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Abstract 23 

Intra-oceanic backarc are characterized by crustal accretion along seafloor spreading axes; however, little 24 

is known about the initial rifting of the over-riding plate prior to the establishment of stable seafloor 25 

spreading. To address this knowledge gap, we investigate the ~3.5 Ma backarc troughs in the New 26 

Hebrides Subduction Zone. Using available bathymetric data, we developed remote-predictive geologic 27 

maps at a scale of 1:100,000 over an area of ~234,000 km2. Interpretation of seafloor morphologies, 28 

lineament analyses of seafloor fabric, fault kinematics revealed by earthquake moment tensor data, and 29 

cross-cutting relationships demonstrate distinct stress regime changes during sequential backarc rifting. 30 

South of 10.5°S, three phases of backarc opening are identified: 1) Initial arc rifting accommodating 31 

clockwise rotation of the arc, ~3.5–2.7 Ma (preserved in the Duff Horst and Graben Domain); 2) East-32 

west-directed rifting and incipient seafloor spreading, ~2.7–1.1 Ma (preserved in the Jean Charcot 33 

Troughs); 3) Northeast-southwest- to NNE-SSW-directed rifting and counter-clockwise rotation of the 34 

arc, ~1.1 Ma-present (preserved in the actively rifting Santa Cruz Troughs). Two prominent roughly east-35 

west oriented backarc volcanic corridors stretch from the relict arc and track arc migration along deep 36 

crustal-scale structures. North of ~10.5°S, two grabens formed from a single rift event occurring before 37 

the crustal scale ruptures that severed the Reef Islands Platform from the New Hebrides Arc. The 38 

outcome of this work reveals new insights in the geodynamic processes that bridge periods of stable 39 

subduction with the formation of mature backarc basins with crustal accretion occurring along spreading 40 

axes. 41 

  42 
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Plain Language Summary 43 

In oceanic subduction zones, extensional backarc basins form from seafloor spreading, however, little is 44 

known about the early phases of basin formation before seafloor spreading is established. To address this 45 

knowledge gap, we investigate the ~3.5 Ma backarc basin in the New Hebrides Subduction Zone. Using 46 

available bathymetry data, we developed geological maps at a scale of 1:100,000 over an area of 47 

~234,000 km2. Geological interpretations of these maps as well as current patterns of faulting revealed 48 

by earthquake data reveal episodic basin opening. South of ~10.5°S, three phases are identified: 1) Initial 49 

arc rifting during clockwise rotation of the arc, ~3.5–2.7 Ma; 2) East-west-directed rifting leading up to 50 

initiation of seafloor spreading, ~2.7–1.1 Ma; 3) Northeast-southwest-directed rifting during a phase of 51 

counterclockwise arc rotation; ~1.1 Ma–present. Two zones of prominent volcanism are observed in the 52 

backarc and trail behind the migrating arc. North of ~10.5°S, a single rift event occurred, becoming 53 

inactive following the formation of a major fault at that latitude, which isolated this region from the 54 

active subduction zone to the south. The outcomes of this study reveal new insights into the processes of 55 

backarc rifting between stable subduction and the establishment of spreading centres. 56 

  57 
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1 Introduction 58 

Intra-oceanic backarc basins form at convergent boundaries where the sinking of dense oceanic 59 

lithosphere induces hinge retreat/slab rollback and/or migration of the overriding plate away from the 60 

trench promotes rifting in the overriding plate (Sleep and Toksöz, 1971; Uyeda and Kanamori, 1979; 61 

Taylor and Karner, 1983; Sdrolias and Müller, 2006). The conceptual model for backarc basin opening 62 

on the overriding plate in response to extension involves the initiation of rifting in the weakest region of 63 

the overriding plate (e.g., the volcanic arc; Karig, 1970; Molnar and Atwater, 1978), crustal thinning with 64 

progressive rifting, and basin maturation achieved via the establishment of seafloor spreading (Martinez 65 

et al., 1995; Taylor et al., 1996; Caratori Tontini et al., 2019). Coeval with these tectonic phases, hydrous, 66 

low-viscosity arc magmatism is displaced trenchward by anhydrous, MORB-like mantle upwelling as 67 

seafloor spreading is established (Dunn and Martinez, 2011). In addition to the presence of seafloor 68 

spreading, mature backarc basins are characterized by sudden changes in the position or orientation of 69 

spreading centres, greater surface depths relative to oceanic basins with equivalent ages, and a longevity 70 

on the order of tens of millions of years (Tamaki and Honza, 1991), after which the basin closes via 71 

subduction. Unlike mature backarc basins, the early rifting phases of backarc basin opening are short-72 

lived, quickly yielding to seafloor spreading (Dunn and Martinez, 2011; Caratori Tontino et al., 2019). 73 

Indeed, most modern backarc basins feature seafloor spreading and little is known about the geodynamics 74 

during rift initiation and early crustal rifting in backarc basins.  75 

 76 

The New Hebrides Subduction Zone (NHSZ) (Fig. 1) is a NNW-SSE-oriented oceanic convergence 77 

zone where relict backarc basins on the Australia Plate subduct beneath the New Hebrides Arc (NHA) 78 

along a length of ~1500 km. On the overriding plate within the northern end of this subduction zone, a 79 

nascent backarc basin exhibits tenuous evidence for the presence of axial spreading, suggesting that the 80 
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backarc is likely in the early rifting stages of basin opening. Luyendyk et al. (1974) suggest that high 81 

heat flow,  82 

 83 

Figure 1. Regional bathymetric map of the Southwest Pacific featuring active and relict tectonic 84 
boundaries. Notable tectonic features: DER = D’Entrecasteaux Ridge, NFB = North Fiji Basin, NNHA 85 
= North New Hebrides Arc, NNHB = North New Hebrides Backarc, NHT = New Hebrides Trench, NR 86 

