along seamounts located on the western flank of the ridge are dated by Ar/Ar on biotite
at respectively 31.1 + 0.6 Ma, 33 + 5 Ma and 21.5 + 0.1 Ma (Mortimer et al., 2020). DR1 and DR7 have shosho-
nitic signatures and DR4 shows affinities with ocean island basalts (Mortimer et al., 2020). DR4 also sampled
Late Eocene to Early Oligocene sandy mudstones likely deposited in lower bathyal water-depths (Lawrence
et al., 2019) and Middle to Late Eocene bathyal limestones with volcanic breccia (Crundwell et al., 2016). Late
Pliocene to early Pleistocene inner shelf calcareous litharenite samples were collected at site VESPA DR6 on the
northern slope of the Norfolk Island platform (Lawrence et al., 2019). Samples of late Miocene weakly indurated
foram ooze to chalk, likely deposited in mid-bathyal to deeper environments, were recovered at site VESPA DR2.
VESPA DR42 targeted a scarp identified on seismic data where deep parts of the stratigraphy of the ridge are
emergent at the seafloor (Patriat et al., 2015). This dredge recovered limestones with predominant shallow-water
benthic foraminifera of probable Late Oligocene age (Lawrence et al., 2019), hard-ground laminated silicified
limestone of undefined age and an Early Miocene lower bathyal calcareous mudstone (Crundwell et al., 2016;
Gans et al., 2022). Farther east in the Norfolk Basin, several fossils found within a sandstone and conglomerate,
including a fossil leaf, dredged at site SS01/2003 DR28 are interpreted as the relicts of a large latest Eocene to
earliest Miocene island (Meffre et al., 2006).

2.3. Geology of New Caledonia (Figure 3a)

New Caledonia's main island, called Grande Terre, is the emergent northern end of Norfolk Ridge (Figure 2).
Basement geology of Grande Terre is composed of several terranes that formed along the Phanerozoic active
margin of Gondwana. The Permian to Late Jurassic Central Chain and Teremba terranes are composed of volcano-
clastic arc sediments (Cluzel & Meffre, 2002). The Boghen Terrane is Jurassic high-pressure low-temperature
(HP/LT) metamorphic complex composed of sediments, arc-related volcanic rocks and oceanic basalts. The Koh
Terrane is a late Carboniferous ophiolite.

Late Cretaceous to Paleocene sedimentary rocks unconformably overlie basement terranes and are associated
with rift and post-rift phases. Late Cretaceous syn-rift siliciclastic sediments include coaly sandstones and
volcanics (Maurizot, Bordenave, et al., 2020). Paleocene post-rift deep-water biogenic deposits include cherts
and calcareous micrites. Eocene shallow-water carbonate platforms (e.g., Uitoé limestone) locally sit directly
on the basement, and is overlain by a thick series of clastic, fine to coarse-grained, deep-water basinal turbidites
(e.g., Bourail Flysch) that are interpreted to be coeval with southwestward emplacement of several allochthonous
Cretaceous to Eocene sedimentary and mafic nappes (e.g., Montagnes Blanches and Poya nappes) (Maurizot,
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Figure 3. New Caledonia and Northland New Zealand synthetic geological cross sections. Modified after (Isaac, 2017; Isaac,
Herzer, et al., 1994; Hayward, 2017; Maurizot & Vendé-Leclerc, 2009).

Cluzel, Patriat, et al., 2020). The latest Eocene is marked by obduction of ultramafic sheets (Peridotite Nappe),
emplaced toward the southwest, that cap all other geological units except Miocene shallow marine sediments
(Maurizot, Cluzel, Patriat, et al., 2020). Post-obduction uplift-related extensional tectonics affects Grande Terre
during Neogene (Collot et al., 2017; Lagabrielle et al., 2005; Maurizot et al., 2016; Sevin et al., 2020; Tournadour
et al., 2020). Patriat et al. (2018) showed that ultramafic nappes extend offshore to the south for 400 km along
Pines Ridge. Oligocene post-obduction granitoids intrude the ophiolite and are interpreted as slab-derived (Cluzel
et al., 2005; Paquette & Cluzel, 2007) or post-orogenic (Lagabrielle & Chauvet, 2008).

Eocene metamorphism of Cretaceous and Paleocene sediments and volcanics created blueschists and eclogites
(Pouebo Terrane) that are exposed in northern Grande Terre. Pro-grade metamorphism started at 55-50 Ma, based
on the ages of detrital zircons and metamorphic mica (Pirard & Spandler, 2017; Vitale Brovarone et al., 2018).
Peak metamorphism was at ~44 Ma, and exhumation and cooling took place until ~34 Ma (Baldwin et al., 2007
Spandler et al., 2005).

2.4. Geology of Northland New Zealand (Figure 3b)

Northland, New Zealand, is part of the structural southern continuation of the Norfolk Ridge system. At about
31°S the relatively narrow and straight Norfolk Ridge splits and widens into the Reinga Ridge and West Norfolk
Ridge, with the Reinga Basin in between them (Figure 2) (Bache et al., 2012; Herzer, 1992, 1995; Herzer
et al., 1997, 1999; Orr et al., 2020). Basement rock in Northland is composed of two terranes that were accreted
to the Gondwana margin (Isaac, Brook, et al., 1994). The Waipapa Terrane is Permian (Adams & Maas, 2004) to
Jurassic in age. It is composed of turbidites and mélange that are interpreted to have formed by the juxtaposition
of sedimentary and volcanic slices in a deforming accretionary prism at the Gondwana subduction margin (Sporli
et al., 1989). The Murihiku Terrane contains Triassic to Early Cretaceous volcanoclastic deposits of a volcanic
forearc basin (Isaac, Herzer, et al., 1994), and is regarded as a Teremba Terrane equivalent. Mesozoic igneous
rocks of the Median Batholith have been drilled west of Northland, dredged from West Norfolk Ridge, and
inferred beneath the margins of NCT from magnetic anomalies (Mortimer et al., 1997, 1998; Sutherland, 1999).