= Nova Rise, WTP = West Torres Plateau. Nation states: KIR = Kiribati, NC(F) = New Caledonia 87 
(France), NRU = Nauru, SOL = Solomon Islands, TUV = Tuvalu, VAN = Vanuatu.  88 

negative gravity anomalies, and positive magnetic anomalies, serve as indicators for early seafloor 89 

spreading within the extensional troughs of the northern NHB. This was later supported by the presence 90 
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of backarc basin basalts in the backarc troughs (Monjaret et al., 1990). Since then, bathymetric, magnetic 91 

and seismic studies have concluded that the northern NHB is a zone of crustal extension, absent seafloor 92 

spreading (e.g., Charvis & Pelletier, 1989). Monjaret et al. (1990) suggest that opening of the troughs 93 

was a polyphase event, as indicated by pulses of magmatism throughout the basin’s history. 94 

Paleomagnetic studies reveal a history of clockwise rotation of the New Hebrides Arc (NHA; Falvey, 95 

1978; Musgrave & Firth, 1999), while geodetic studies show that the northern NHA is currently rotating 96 

counterclockwise (Calmant et al., 2003; Bergeot et al., 2009). This contrast in microplate geodynamics 97 

supports the hypothesis of polyphase sequence of basin opening in response to sequential regional 98 

tectonic events. The impacts of these tectonic events on the spatio-temporal evolution of basin opening 99 

and associated patterns of volcanism in the northern NHB have not been fully resolved. To this end, we 100 

investigate the evolution of the northern NHB troughs by compiling available bathymetric and seismic 101 

data in GIS software and interrogating the morphological and structural character of the basin. 102 

Furthermore, we infer correlations between phases of basin opening and previously described regional 103 

tectonic events. These events include: the clockwise rotation of the arc prior to ~3 Ma, the formation of 104 

a Subduction Transform Edge Propagator (STEP) fault, spreading axes rearrangement in the North Fiji 105 

Basin (NFB) since ~10 Ma, arc collisions with buoyant oceanic features, and changing dynamics of the 106 

subducting slab. 107 

 108 

2 Tectonic history 109 

During the Eocene, the NHA was part of the Melanesian Arc, which included present-day arc segments 110 

stretching from the New Britain Arc to the Tonga-Kermadec Arc, accommodating SW-vergent 111 

subduction of the Pacific Plate beneath the Australia Plate along the Vitiaz Trench (Fig. 1; Crooks and 112 

Belbin; 1978; Hall, 2002; Schellart et al., 2006). Arrival of the Ontong Java Plateau and the Melanesian 113 

Border Plateau during the Miocene resulted in locking of the Solomon and New Hebrides segments of 114 
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the Melanesian Arc by ~18 Ma (Pelletier et al., 1993; Schellart et al., 2006). By ~10 Ma, the plateau 115 

collisions induced a subduction polarity reversal, initiating subduction of the Indo-Australia Plate to the 116 

NE along the New Hebrides Trench (NHT) and the South Solomon Trench (Falvey, 1975; Musgrave & 117 

Firth, 1999; Petterson et al., 1999). Following subduction initiation, asymmetric rollback of the Australia 118 

Plate induced a “double saloon-door” style of opening of the North Fiji Basin (NFB) and clockwise 119 

rotation of the NHA by 30–52° to its present-day position (Falvey, 1978; Auzende et al., 1988; Musgrave 120 

& Firth, 1999; Martin, 2013). The rotation of the NHA resulted in a sharp, nearly 90° bend in the trench 121 

at the northern termination between the South Solomon Trench and the NHT (10.8°S, 164.8°E), 122 

producing a tear in the subducting slab and forming the San Cristobal Fault, a subduction-transform edge 123 

propagator  fault, at this intersection (Neely & Furlong, 2018). 124 

 125 

At ~2–3 Ma the D’Entrecasteaux Ridge, a relict Eocene arc, arrived at the central portion of the NHT 126 

(15–16°S; Macfarlene et al., 1988; Greene et al., 1994). This resulted in segmentation of the subduction 127 

zone, with a central compression belt in the central segment separating extensional zones to the north 128 

and south (Greene et al., 1994; Pelletier et al., 1998; Calmant et al., 2003; Anderson et al., 2016). Coeval 129 

with this collision, a change in regional stress fields resulted in the abandonment of N-S-directed 130 

spreading in the NFB and the establishment of an E-W-directed spreading centre, the Nova Rise, at 131 

~174E between ~16–21N (Auzende, 1990). This was followed by the arrival of the West Torres Massif, 132 

a buoyant submarine feature of unknown origin, to the north of the D’Entrecasteaux Ridge, at ~1.0–0.7 133 

Ma, further slowing convergence in the central portion of the subduction zone (Meffre and Crawford, 134 

2001). 135 

 136 

Currently, the subduction zone convergence rate is ~40 mm/yr at ~13.5°S and increases northward to a 137 

maximum of 150–170 mm/yr at ~10°S. In the northern end of the subduction zone, convergence is 138 
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accommodated by backarc extension at a rate of up to ~60–80 mm/yr, associated with an overall 139 

counterclockwise rotation of the northern segment of the arc (Pelletier et al., 1998; Calmant et al., 2003; 140 

Bergeot et al., 2009). The northern NHB is ~60 km across at ~13.5°S and widens northward to ~130 km 141 

across at ~10°S, where the backarc troughs reach a maximum depth of ~4000 m and terminate abruptly 142 

at a ~2 km high escarpment. 143 

 144 

3. Data and methods 145 

Remote-predictive geologic mapping of the northern New Hebrides subduction zone is achieved through 146 

the interpretation of remotely acquired ship-track multibeam echosounder bathymetry data. In this 147 

process, bathymetry raster datasets are used to visualize the seafloor in GIS software (ArcGIS). 148 

Classifications schemes for the remote-predictive geologic and the structural maps of the study area are 149 

developed with reference to seafloor morphology and tectonic setting, following previous mapping 150 

approaches (c.f. Anderson et al., 2016; Klischies et al., 2019, Baxter et al., 2020, Stewart et al., 2022). 151 

Maps are produced at a scale of 1:100 000 over an area of ~234 000 km2. Centroid moment tensor (CMT) 152 

data, where available, are used to resolve fault kinematics in seismically active zones. The culminated 153 

geologic and structural maps, fault kinematics, and lineament analyses are used to interpret the stress 154 

regime changes and associated spatio-temporal backarc rift domains. 155 

 156 

3.1 Bathymetric data 157 

Bathymetric data included in this study are sourced from the following cruises: SOPACMAPS LEG 1 158 

(Daniel, 1993), LEG 2 (Auzende, 1993), and LEG 3 (Pelletier, 1993), MGL0904 (Johnson, 2009), and 159 

DUKE15 (Crowhurst, 2015). Visualization of high-quality data is achieved in ArcGIS software, and the 160 

bathymetric data, ranging from 25–150 m resolution, are layered in descending order of resolution. Areas 161 

lacking ship-track bathymetry coverage are underlain by the General Bathymetric Charts of the Oceans 162 
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terrain model (GEBCO Compilation Group, 2023). Multi-directional hillshade and slope raster datasets 163 

underlay each bathymetry raster layer with variable transparencies for each to achieve a three-164 

dimensional effect for data visualisation. 165 

 166 

3.2.1 Tectonic settings and remote-predictive geologic mapping  167 

Geologic classification of the northern New Hebrides subduction zone was embedded in five tectonic 168 

settings: forearc, arc, arc-backarc transition, backarc, and relict arc. The criteria for tectonic settings are 169 

as follows: (1) The New Hebrides Forearc is the terrain that slopes from the arc platform towards the 170 

NHT; (2) the New Hebrides Arc (NHA) is the relatively shallow, sedimented, flat-lying platform (<2000 171 

m depth) 60–80 km inboard from the trench; (3) The New Hebrides arc-backarc transition is variably 172 

faulted terrain that slopes eastward from the arc towards the deeper backarc; (4) The New Hebrides 173 

Backarc (NHB) is the terrain characterized by numerous extensional troughs and variable deformational 174 

and volcanic morphologies lying between the arc-backarc transition and the relict arc; (5) The relict arc 175 

is characterised by either a ridgeline or horst and graben morphology separating the NHB from the North 176 

Fiji Basin (NFB). This domain also includes the Reef Islands Platform (RIP), a northern continuation of 177 

the NHA that has been severed from the westward migrating active arc to the south. In addition, features 178 

in the neighbouring NFB to the east and the subducting Santa Cruz Basin to the west are separate tectonic 179 

domains that constitute a sixth classification but are not described in detail here. The classification of 180 

geologic features embedded within the tectonic groupings is presented in Table 1. 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 
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Table 1  189 

Classification criteria for remote-predictive geologic mapping units 190 

Bathymetry Mapped 

feature 

Feature morphology Variations 

 

Volcano Conical, radially sloped edifice, concave at 

it’s base, with pointed or cratered peak, >2 

km in width 

 

 

 

Classification dependent on 

tectonic location; arc, backarc, 

or relict arc 

 

Small volcano Conical, radially sloped edifice, concave at 

it’s base, <2 km in width, often occurring in 

clusters in close proximity to larger central 

volcanoes 

 

 

Classification dependent on 

tectonic location; arc, backarc, 

or relict arc 

 

Rifted volcano Conical, radially sloped edifice, concave at 

it’s base, with pointed or cratered peak, 

heavily faulted; rifted halves often occur on 

opposing sides of a trough, with rifting 

occurring along a peripheral dyke  

 

Classification dependent on 

tectonic location; arc, backarc, 

or relict arc 

 

Volcanic 

fissure 

Linear structures with symmetrically sloped 

sides; often occur in clusters in close 

proximity to a large central volcano and are 

associated with terrain featuring hummocky 

lava flows 

 

Classification dependent on 

tectonic location; arc, backarc, 

or relict arc 

 

Hummocky 

terrain 

Areas of high surface irregularity revealed 

by small mounds and depressions; often 

associated with expansive lava flows in 

volcanically active regions 

 