Late Cretaceous to Paleocene autochthonous sedimentary rocks have little or no exposure in onshore Northland,
but are sampled offshore in petroleum wells. Late Cretaceous syn-rift clastic deposits contain coal (e.g., Rakopi
Formation) and post-rift Cretaceous and Paleocene marine sediments (e.g., Kapuni Group) similar to those found
in New Caledonia (King & Thrasher, 1996). Late Eocene (45-35 Ma) convergence resulted in folding of the north-
ern Reinga Basin and an earlier phase (56—43 Ma) accompanied by adjacent subsidence in the NCT is recognized
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Table 1
Characteristics of the Seismic Acquisition Devices

Streamer Number of Receiver Source volume  Source immersion  Source band Shot interval

Cruise length (km) channels immersion (m) (cu) (m) width (Hz) (m) Seismic processing
FAUST2 0.6 6 7 300 10 50-130 50 Time migrated
VESPA 0.6 24 7 300 7 50-130 50 Time migrated
TECTA 4.5 720 7 2,690 10 7-110 50 Pre-stack time migrated
$206 33 264 10 3,000 10 50-60 50 Time migrated

adjacent to the West Norfolk and Wanganella ridges (Bache et al., 2012; Herzer et al., 1997; Orr et al., 2020;
Skinner & Sutherland, 2022; Stratford et al., 2022). Similar to New Caledonia, this Eocene convergence is
thought to have resulted in local uplift and development of Eocene to Oligocene shelfal to shallow-marine sand-
stones and limestones (e.g., Tekuiti Group) that rest unconformably on basement rocks (Barrett, 1967; Edbrooke
et al., 1998). Allochthonous nappes of Cretaceous to Oligocene sedimentary (e.g., Whangai Nappe, Mahurangi
Nappe of the Motatau Complex) and volcanic (e.g., Tangihua Nappe) material was emplaced southwestward in
Northland at 23-20 Ma, and a similar nappe (South Maria Allochthon) was emplaced just northwest of Northland
(along Maria Ridge, see Figure 2) at 34-28 Ma (Orr et al., 2020). Immediately after allochthon emplacement, the
region-experienced arc volcanism (Hayward et al., 2001; Herzer, 1995; Orr et al., 2020).

3. Results

Seismic reflection data were acquired during the TECTA and VESPA voyages (Collot et al., 2016; Patriat
etal., 2015), and were supplemented by multichannel data from the S206, and FAUST2 voyages (Juan et al., 2015;
Lafoy et al., 1998; Mauffret et al., 2002). The TECTA seismic images are pre-stack time-migrated (Juan
et al., 2016) and all other profiles are post-stack time-migrated (Sutherland et al., 2012). A classical processing
sequence was applied to the data that included common depth point binning, mutes, bandpass filters, spherical
divergence correction, source deconvolution, antimultiple, normal move out, automatic gain control, Kirchhoff
time migration and stacking. The seismic equipment used and processing techniques are detailed in Table 1.
Vertical exaggerations are estimated using seismic velocities of 2,000 m/s and are indicated on all seismic figures
as an informative value. A compilation of multibeam bathymetric data (Karthikeyan et al., 2022), that includes
new data from these voyages, is also presented and analyzed in this paper.

3.1. Seafloor Morphology

The overall seafloor morphology of the Norfolk Ridge is smooth, regular (cf. Section 2.2) and asymmetric, with
its western flank being steeper than its eastern flank. Multibeam bathymetric data reveal several key features.

- Linear scarps along the flanks of the ridge are typically 100-200 m high and strike parallel to the ridge axis
(Figures 4a—4c).

- Regular seafloor undulations parallel to the ridge axis are interpreted as sediment dunes on the crest of the ridge
with wavelengths of 100400 m and heights of 8—15 m (see Figure 4d).

- Slope gullies and canyons on the western flank of the ridge have lengths between 15 and 50 km, and compos-
ite stepped scarps (Figure 4). The size and density of canyons increase around conic edifices. In contrast, no
canyons or gullies were observed on the eastern flank of Norfolk Ridge.

- Numerous cone-shaped features with diameters from 100 m to several kilometers and heights from a few
hundred meters to 1,500 m are exclusively located near the crest of the western flank of the ridge. They are
particularly abundant along the terrace located between 25°S and 27°S (see location of terrace on Figure 2 and
detailed morphology on Figures 4a and 4b), and around the six large cone-shaped bathymetric features. Their
density can reach one per square-kilometer, although isolated features are also common.

3.2. Seismic Reflection Data
3.2.1. General Structure and Seismic Stratigraphy

Using the principles of seismic stratigraphy and analysis of seismic reflection character and unconformities
(Mitchum et al., 1977), we define two first order seismic stratigraphic units (NR1 and NR2) that are visible all
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Figure 4. Bathymetric insets (see location in Figure 2). (a) East-west bathymetric map of Norfolk Ridge. Note the
differences between eastern and western flanks away from volcanoes: the western flank is more abrupt and exhibits canyons
and conic edifices, whereas the eastern flank is smoother with linear scarps close to the bottom of the slope. (b) Detailed
bathymetry reveals numerous conic edifices around scarps. (c) Linear scarps along the eastern flank. (d) Shaded bathymetry
showing dune field around the crest of the ridge. Bathymetric data is a combination of satellite altimetry data (Smith &
Sandwell, 1997) and a compilation of shipborne multibeam data (Karthikeyan et al., 2022).

along the ridge, and second order, more local units (NRL1, NRV) that are systematically located between NR1
and NR2. The ridge displays a first-order structural style and stratigraphic pattern that are similar from north to
south. Seismic lines FAUST02-76b and TECTA-10 (respectively Figures 5 and 6) illustrate this structure and
stratigraphy.

The deepest seismic unit, which we name Norfolk Ridge 1 (NR1), is topped by an unconformity (UNR) and its
base is never imaged. Seismic penetration in this unit is typically less than 3 s twt, even with 131 L (8,000 cu
in) single bubble source (e.g., Zonecol1-07 seismic profile reported in Klingelhoefer et al., 2007). The unit is

FAUST02-76b E

Two way travel time [s]

Figure 5. Seismic profile FAUST2-076b across Norfolk Ridge. (a) Uninterpreted profile. (b) Interpreted line drawing. (c) Inset showing toplaps beneath unconformity
UNR and migrating geometries of NR2 downlapping onto Norfolk Ridge 1 (NR1). (d) Inset showing steep normal faults that offset NR1 and NR2.
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Figure 6. Seismic profile TECTA-10. (a) Uninterpreted profile. (b) Interpreted line drawing. (c) Inset showing toplaps beneath UNR and the typical structuration of the
western flank of the ridge. Note that normal faults offset UNR and seismic unit NRL1 is deposited on UNR. (d) Inset showing steep normal faults that offset sediments

of Norfolk Ridge 1 and NR2.

difficult to image, suggesting low impedance contrasts, but the presence of coherent reflections suggests it is a
sedimentary or volcaniclastic unit and that the thickness of NR1 exceeds 2 s twt.