 

Variations include the arc and 

relict arc setting, shallow 

volcanic corridors, deeper 

slopes of volcanic corridors, 

and volcanically active troughs 

 

Faulted terrain Areas of abundant faulting; faults present as 

linear features with an abrupt change in 

relief on either side of the lineament 

 

 

 

Variations include the backarc 

setting and the arc-backarc 

transitional slope 

 

Trough Elongated, often discontinuous depressions, 

bound by footwall scarps or hummocky 

sloped terrain; trough floors may be 

sedimented or hummocky 

 

 

Troughs occur in backarc and 

relict arc settings 

 

Sedimented 

terrain 

Areas of smooth, flat-lying or gently sloped 

terrain 

 

 

 

 

Variations include the arc and 

relict arc platforms, and relict 

arc and backarc troughs 
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Oceanic core 

complex 

A domal structure with surficial 

corrugations; linear features with very subtle 

changes in relief 

 

 

 

N/A 

 

Uplifted 

forearc 

Area of forearc crust significantly shallower 

(>1500 m) than trench-parallel forearc 

segments with subaerial exposure and 

faulted slopes 

 

 

N/A 

 

Ridgeline/ 

horst 

Peaked ridgelines, continuous or 

discontinuous and anastomosing, often with 

asymmetrical slopes on either side of tilted 

horsts 

Continuous ridgelines 

characteristic of the northern 

relict arc; discontinuous, 

anastomosing horsts 

characteristic of southern relict 

arc  

 

Debris flow Lobed and smooth structure, gently sloping 

away from shallower terrains; steeply sloped 

toe 

 

 

 

N/A 

 

Spreading 

axes 

 

 

 

 

Deep axial valley with faulted morphology 

on opposing sides with valley ridge crest 

rising to the basin floor 

N/A 

 
 

Leaky 

transform fault 

Singular or multiple subparallel fault lines 

stretching several tens of kilometers; 

associated with volcanoes, volcanic fissures 

and hummocky terrain 

N/A 

 

Trench Continuous, >6 km deep, linear depression, 

seismically active, demarcating the 

subduction zone boundary; the down going 

plate has a heavily faulted morphology 

whereas the opposing forearc has a smooth, 

sedimented morphology 

N/A 

 191 

 192 

3.3.2 Structural mapping, lineament analysis, and fault kinematics 193 

Mapped structures include volcanic fissures, normal faults, thrust faults, corrugations, and detachment 194 

faults. Volcanic fissures are identified as linear peaks in the bathymetry with symmetrical slopes on either 195 

side. Normal faults are identified as asymmetrical linear features with a steep slope separating areas of 196 

contrasting relief. The morphology of thrust faults resembles that of normal faults, however, they are 197 
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interpreted to occur in the forearc where crustal uplift must be accompanied by compressional tectonics. 198 

Corrugations lack an appreciable change in relief and are located on a single domal structure interpreted 199 

to be an oceanic core complex. The contact between the core complex and the surrounding seafloor is 200 

therefore interpreted to be a low-angle detachment fault.  201 

 202 

Lineaments are classified into eight 22.5° intervals and lineament orientation maps are produced to reveal 203 

patterns of lineament trends across the mapping area (Fig. 4). The range of lineament lengths varied from 204 

~100 m to several tens of kilometres. All lineaments were broken up into 100 m segments to ensure that 205 

each lineament feature was proportionally represented during analyses. The 100 m segmented lineament 206 

data is represented in rose diagrams to show the distribution of lineament orientations across spatio-207 

temporal backarc domains. 208 

 209 

Where possible, the fault kinematics were resolved by interpreting centroid moment tensor data together 210 

with local lineament features following the approach of Baxter et al. (2020). The CMT data for 211 

earthquakes with Mw >5.0 and depths of <30 km (n = 53) were acquired from the global CMT project 212 

(Dziewonski et al., 1981; Ekström et al., 2012). The dataset was imported into the ArcGIS project using 213 

the Arcbeachball tool. Each CMT has two possible focal plane solutions for the earthquake; the 214 

interpretation of the likely fault plane is based on comparisons with the dominant lineament trends at 215 

surface, following Baxter et al. (2020). Where the focal plane of a CMT could not be resolved (e.g., due 216 

to the absences of high-resolution ship-track bathymetry), CMTs were classified as “unresolved fault 217 

types.” Taken together, mapped morphotectonic and structural features, lineament orientations, and fault 218 

kinematics were used to interpret the history of stress regime changes during progressive backarc 219 

opening. 220 

 221 
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4 Geology and structure of the northern New Hebrides Backarc 222 

The geologic, structural, and lineament orientation maps of the New Hebrides Subduction Zone (NHSZ) 223 

achieved using a remote-predictive mapping approach are presented in Figures 2, 3, and 4, respectively. 224 

A total of 36 distinct morphotectonic units were mapped and a total of 16,000 lineaments occur 225 

throughout the mapping area including ~14,000 normal faults with throws ranging from ~20–2,000 m, 226 

and just under 2,400 volcanic fissures rising up to ~500 m from the surrounding seafloor. Lineaments 227 

vary from ~100 m to several tens of kilometres and lineament orientations are variable throughout the 228 

study area. Below, we describe in detail the tectonic domains that are relevant to the spatio-temporal 229 

geodynamic history of the subduction zone. Where there are significant differences in the geologic or 230 

structural expression within a given setting, we subdivide the descriptions accordingly. Specifically, we 231 

provide descriptions for the northern and eastern relict arc rifts, the central and northwestern backarc 232 

rifts, as well as the arc-backarc transition together with the arc platform.  233 

 234 
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 235 

Figure 2:Morphotectonic map of the North New Hebrides Subduction Zone. Criteria for classification 236 

are presented in Table 1. CJCVZ = Central Jean Charcot Volcanic Zone, DHGD = Duff Horst and 237 

Graben Domain, DR = Duff Ridge, HHFZ = Hazel Holme Fracture Zone, JCT = Jean Charcot Trough, 238 
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NF = Nendö Fault, NDT = North Duff Trough NFB = North Fiji Basin, NHT = New Hebrides Trench, 239 

NHAP = New Hebrides Arc Platform, NJCVZ = North Jean Charcot Volcanic Zone, NSCT = North 240 

Santa Cruz Trough RIF = Reef Islands Fault, RIP = Reef Islands Platform, SDT – South Duff Trough, 241 

SSCT = South Santa Cruz Trough, SVZ = Starfish Volcanic Zone, TFZ = Tikopia Fracture Zone, VTT 242 

= Vot Tande Trough. 243 
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 244 

Figure 3: Structural map of the North New Hebrides Subduction Zone. SCB = Santa Cruz Basin; all 245 

other acronym meanings provided in Figure 2 caption. 246 
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 247 

Figure 4: Lineament orientation map of the North New Hebrides Subduction Zone. Coloured polygons 248 
are approximate boundaries of spatio- temporal stages of backarc opening: blue = Relict Arc Rifts, purple 249 
= Jean Charcot Rift, red = Santa Cruz Rift. Acronym meanings provided in Figure 2 and 3 captions. 250 
 251 
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4.1 Relict arc rifts 252 

The northern NHSZ is characterized by two relict arc features, the Reef Islands Platform (RIP) and the 253 

Duff Ridge (DR), which, have been rifted along two sedimented troughs. The DR is a single ridgeline 254 

that forms the boundary between the NHSZ and the NFB to the east. The active arc platform is offset to 255 

the west of the RIP by at least 55 km along an E-W-trending escarpment; sharply contrasting 256 

morphologies and lineament orientations to the south indicate that the escarpment forms a microplate 257 

boundary between the RIP and regions to the south which, are therefore described as separate spatio-258 

temporal domains. Regarding the relict arc, a region of horsts and grabens, referred to here as the Duff 259 

Horst and Graben Domain (DHGD), extend south from the DR and form a zone of diffuse, rifted relict 260 

arc crust. 261 

 262 

4.1.1 The relict arc rifts: The Duff Ridge and The Reef Islands Platform 263 

The DR has an arcuate shape subparallel to the trench and is most prominent along a NW-SE trend 264 

between 166.7°E, 9.5°S and 167.8°E, 10.5°S (Fig. 5a). A subaerial exposure of the ridge occurs at 265 

167.1°E, 9.8°S (the Duff Islands). The ridgeline records the position of the northern-most NHA prior to 266 

rift initiation (e.g., Auzende et al., 1995). The RIP is a shallow (>2,000 mbsl), sedimented, and largely 267 

undeformed region with numerous volcanic edifices. The region separating the RIP from the DR features 268 

two sedimented grabens (flat, smooth morphology) referred to here as the Duff Troughs (DT), which are 269 

elongated parallel to the ridgeline and separate it from the RIP to the south and to the west. The northern-270 

most graben is elongated E-W and has lineament orientation peaks trending 85–90° and 110–115° (Fig. 271 

5b). Referred to here as the north DT, it reaches depths of ~4,300 m and is bound to the south by a series 272 

of fault scarps with a cumulative throw of ~3,000 m rising southward to the RIP (Fig. 5c). South of the 273 

this, a smaller, shallower trough is nested within the series of fault scarps. Southeast of the north DT, a 274 

second trough referred to here as the south DT has peak lineament orientations of 140–145° (Fig. 5b). 275 
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This trough reaches depths of ~3600 mbsl and is bound by a ~500 m footwall scarp to the SW, from 276 

which the RIP shoals towards the Reef Islands to the west (Fig. 5d). South of this graben is a zone of 277 

deformation featuring E-W to N-S trending fault scarps forming a series of arcuate geometries that step 278 

southwestward and eventually terminate at two crustal-scale, E-W trending faults, referred to here as the 279 

Reef Islands Fault and the Nendö Fault, the latter forming the microplate boundary between the RIP and 280 

the backarc. At the southeast end of the DR, the ridgeline is rifted by a single ~10 km wide basin which 281 

curves to a N-S trend beyond which the Duff Ridge yields to a discontinuous arrangement of horst and 282 

graben structures, the DHGD.  283 
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 285 

 286 

Figure 5: A) Morphotectonic map of the Northern Relict Arc Rift; B) Lineament orientation map of the 287 