Seismic unit NR1 contains medium to high amplitude, low frequency, and moderate to high continuity reflec-
tions. Reflections regionally dip east with a mean slope of 2.5° (e.g., Figures 5 and 6). Beneath the western flank
of the ridge, reflections of NR1 are truncated by UNR that marks a prominent angular unconformity (Figures 5
and 6). UNR is flat, tilted toward the west and offset by normal faults that dip westward beneath the west flank
(Figure 6c). Locally, (e.g., Figure 6¢) a thin (<0.2 s twt) seismic unit (NRL1) overlies UNR and it is also offset
by normal faults. NRL1 has high amplitude reflections (HARs) and onlaps UNR.

Along the eastern flank of the ridge, UNR is subparallel and paraconformable with NR1, and it dips eastwards
and exhibits an irregular morphology that locally truncates reflections of NR1 (Figures 5 and 6). Locally, at the
easternmost extremity of the ridge, UNR 1is horizontal, or dip westward, to form a topographic high that reaches in
some places the same height as the western high (e.g., “Eastern high” on Figures 5-8). This eastern topographic
high is systematically crosscut by a series of closely spaced (ca 5-10 km) steep east-dipping normal faults that
offset the seafloor and the sedimentary column by >200 m. This fault scarps correspond to the linear bathymetric
features that strike parallel to the crest of the ridge and are observed in the multibeam data set (see Section 3.1).
Multibeam bathymetric data show that these faults are present all along the ridge (Figure 2). In this position
along the eastern flank of the ridge, reflections of NR1 are locally tilted westwards and could be attributed to
rotation of blocks of NR1 although no associated low-angle detachments are observed (Figures 5 and 6). UNR
is also offset by normal faults, and locally outcrops on the seafloor. A dozen of conjugate cross-cutting normal
faults with opposite dipping directions are present along profile TECTA-10 (Figure 6) and could be interpreted
as flower-structures.

Seismic unit NR2 is between the seafloor and the top of NR1, except locally where second-order seismic units
(e.g., NRL1 and NRV) are present between the two. It is made of high-continuity sub-parallel low-amplitude
reflections that cover the ridge unevenly, exposing NR1 on the seafloor in some places. Seismic profile FAUSTO02-
76b (Figure 5) shows the typical stratal pattern of NR2, with migrating geometries onlapping to downlapping
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onto NR1. NR2 is thicker on the eastern flank of the ridge. Its top locally displays undulations that correspond to
the dunes observed on multibeam bathymetric data (see Section 3.1 and Figure 2). NR2 covers and is not offset
by normal faults on the western flank of the ridge (e.g., Figure 6) and, when present, is offset by normal faults on
the eastern flank (e.g., Figure 5). NR2 is thicker between the two structural highs formed by the topography of
UNR. The western high is created by the eastward dip of NR1 that produces the first-order bathymetric high of
the ridge.

Unit NR2 varies in thickness and does not evenly drape the ridge, even in >1 km water depths, and has sediment
dunes at its top (Figure 2), and migrating bedform geometries beneath (e.g., Figure 5). This suggests that NR2 is a
pelagic unit whose deposition was controlled by deep-water bottom currents that have now likely evolved into the
East Australian Current and Tasman Front (Oke et al., 2019; Sutherland et al., 2022). Along the present-day slope
break of the western margin, NR2 displays several upslope tilted blocks of reflections that affect the seafloor
and correspond to a series of stepped scarps and associated troughs visible on bathymetry (see Figures 4 and 7).
The blocks are separated by low-dip or sub-horizontal normal faults that merge along shallow intra-sedimentary
detachments that could in some place coincide with UNR (Figure 7). These structures resemble the arcuate ridges
described by Etienne et al. (2018) along the western margin of the NCT and are interpreted as the result of unsta-
ble unconsolidated calcareous ooze and chalk sliding down-slope.

In the northern part of the ridge and on its western flank (Figure 7), NR2 displays numerous high-amplitude
reflections contained within V-shaped erosional features that are interbedded with very low-amplitude contin-
uous reflections. These features can reach 2.5 km in width and 150 ms twt in height and are essentially located
within the upper half of the NR2 (Figure 7). The base of these features is marked by a single HAR.

At the crest of the ridge, where the angular unconformity UNR is prominent, HARs are commonly observed
between NR1 and NR2, above UNR (e.g., Figures 5, 6, and 8). Rocks dredged at sitt VESPA-DR42 on seismic
profile s206-04 (Figure 8) near the unconformity sampled these HARs and revealed Late Oligocene shallow-water
carbonates and hard ground silicified limestone (see Section 2.2).

3.2.2. Volcanics

Seismic images of the terrace located between 26°S and 27.5°S reveal the internal structure of cone-shaped
bathymetric features (Figure 9), which we interpret to be of volcanic origin. Seismic line TECTA-06 (Figure 9)
shows that one of these volcanic edifices erupted during the deposition of seismic unit NR2 and is laterally
connected to a seismic unit we call NRV. NRV is interbedded within NR2, has very HARs, is ca. 20-30 ms twt
thick and progressively thins out away from the volcano. Along the terrace, where NRV is prominent, the under-
lying seismic unit NR1 is poorly imaged. Indeed, reflections of NR1 beneath the eastern flank of Norfolk Ridge
progressively become fainter laterally toward the west into bland chaotic basement-like facies (see Figure 9).
This could be due to the NRV acting as a screen, preventing seismic energy penetration. Seismic line TECTA-03
(Figure 10) located in the middle of the terrace has a HAR from the seabed, very low seismic penetration, and this
profile images only one seismic unit at the summit of the ridge composed of HARs that we attribute to NR1 that
are likely masked by a superficial equivalent of NRV. The seismic line also reveals a volcano along the western
flank of the ridge that is stratigraphically continuous with a unit that we attribute to NRV with low-continuity
high-amplitude internal reflectivity. Of particular note in this area is the fact that NR2 is absent on the top of
the ridge and only present on its western flank, overlying the volcano. We attribute this lack of sediments on the
ridge to the impact of strong currents at the crest of the terrace. Figure 9 shows an older volcanic edifice that
sits on NR1 and is truncated by UNR. Several other volcanic edifices are imaged in this area and are embedded
within NR2.