North Duff Trough and South Duff Trough. Blue arrows indicate the opening of these two troughs and 288 

the rifting of the Reef Islands Platform from the Duff Ridge and the North Fiji Basin; C)  Structural 289 

map of the North Duff Trough. Steep escarpments bound the trough with the Duff Ridge to the north 290 

and the Reef Islands Platform to the south. A second narrow and shallow basin is structurally adjoined 291 

to the North Duff Trough; D) Structural Map of the South Duff Trough. To the northwest, a steep 292 

escarpment rises to the Duff Ridge, contrasting with the gently sloped rise to the Reef Islands Platform, 293 

indicating a detatchment fault underlies the to the South Duff Trough and the Reef Islands Platform. A 294 

pattern of arcuate faulting is found between the South Duff Trough and the Nendö Fault. Acronym 295 

meanings provided in Figure 2 caption. 296 

 297 

4.1.2 The New Hebrides relict arc rift: Duff Horst and Graben Domain 298 

The DHGD extends from ~11°S to ~13.5°S, widening from ~20 km in the north to ~60 km in the south, 299 

terminating at the New Hebrides compression zone (Fig. 6a). Lineament orientation peaks are 0–5° and 300 

20–25° throughout this region of the relict arc (Fig. 6b). The relict arc is characterized by an arrangement 301 

of tilted horst structures with prominent, anastomosing W- to WNW-dipping fault scarps which bound 302 

discontinuous sedimented half-grabens (Fig. 6c). Further south at ~12.2°S, the relict arc intersects the 303 

Tikopia Fracture Zone, a relict NFB spreading centre. At this intersection, a series of backarc volcanoes 304 

surrounded by shallow hummocky terrain and numerous volcanic fissures and small cones interrupt the 305 

otherwise continuous N-S arrangement of horst structures. This volcanic terrain forms an E-W oriented 306 

volcanic belt called the Starfish Volcanic Zone (SVZ) that extends westward to the active arc. South of 307 

this intersection, the relict arc is more heavily faulted and consists of smaller horst structures, and lower 308 

relief footwall scarps lacking a prevalent dip-direction (Fig. 6d). The exception to this is a single, 309 

prominent ~100 km long escarpment, which is a boundary fault separating the relict arc DHGD from a 310 

single narrow backarc trough, the Vot Tande Trough (VTT). To the southeast of the DHGD, the New 311 

Hebrides Subduction Zone intersects the Hazel Holme Fracture Zone, which is an ultra-slow E-W 312 

trending spreading centre in the NFB. This intersection also separates the extensional north NHSZ from 313 
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the compressional zone the south and features numerous CMTs revealing strike-slip to reverse oblique 314 

slip fault kinematics.  315 
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 316 
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Figure 6: A) Morphotectonic map of the Southern Relict Arc Rift—the Duff Horst and Graben 317 

Domain; B) Lineament orientation map of the Duff Horst and Graben Domain. Blue double arrows 318 

indicate the interpreted dextral strikeslip component of fault kinematics along the Hazel Holme 319 

Fracture Zone and the Tikopia Fracture Zone during arc rifting. Curved arrow indicates clockwise 320 

rotation of the New Hebrides Arc Platform resulting from arc riftin; C)  Structural map of a section of 321 

the Duff Horst and Graben Domain north of the Tikopia Fracture Zone showing the anastomosing 322 

arrangement of horst structures with west dipping fault scarps. Rifted crators reveal the volcanic 323 

edifices were the focus of rifting. D) Structural map of the Duff Horst and Graben south of the Tikopia 324 

Fracture Zone showing a region of heavily fragmented horst structures and conjugate faulting 325 

accomodating transtensional breakup of the arc. A ~100 km long fault scarp east of the Vot Tande 326 

Trough and a gently sloped arc/backarc transition zone to the west indicates a detachment fault 327 

underlies the Vot Tande Trough and the arc/backarc transition zone.  Acronym meanings provided in 328 

Figure 2 caption. 329 

 330 

4.2 The backarc rifts 331 

The NHB troughs are bordered by the arc-backarc transition to the west, the RIP to the north, the DHGD 332 

to the east and the New Hebrides compressional zone (the Bank Islands) to the south. The NHB is 333 

characterised by variably hummocky or faulted crust throughout. Generally, troughs and lesser 334 

depressions are sedimented to the east and hummocky morphologies prevail to the west and northwest. 335 

Prevailing lineament orientations are N-S-trending to the west of the DHGD, and NNW-SSE to NW-SE-336 

trending further to the northwest. In this study, we distinguish the Jean Charcot Troughs (JCT) from the 337 

Santa Cruz Troughs (SCT) based on whether prevailing lineament trends are N-S or NNW-SSE to NW-338 

SE, respectively. 339 

 340 

4.2.1 The central backarc rift: The Jean Charcot Troughs and the Vot Tande Trough 341 

The Jean Charcot Troughs (JCT) in the central portion of the backarc are characterized by variable 342 

seafloor morphologies including areas exhibiting abundant volcanism, a flat, sedimented morphology, 343 

or high densities of faulting (Fig. 7a). Across this domain, lineament orientations are remarkably uniform 344 

with only slight deviations from the 175–185° orientation peak (Fig. 7b). In the north, the JCT is bound 345 

by an ENE-WSW-oriented volcanic corridor along 10.6°S, where NNW-SSE-trending volcanic fissures 346 
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deviate from the N-S lineament trends in the JCT. The hummocky terrain of the 10.6°S volcanic zone 347 

gradually deepens southward from ~1,700 mbsl to a maximum depth of ~3,900 mbsl at the northern 348 

extent of the JCT. Here, a singular prominent trough, the central JCT is a hummocky-bottomed trough, 349 

is elongated N-S, and narrows southward, becoming a ~10 km wide valley within a second zone of 350 

focused magmatism centred at 11.3°S. The relatively gentle hummocky slopes enveloping the north end 351 

of the central JCT transition into steep fault scarps within the 11.3°S volcanic zone that reach throws of 352 

up to ~1,700 m and lengths of up to ~80 km (Fig. 7c). The 11.3°S volcanic zone rises to depths above 353 