3.2.3. Compressive Features

Minor signs of contractional deformation are observed in the northern part of the ridge. A wedge-shaped
imbricated structure, which is approximatively 10 km wide and comprises ramp anticlines that were emplaced
top-to-the-west, is observed on line VESPA-19 (Figure 7) in the northeastern part of the ridge (see detailed
image in Patriat et al. (2018)). The floor thrust of this structure seems to root into NR1. The imbricated sheets
thus involve sediments of NR1, overthrust UNR and a basal part of NR2. It is subsequently sealed by the upper-
most part of NR2. This feature is interpreted by Patriat et al. (2018) as a frontal wedge related to the westward
emplacement of the Peridotite Nappe south of New Caledonia. Further to the northwest, seismic line $s206-04
(Figure 8) shows an asymmetric anticline (dredged at site VESPA-DR42) that is possibly associated with an
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Figure 7. Seismic profile VESPA-19 (high resolution). (a) Uninterpreted profile. (b) Interpreted line drawing. (c) Inset showing toplap reflections of Norfolk Ridge 1
beneath UNR, numerous V-shaped erosional features within NR2 interpreted as paleochannels and intrasedimentary low-angle normal faults interpreted as down-slope
sliding of NR2.
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Figure 8. Seismic profile s206-04. (a) Uninterpreted profile; (b) interpreted line drawing. VESPA-DR42 dredge site sampled the High Amplitude Reflections at the
interface between Norfolk Ridge 1 and NR2 located at the top of an anticline. We interpret the formation of this anticline and the “Eastern High” as the result of deep
blind faults.
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Figure 9. Seismic profile TECTA-06. (a) Uninterpreted profile. (b) Interpreted line drawing. Seismic unit NRV is interbedded within NR2 and laterally connected to a
volcanic edifice. Norfolk Ridge 1 is poorly imaged along the terrace beneath NRV that could act as a screen and limit penetration of seismic energy.

east-dipping blind thrust fault that deforms sediments of NR1 but is sealed by unit NR2, which is not deformed.
This overthrust fold is approximatively 2-3 km wide and >2 s twt thick. Its top crops out on the seafloor and
corresponds to UNR, which is marked by HARs. Farther East along this line, NR1 thickens and forms a relief that
is approximately 1 s twt high (see “Eastern High” on Figure 8) and is associated with thrust faults.

4. Structure and Evolution of Norfolk Ridge
4.1. Structure of Norfolk Ridge

The internal structure of Norfolk Ridge returns coherent reflections down to depths that exceed 2-3 s twt beneath
the seabed and hence we interpret the ridge geology as being primarily of sedimentary origin (Figures 5-9). Our
data do not image crystalline basements, except locally where it is interpreted as volcanic (Figures 9 and 10). Our
suggestion that Norfolk Ridge is an ancient Mesozoic to early Cenozoic sedimentary basin or platform that is
today perched corroborates the preliminary suggestion of Dupont et al. (1975). A lava dredge at site VESPA-DR1
also contained a small quartz vein xenolith that Mortimer et al. (2020) speculate comes from a schist base-
ment beneath the volcano. The hypothesis is also consistent with the onshore geology of New Caledonia and
northern New Zealand, where most exposed pre-Late Cretaceous basement rocks are actually sedimentary in
nature (Maurizot, Cluzel, Meffre, et al., 2020; Mortimer, 2004) (pink on Figure 3): Permian to Early Cretaceous
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Figure 10. Seismic profile TECTA-03 (a) Uninterpreted profile. (b) Interpreted line drawing. This line shows very low seismic penetration and only one seismic unit
on the ridge that we attribute to Norfolk Ridge 1. NR2 is absent. This configuration could be due to the action of strong currents (non-deposition or erosion of NR2) or
to volcanic activity (superficial volcanic layers preventing seismic energy to penetrate).
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sedimentary units, which were deposited or accreted at the Gondwana margin, are overlain by Cretaceous to
Eocene syn-rift and post-rift sedimentary cover, then Eocene to Oligocene units represent the emplacement of
a series of allochthonous nappes associated with subduction initiation and backarc sedimentary sequences. This
interpretation is supported by a few key Late Cretaceous to Eocene deepwater sedimentary rocks sampled along
the ridge (see Section 2.2) that record deposition in deep marine environments.

We interpret Oligocene shallow-water calcarenites at the interface between NR1 and NR2 (sampled in dredge
VESPA DR42 (Lawrence etal.,2019); location on Figures 2 and 8) as the result of a marine regression-transgression
event that recorded uplift and erosion followed by drowning of the UNR truncation surface. Shallow-water fossils
could, alternatively, be interpreted as transported from a nearby topographic high, such as from a carbonate
platform developed around a volcano, but no such feature is observed upslope of the dredge site VESPA-DR42.
High-amplitude reflections from the surface between NR1 and NR2 (HARs in Figures 5-8) are hence interpreted
as seismic signatures of a shallow-water cemented carbonate platform. This interpretation is also corroborated
by the presence of the hard-ground silicified limestone dredged at site VESPA DR42 (Crundwell et al., 2016). In
the northern part of the ridge, we interpret V-shaped erosional features within the basal low-amplitude facies of
NR2 as submarine canyons and channels fed by the nearby carbonate platform. At some stage, as the ridge was
subsiding, the inferred carbonate platform at the base of NR2 could not keep up with the subsidence, leading to
its drowning and to pelagic sedimentation to take over (deposition of NR2). This interpretation is supported by
the Early Miocene lower bathyal calcareous mudstone sampled at sitt VESPA DR42 (Crundwell et al., 2016) that
shows that by the Early Miocene the ridge was drowned.

Onshore New Caledonia and Northland, New Zealand, shallow-water carbonates of late Eocene (Uitoé lime-
stones, (Maurizot, 2014; Maurizot, Bordenave, et al., 2020)) and Oligocene (Te Kuiti limestones, (Barrett, 1967;
Edbrooke et al., 1998; Isaac, 1996)) age sit unconformably on sedimentary basement terranes of Mesozoic age
(respectively Teremba Terrane in NC and Waipapa Terrane in NZ); and contemporaneous calciturbidites in
deepwater basins contain detrital products from these carbonate platforms (Bordenave et al., 2021; Maurizot &
Cluzel, 2014; Sutherland et al., 2019b, 2019¢). Hence, we infer that transient uplift occurred sometime between
the Eocene and Oligocene along the entire length of the Norfolk Ridge from New Caledonia to northern New
Zealand, though it may be slightly younger in the south.

In New Zealand, the Te Kuiti limestone is overlain by the Northland Allochthon (Hayward et al., 1989; Isaac,
Brook, et al., 1994; Jiao et al., 2017). In New Caledonia, the Uitoé limestone is overlain by nappes of Creta-
ceous to Eocene sedimentary rocks that include syn-tectonic Eocene flysch and post-rift cover (Bordenave, 2019;
Espirat, 1989; Maurizot, 2011; Paris, 1977). The development of these shallow-water platforms is interpreted
in NC and NZ as recording the drowning of a forebulge associated with progression of the nappes (Bordenave
et al., 2021; Maurizot, 2011; Maurizot, Bordenave, et al., 2020). On Norfolk Ridge, nappes are not observed
except locally beneath the eastern flank on line VESPA19, where an imbricated wedge that is likely composed of
unit NR1 overthrusts the UNR surface toward the west (Figure 7). This wedge is in the same structural position
as onshore nappes, which also overthrust an erosional surface on which a transgressive shallow-water carbonate
platform deposit exists (i.e., the Uitoé limestones (Maurizot, 2014)).

Our observations lead us to propose that the structure and nature of Norfolk Ridge is similar to that of New Cale-
donia and northern New Zealand, but nappes of deformed material are rare or not present. We interpret strata of
NR1 to be Mesozoic to Paleogene sedimentary rock that is truncated by a shallow-marine or subaerial erosional
surface (UNR), which is in turn overlain near the crest of the ridge by an Eocene to Oligocene carbonate platform
that rapidly fines upwards into a Neogene calcareous pelagic sequence. A hiatus likely exists between units NR1
and NR2 in most places near the crest of the ridge. Once the ridge drowned, Oligocene to the recent sedimenta-
tion was influenced by strong regional currents, such as the East Australian Current and Tasman Front observed
today (Oke et al., 2019; Sutherland et al., 2022). This results in large bedforms that unevenly drape the ridge
between its various topographic highs to form unit NR2.

The nearby Lord Howe Rise continental ribbon, located 500 km west of Norfolk Ridge, exhibits a regional uncon-
formity, with underlying late Eocene bathyal chalk and overlying Oligo-Miocene carbonate chalks and oozes
(Bache et al., 2014; Burns & Andrews, 1973; Stratford et al., 2018; Sutherland et al., 2019a). This unconformity
is also observed in the nearby Fairway Basin (Nouzé et al., 2009; Rouillard et al., 2017), NCT (Collot et al., 2008)
and Middleton Basin (Boston et al., 2019). The time gap of the hiatus (the age of the unconformity) on Norfolk
Ridge (UNR) is not precisely known. However, by comparison with the regional unconformity, the onshore
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Eocene-Miocene hiatus in New Caledonia and the sample of shallow-water Oligocene carbonate from the top of
UNR, we suggest that the UNR hiatus is between the Eocene and Oligocene.

4.2. Formation of Ridge Morphology

Unit NR1 accounts for most of the sediment thickness and there are no clear subdivisions of the unit. Deposi-
tion of NR2 was affected by deep-water bottom currents (i.e., heterogeneous thickness, present-day dunes on
seafloor, and internal structure suggesting migrating geometries). The contrast in sedimentary styles between
units, combined with clear evidence for deformation, uplift, and erosion associated with the formation of the
UNR surface, suggests that Norfolk Ridge was a depocenter or platform rather than a topographic high before the
tectonic event that formed the erosional surface. This interpretation of Norfolk Ridge being a zone of deposition
during NR1 that became inverted to form a topographic high before the deposition of NR2 is corroborated by
comparison with the sedimentary filling of the NCT: pre-Oligocene sediments are thinner in the NCT than on
Norfolk Ridge whereas post-Eocene sediments are a lot thicker in the basin than on the ridge (see for reference
Figure 6 in Sutherland et al. (2010)). Hence, we infer that the present-day first-order physiography of Norfolk
Ridge was likely established during a phase of Eocene to Oligocene tectonic inversion. Before that, we interpret
Norfolk Ridge as the eastern continental slope of the northern Zealandia continental margin, which has a complex
structure inherited from both the Mezosoic active Gondwana margin and Late Cretaceous Zealandia passive
margin (see Figure 11).

The inferred change of physiography that created Norfolk Ridge is supported by a drastic change in sedimenta-
tion observed at site IODP 371 U1507. This site is located at the base of the western slope of the ridge, in the
NCT (see location in Figure 2), where Middle Eocene carbonate pelagic fall out sediments are overlain by Late
Eocene to Oligocene high energy turbiditic deposits (Sutherland et al., 2019¢, 2020). This confirms that a slope
was created along the western flank of Norfolk Ridge during the Eocene to Oligocene and hence that Norfolk
Ridge was uplifted at that time. Similar sedimentation regime changes, from a pelagic fall out to calciturbidite
reworking, also reflecting slope formation, have been documented in New Caledonia (Dallanave et al., 2018) and
New Zealand (Dallanave et al., 2015; Hollis et al., 2005). They are interpreted by Dallanave et al. (2020) as the
results of a regional plate motion change that resulted in high rates of plate motion adjacent to northern Zealandia
after 46-44 Ma.