2,300 mbsl on either side of the ~3,400–3,200 mbsl deep axial valley floor and features large volcanic 354 

cones and abundant volcanic fissures covering an area of ~1,500 km2. Despite the absence of seismic 355 

activity, the axial valley floor has a hummocky morphology indicating recent volcanic activity. To the 356 

east of this valley and parallel to it is a long, narrow valley that has a flat-bottomed morphology, 357 

indicating abundant sedimentation. To the south of the 11.3°S volcanic zone, the central JCT opens into 358 

a zone ranging from ~3,400–2,600 mbsl in depth, bound to the west by the arc-backarc transition and to 359 

the east by a previously undescribed oceanic core complex (OCC) centred at ~167.8°E, 11.8°S. This 360 

OCC has a domal morphology, rising to a depth of 1,900 m. Corrugations on the exhumed surface record 361 

an extension direction consistent with the principal WNW-ESE extension recorded in the DHGD. This 362 

region is characterized by a sparsity of volcanic features and abundant low relief normal faults that bound 363 

numerous small, indistinct troughs/depressions with variable hummocky to sedimented morphologies. 364 

Further to the south, the seafloor shoals up to the SVZ (Fig. 7d), located between ~12.0–12.5°S and 365 

covering an area slightly larger than the 11.3°S volcanic zone. Like the 11.3°S volcanic zone, the SVZ 366 

is generally shallower than 2,300 mbsl but has a higher density of small volcanic cones (<2 km in width) 367 

and volcanic fissures around a central large volcanic edifice, the Starfish Volcano (~7.5 km wide) at 368 

about 12.2°S. The SVZ is the eastward continuation of the volcanic corridor that extends from the 369 

Tikopia Fracture Zone. South of the SVZ, the seafloor again deepens and the morphology transitions into 370 
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the southern reaches of the DHGD and the VTT. The VTT exhibits a prevalence of N-S-trending 371 

lineament on its eastern and western flanks, which parallels lineaments in the JCT. A notable asymmetry 372 

is revealed by a relatively steep footwall scarp (rising up to 2,500 mbsl) forming the eastern boundary of 373 

the VTT and a gentler slope with diffuse faulting characterizing the arc-backarc transition to the west. 374 
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 376 

Figure 7: A) Morphotectonic map of the Jean Charcot Rift; B) Lineament orientation map of the Jean 377 

Charcot Rift. Purple arrows indicate the east-west extension interpreted from the uniformity of north-378 

south trending lineaments; C) Structural map of the Central Jean Charcot Volcanic Zone. A 379 

symmetrical rift valley with a hummocky floor separates the the volcanic field. A rift valley to the east 380 

has a sedimented valley floor suggesting formed earlier than rifted volcanic field and westward 381 

migration of the rift axis; D) Structural map of the Starfish Volcanic Zone. Prolific volcanism is 382 

indicated by a high density of volcanic cones and fissures and shallow bathymetry relative to the deeper 383 

regions to the north and south where volcanic features are sparse. Acronym meanings are provided in 384 

Figure 2 caption. 385 

 386 

4.2.2 Northwestern backarc rifts: The Santa Cruz Troughs 387 

The SCT is a backarc domain that is characterized by abundant young hummocky volcanic flows and 388 

active seismicity (Fig. 8a). The SCT is bound by the RIP to the north, the arc-backarc transition to the 389 

southwest, and the 11.3°S and 10.6°S volcanic zones to the east. The 10.6°S volcanic zone extends into 390 

the northern-most trough within the SCT with rifted volcanoes and volcanic fissures occurring at greater 391 

depths. This domain is characterized by NW-SE to NNW-SSE striking normal dip slip to right lateral 392 

oblique slip fault kinematics with two peak orientations at 145–150° and 160–165° (Fig. 8b). Directly 393 

south of the Nendö Fault is the northernmost trough in this domain, the north SCT (Fig. 8c). This trough 394 

deepens towards the north where a maximum depth of ~3,700 m is reached at the footwall of the Nendö 395 

Fault. It has a hummocky and heavily faulted morphology populated with numerous volcanic fissures 396 

and rifted volcanic edifices. The southeastern end of this domain features another trough, a ~65 km long, 397 

~20 km wide sigmoidal-shaped trough with a maximum depth of ~4,000 m at its north end (Fig. 8d). 398 

The morphology of this trough is characteristic of transtensional troughs (cf. Wu et al. 2009) with the 399 

following notable observations: 1) the trough footwall scarps can be observed on either side of the basin 400 

with a maximum throw of ~1,700 m on the eastern flank and ~2,600 m on the western flank; 2) along 401 

the trough axis, trending NNW-SSE, a discontinuous ridgeline represents the cross-basin strike-slip zone; 402 

and 3) extending south from the western basin footwall, the escarpment fans out into a series of en 403 
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echelon normal faults that parallel the cross-basin ridge. Southwest of the trough, a sequence of parallel 404 