The second-order relief formed beneath the easternmost extremity of the ridge at the top of NR1 (UNR) is
characteristic of the “perched syncline” structure of Norfolk Ridge (Dupont et al., 1975). The imaged normal
faults alone cannot explain the formation of this relief. We suggest that this topography was previously created
by thrusting and folding associated with east-dipping blind thrust faults. The numerous normal faults that offset
this Eastern High remain sub-vertical and do not merge along east-dipping low-angle detachments. Because of
the close spacing of the faults, if these detachments existed, they should be located shallow enough to be imaged
on our seismic profiles. This infers that the westward tilt of NR1 strata observed in this location is not the result
of block-tilting but rather the result of previous folding. Moreover, these structures are located in the same posi-
tion as the wedge-shaped imbricated structure observed along the VESPA-19 seismic line (Figure 7 and Patriat
al. (2018)).

4.3. Normal Faulting

Normal faults parallel to the ridge axis are observed on both margins of the Norfolk Ridge. Both margins have
closely spaced faults (ca. 2-3 km spacing), with each system extending over a relatively narrow zone (less than
50 km for the western margin and less than 30 km wide for the eastern margin). Because the faults tend to be
closely spaced and have small offsets (and relatively small total heave), they look like normal faults within a
broad buldging structure but do not resemble a classic rifted margin configuration in horsts and grabens. The
faults accommodated vertical motions associated with the uplift of the Norfolk Ridge and subsidence of the
surrounding basins (NCT and Norfolk Basin). Some faults show several hundred meters of vertical throw, but the
absence of syn-tectonic fan sedimentation against the fault traces suggests that faulting took place in deep water
and there were no local erosional sediment sources or were short-lived.

Eastern and western fault-systems were diachronous. NR2 seals normal faults of the western margin but is offset
by normal faults of the eastern margin, implying that western fault activity preceded that of the eastern faults.
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Figure 11. Conceptual tectonic model of subduction initiation and formation of Norfolk Ridge. (a) The initial stage is
Zealandia's eastern passive continental margin, which has relict subduction structures from the Jurassic to Early Cretaceous
Gondwana active margin (schematized as gray faults). (b) Thrust stacking and/or dynamic ridge/trench topography caused the
uplift of the Norfolk Ridge, and slab formation or rejuvenation of the relict Gondwana slab by removal of buoyant material

in the lower crust through a process of delamination caused the New Caledonia Trough to subside. The combination of these
opposite vertical motions led to the formation of Norfolk Ridge during the Eocene to Oligocene. Normal faulting along

this narrow area accommodated the differential motion. Volcanism related to deep slab formation and mantle disturbance
occurred exclusively at the newly formed basin-ridge boundary. Farther East, the Eastern High forms at this time and is likely
related to the frontal thrust of the obducted mantle peridotite allochthon that is known to occur immediately east of Norfolk
Ridge. (c) As the slab rolls back, the extension in the overriding plate affects the eastern part of the ridge during the Miocene
and leads to backarc opening of the Norfolk Basin and arc volcanism at Loyalty-Three Kings Ridge.

UNR is offset by faults along both margins, indicating that the faults were active after erosion and during subsid-
ence in deep water. This is consistent with the good preservation of fault scarps.

The ages of NR1, NR2, and UNR are inferred from the stratigraphy of the NCT and volcanic dredges. Faulting
(with a possible early reverse faulting phase) along the western margin likely occurred during the Eocene to
Oligocene and faulting along the eastern margin likely occurred during the Mio-Pliocene. Normal faulting along
the western margin is likely associated with formation of the NCT (Baur et al., 2014; Collot et al., 2017; Hackney
etal., 2012; Lafoy et al., 2005; Skinner & Sutherland, 2022; Sutherland et al., 2010, 2020) and to uplift of the ridge
itself. Normal faulting of the eastern margin is likely associated with the formation of the Norfolk Basin during
the Miocene which could include a strike-slip component as indicated by the possible flower structures observed
along profile TECTA-10 (Figure 6) (DiCaprio et al., 2009; Herzer et al., 2011; Mortimer et al., 2007). Onshore
New Caledonia, postobduction extensional tectonics occurred during the Miocene (Chardon & Chevillotte, 2006;
Chevillotte et al., 2006; Lagabrielle et al., 2005).
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4.4. Volcanism

Cenozoic volcanic activity was concentrated along the western flank of Norfolk Ridge near its crest. There is
a prominent N-S alignment of large volcanoes around Norfolk Island and near the deep-water terrace located
between latitudes 25.5° and 27.5°S; but smaller volcanic structures, sills and volcaniclastic sedimentary units
(c.f. seismic unit NRV) are also present. Volcanic features cluster near normal faults of the western margin of
the ridge.

Based on geochemistry and geochronology data, Mortimer et al. (2020) show that the large volcanic chain is
not a hotspot track or a volcanic arc, that the ages of individual volcanos spread between late Eocene and early
Miocene, and that their atypical origin could either be due to melting near the lithosphere-asthenosphere tran-
sition and/or could involve flux melting related to dewatering of a subducted slab. In the NCT, the late Eocene
change in sedimentation regime (see Section 4.2) recorded at site [IODP 371 U1507 at 36 Ma was accompanied
by the onset of the deposition of volcanoclastic breccias (Sutherland et al., 2019c), thus also confirming the
temporal relationship between vertical motions, tectonics and volcanism, at least locally. The source of the 36 Ma
volcanic clasts from the breccias has been interpreted as the major upslope guyot volcano at latitude —36.5deg
labeled DR10 in Figure 2b (Mortimer et al., 2020). Assuming this to be correct, the DR10 volcano is late Eocene
to early Oligocene. We propose that sporadic and moderately voluminous Eocene to Miocene volcanism was
related to episodic mantle melting linked to the tectonics of formation of the Norfolk Ridge as a physiographic
feature (perched sedimentary basin). These include the Eocene-Oligocene tectonic event that generated the verti-
cal motions between the Norfolk Ridge and the NCT associated with normal faulting along the western flank of
the ridge.

5. Geodynamic Interpretation of Norfolk Ridge

The Norfolk Ridge is the eastern continental margin of the northern Zealandia continent. An erosional uncon-
formity UNR separates seismic stratigraphic units NR1 and NR2, and it is recognized in many places along the
Norfolk Ridge. We infer that the unconformity formed during the late-Eocene (after ~36 Ma) to late Oligo-
cene, based on one dredge sample, IODP drilling at two sites (U1507, U1508) near the ridge flank (Stratford
et al., 2022), and clear analogies to the geology of New Caledonia and New Zealand. This Eocene-Oligocene
tectonic event was temporally associated with the initiation of subduction that evolved into the Tonga-Kermadec
system and/or the related start of backarc basin opening, and it overprinted a more complex Mesozoic tectonic
history. We have no direct age control on the thick sedimentary unit NR1 that lies beneath the unconformity.

Direct and compelling evidence for contractional deformation of unit NR1 (or equivalents to the north or south)
is restricted to the northern (folds on Figures 7 and 8, this paper) and southern (Bache et al., 2012; Stratford
et al., 2022) terminations of the main north-south section of Norfolk Ridge. This is consistent with Eocene defor-
mation in New Caledonia (Bordenave et al., 2021; Maurizot, Bordenave, et al., 2020; Maurizot, Cluzel, Patriat,
et al., 2020), and regional observations of TECTA deformation farther west, which are mostly south of the main
section of Norfolk Ridge (Stratford et al., 2022; Sutherland et al., 2017), and in Reinga Basin (Orr et al., 2020).
Convergent plate motion during the interval 45-25 Ma was substantial (>1,000 km) in the vicinity of Norfolk
Ridge (Bache et al., 2012; Gurnis et al., 2004). Although there is no direct evidence of major contractional
deformation along the north-south section of Norfolk Ridge, it is still a possibility that our data do not image deep
thrusts or that the contractional deformation was overprinted by extensional deformation (e.g., the Eastern High;
Figure 8). The uplift that led to erosion associated with UNR and the presence of the second-order topographic
relief along the ridge's easternmost flank (Eastern High) suggests that low strain contractional deformation could
have affected the entire length of Norfolk Ridge. We also observe many normal faults on Norfolk Ridge with a
relatively small offset, and an age progression that goes from older than NR2 in the west, to contemporaneous to
NR2 in the east.

We speculate that activity on a fossil subduction thrust beneath Norfolk Ridge (inherited from Gondwana subduc-
tion), accommodated all plate convergence during the late Eocene and Oligocene. As Paleogene subduction initi-
ation became established, slab roll-back and trench-retreat rapidly led to extension, volcanism, and backarc basin
formation east of Norfolk Ridge during the late Oligocene to Miocene. Slab formation or rejuvenation of a relict
Gondwana slab through a process of lower crust delamination beneath the NCT, dynamic ridge-trench topog-
raphy (Gurnis et al., 2004) and/or crustal thickening of Norfolk Ridge by thrust stacking would have occurred
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early in this process. We infer that these were the mechanisms of (a) initial uplift of Norfolk Ridge to form UNR
(dynamic ridge/trench topography and/or thickening of the buoyant part of the crust), (b) subsidence of NCT to
form the western slope of Norfolk Ridge (removal of buoyant material in the deep crust (Hackney et al., 2012;
Sutherland et al., 2010, 2020)), and (c) associated volcanism (Figure 11).

Ophiolite emplacement just east of northern Norfolk Ridge, as described by Patriat et al. (2018), also likely
affected the structure of the ridge and could be at the origin of the regional eastward tilt of the ridge through
a loading/flexure process and of the formation of the Eastern High as a consequence of the frontal thrust. The
mechanisms that relate the emplacement of this supra-subduction ophiolite to subduction initiation beneath
Norfolk Ridge remain unclear. There could have been another subduction boundary located farther east, as
suggested by Aitchison et al. (1995) and Whattam (2005), but understanding the relationships between these
two putative boundaries is beyond the scope of this paper. After roll-back of the slab, crustal underplating may
have occurred to thicken the crust and form a persistent ridge (Figure 11), but it was not manifest as widespread
folding and thrust faulting in the upper crust. Such an underplating mechanism is inferred to be active today at the
Kermadec-Hikurangi subduction margin, which is the active equivalent of the same system (Bassett et al., 2010).

Norfolk Basin is inferred to have formed as a backarc basin during the period 28-16 Ma (Herzer et al., 2011),
which is consistent with our inference for the age of UNR and age of normal faulting along the eastern flank
of the ridge, and is also consistent with rifting of West Norfolk Ridge (at the southern end of our study area)
during the Oligocene (Orr et al., 2020). During this phase, we suggest that the ophiolite was dismembered by
extensive normal faulting (Figure 11), leading to the horst and graben structures described by Patriat et al. (2018)
north of the Cook Fracture Zone and to the formation of hyper-extended blocks, south of the Cook Fracture
Zone within the Norfolk Basin. These blocks could correspond to the crustal fragments described by DiCaprio
et al. (2009) and Meffre et al. (2006) in the Norfolk Basin. The Oligocene age of volcanic activity is consistent
with it being subduction-related, but if it was caused by reactivation and roll-back of a slab that was already
subducted and partially dehydrated in the Cretaceous, that may help to explain the atypical magma chemistry
(Mortimer et al., 2020).

6. Subduction Initiation Processes

Most authors agree that the initiation of subduction that grew into the Tonga-Kermadec system occurred close
to Norfolk Ridge during the Eocene-Oligocene (see (Collot et al., 2020) for review). The lack of convergent
deformation and presence of normal faulting along the main north-striking 1,500 km section of Norfolk Ridge
is significant. In terms of the classic induced versus spontaneous end member models for subduction initiation
(Gurnis et al., 2004; Stern, 2004), this lack of compressive deformation is evidence for spontaneous subduction
initiation.

However, this observed deformation style contrasts with that on northwest-striking ridge segments at either end of
Norfolk Ridge: Reinga, Maria and West Norfolk Ridges in the south, and the New Caledonia to D'Entrecasteaux
section in the north (Figure 2), where evidence for high degrees of convergent deformation (allochthon emplace-
ment in New Caledonia and New Zealand) might be interpreted as evidence for induced subduction initiation.

Sutherland et al. (2020) speculate that, based on the diachronicity of regional uplift-subsidence patterns,
a subduction rupture event propagated from north to south during the period 55-20 Ma. We speculate that
northwest-striking sections of proto-subduction thrust (e.g., in New Caledonia) had much slower rupture propa-
gation rates than the main north-striking section (Norfolk Ridge), which was more optimally primed for failure,
rapid propagation, quickly localized deformation and produced a tensional horizontal stress state. The inference
of rapid late Eocene to early Oligocene subduction initiation along the Norfolk Ridge is backed up by the timing
of the succession of events at the scale of northern Zealandia. Indeed, the compressional events in the area
south of Norfolk Ridge (e.g., Reinga Basin, southern NCT) are dated between 40 and 30 Ma (Bache et al., 2012;
Etienne et al., 2018; Orr et al., 2020; Stratford et al., 2022; Sutherland et al., 2017) which overlaps with timing
of compressional events in New Caledonia that are dated 45-35 Ma (Bordenave et al., 2021; Collot et al., 2008;
Dallanave et al., 2020; Maurizot, Bordenave, et al., 2020). In contrast, the earliest signs of subduction initia-
tion in New Caledonia are dated around 55 Ma (Cluzel et al., 2006, 2012, 2016) and it was not until 24-20 Ma
that subduction initiated beneath the northern tip of New Zealand (Herzer, 1995; Rait, 2000; Rait et al., 1991).
Together, this suggests that a high degree of convergence could have occurred from 55 to 40 Ma in the area north

COLLOT ET AL.

17 of 23

85U8017 SUOWWIOD @AIEaID 3(dedl|dde au Aq peusenoh ae ssjoiie VO ‘8sn JO S3|NnJ 10} Ariq1T 38Ul UO /8|1 UO (SUOTIPUOD-PUR-SLIBI/LID"A8 | 1M ARe.q 1 [BU 1 [UO//:SdNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/€0/20] U0 AIqiTauljuo AB|IM ‘InZe,d 8100 81SeAIUN Ad TZ20T00D2202/620T 0T/I0p/wod A8 i Are.q 1 ul|uosgndnBe//:sdny woy pepeojumoq ‘€ ‘€202 ‘£20252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010721

Acknowledgments

‘We thank the Genavir captains

and crew of RV L'Atalante

during the TECTA (https://doi.
org/10.17600/15001300) and VESPA
(https://doi.org/10.17600/15001100)
voyages conducted in 2015. These two
voyages were funded by the Commis-
sion Nationale Flotte Hauturiére of the
French Ministry of Research and Higher
Education. Seismic data were processed
with the kind support of Université Cote
d'Azur and Geovation academic license.
‘We acknowledge the Government of New
Caledonia and its Service Géologique de
Nouvelle Calédonie, the New Zealand
geological survey (GNS-Science), the
New Zealand Ministry of Business,
Innovation and Employment and 1'Institut
National des Sciences de 1'Univers,
CNRS- Institut des Sciences de la Terre,
for post-cruise financial support. This
work was funded in the framework of the
scientific agreement between the Govern-
ment of New Caledonia and IFREMER.
Special thanks goes to Mike Isaac who
led with passion the post-cruise field trip
in Northland, New Zealand.

of Norfolk Ridge that would have led to subduction nucleation, rapid rupture propagation along Norfolk Ridge
from 40 to 35 Ma and slow propagation to Northland between 35 and 25 Ma. The age of opening of adjacent back
arc basins shows a similar southward-younging (Herzer et al., 2011) and supports this fundamentally diachronous
aspect of SW Pacific tectonics.

7. Conclusions

Analysis of newly acquired seismic, bathymetric and rock data combined with known onshore exposures of the
Norfolk Ridge reveals for the first time the structure of the Norfolk Ridge and allows us to interpret its evolution.
Before the Eocene, Norfolk Ridge was a depocenter along the eastern margin of Zealandia. The present ridge
physiography was acquired during the late Eocene to Oligocene.

The formation of the relatively steep western flank of the ridge was the result of focused differential vertical
motion between the ridge (uplift) and NCT (subsidence). This phase led to submarine or/and subaerial erosion of
the summit of the ridge, over its entire length. Intense late Eocene to Miocene volcanism was located along the
western flank of the ridge and accompanied this phase. Signs of early contractional deformation during the ridge
formation are sparse but exist at the northern and southern ends. Extensional tectonics affected the entire length
of the ridge, with a clear age diachronism. Normal faulting occurred first on the west flank and then on the east.

We interpret the formation and evolution of Norfolk Ridge as surface manifestations of deep lithospheric
processes related to Tonga Kermadec subduction initiation along the Zealandia continental margin. Our obser-
vations of little or no compressive deformation along Norfolk Ridge, widespread normal faulting, and approx-
imately synchronous time of events along strike (rapid lateral propagation of subduction) are consistent with a
spontaneous mode of subduction initiation. This is the opposite conclusion to what was drawn from previous
studies at either end of this ridge (New Caledonia to the North and Reinga Basin to the South (Bache et al., 2012;
Cluzel et al., 2012; Gurnis et al., 2004; Orr et al., 2020; Sutherland et al., 2017)). The notably different behaviors
indicate that the Norfolk Ridge segment of the subduction zone initiated more easily and quickly than adjacent
sections.

Additional work is required to sample strata above and below the UNR unconformity on a transect from north
to south. Precise dating of this unconformity would allow direct determination of the rate of subduction rupture
propagation. Determining the nature of unit NR1 would allow a better understanding of the subsidence history
of NCT, as well as the uplift history of Norfolk Ridge. This is significant because both features are inferred to
have formed during the process of subduction initiation. Precise paleobathymetry and age models from within
unit NR1 would provide a better understanding of the rate and magnitude of subsidence of the ridge crest as the
subducted slab retreated and evolved into a mature subduction zone. New data are also required to link the forma-
tion of Norfolk Ridge to geological events that occurred farther east, notably the formation and obduction of the
New Caledonian ophiolite (Secchiari et al., 2018; Ulrich et al., 2010), the high temperature subduction initiation
metamorphic sole (Agard et al., 2018; Cluzel et al., 2012), as well as the burial and exhumation of the high pres-
sure/low temperature metamorphic complex (Baldwin et al., 2007; Spandler & Hermann, 2006; Vitale Brovarone
et al., 2018).

Even though there is much still to be discovered in this remote region, our description of the structure and stratig-
raphy of Norfolk Ridge provides a firm basis for testing models of subduction rupture propagation.

Data Availability Statement

Multibeam bathymetric grids are available online (https://doi.org/10.12770/38a24abd-9f5a-4108-bb86-a0ad-
d3c45d9d and https://www.ausseabed.gov.au/data/bathymetry). Seismic data are available online (https://doi.
org/10.17882/92632).
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