NNW-SSE-trending faults produce a terraced morphology, stepping up towards the arc-backarc 405 

transition. On the eastern bounding horst, a bathymetric peak depicts the morphology of a rifted volcano. 406 
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 408 

Figure 8: A) Morphotectonic map of the Santa Cruz Rift; B) Lineament orientation map of the Santa 409 

Cruz Rift. Red double arrows indicate dextral fault kinematics along the Nendö Fault. Curved arrow 410 

indicates counterclockwise rotation of the New Hebrides Arc Platform; C) Structural map of the North 411 

Santa Cruz Trough and south Reef Islands Platform. Normal to normal-oblique fault kinematics 412 

indicated active extension in the South Santa Cruz Trough accomodating southwestward migration of 413 

the North New Hebrides Arc. Two crustal-scale faults, the Reef Islands Fault and the Nendö Fault, 414 

accommodate dextral motion between the Reef Islands Platform and the North New Hebrides Arc; D) 415 

Structural map of the south Santa Cruz Trough. The morphology of the trough is characteristic of a 416 

transtensional pull-apart basin: footwall uplifts on both sides of the trough are assymetrical in relation 417 

to a cross-basin high, which represents an axial strike slip zone; an en-echelon ramp relay trails the 418 

eastern footwall uplift. A rifted volcano is a likely source of weakness where rifting initiated. CMT 419 

classifications provided in Figure 3. Acronym meanings provided in Figure 2 caption. 420 

 421 

4.3 The arc-backarc transition, the arc, and the forearc 422 

The arc-backarc transition is a 5–40 km wide zone to the west of the backarc troughs and forms the slope 423 

that rises to the arc platform (Fig. 2). This zone hosts numerous arc volcanoes and is characterized by a 424 

faulted morphology. Fault trends generally parallel lineament orientations in the neighbouring backarc. 425 

Two rifted volcanoes are located within the transition zone, one at~12°S and one at ~12.8°S. The 12°S 426 

volcano is west of the SVZ and is rifted in a WNW-ESE direction with the two halves separated by a 427 

~20 km trough that is populated by numerous small volcanic cones and fissures. The 12.8° trough is west 428 

of the VTT and is actively rifting as indicated by three local CMTs interpreted with normal to normal-429 

left lateral oblique slip fault kinematics. The volcano is rifted in a NNW-SSE direction with the two 430 

halves separated by a ~10 km trough. The extension direction exhibited within these troughs contrasts 431 

with the general E-W extension in the neighbouring SVZ and VTT, respectively. 432 

 433 

The NHA Platform is 40–90 km in wide and is characterized by a smooth, flat-topped morphology and 434 

thick sedimentary deposition (Charvis and Pelletier, 1989). The region is undeformed with the exception 435 

of the northernmost region of the platform where an ENE-WSW belt of seismicity extends from the 436 
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Nendö fault and through the island of Nendö. Nendö and two additional islands, Utupua and Vanikoro, 437 

constitute the Santa Cruz islands. 438 

 439 

The north New Hebrides Forearc is 50–80 km wide and slopes down from the arc platform to the New 440 

Hebrides Trench, where a maximum depth of >9000 m is reached at ~11.9°S. A single forearc uplift (the 441 

Torres Islands) occurs between ~12.6–13.7°S. Viewed in reference to the trench axis, the forearc uplift 442 

lies directly opposite from the WTM on the subducting Santa Cruz Basin.  443 

 444 

5 Discussion: Spatio-temporal phases of backarc opening 445 

The culmination of mapping outcomes, including geologic and structural mapping, relative age 446 

relationships, zonal variations of lineament orientations, and fault kinematics inform on an interpretation 447 

of this complicated spatio-temporal history of backarc basin opening within the NHSZ. We identify three 448 

specific phases of rifting, constrained by previously established regional tectonic events. The three phases 449 

include: 1) rifting of the relict arc associated with the cessation of seafloor spreading in the northwest 450 

NFB, arc collision with the DER, slab rollback, and continued clockwise rotation of the arc, 2) E-W-451 

directed rifting, primarily in the JCT, associated with the New Hebrides backarc basin formation with 452 

continued slab rollback, and a transition in arc rotation, and 3) NE-SW directed rifting in the SCT 453 

associated with the arrival of the WTM at the New Hebrides Trench, counterclockwise rotation of the 454 

arc, and the formation of a microplate boundary with the RIP to the north. 455 

 456 

5.1 Rifting of the relict arc 457 

The initiation of backarc rifting begins with the rifting of the relict New Hebrides Arc, represented by 458 

the Duff Troughs in the north, separating the DR and the RIP, and the DHGD in the east. The northern 459 
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and eastern rifts exhibit distinct seafloor morphologies and dissimilar patterns in seafloor fabric therefore 460 

we classify these regions as distinct domains and interpret them separately below. 461 

 462 

5.1.1 Phase one: Rifting of the DHGD and clockwise rotation of the north New Hebrides Arc 463 

The presence of two lineament orientation peaks in the DHGD combined with laterally offset horst 464 

ridgelines observed in the morphology indicates a transtensional stress regime with conjugate normal to 465 

oblique-strike slip faulting (Fig. 6). The change to prevalent NE-SW-trending structures and the presence 466 

of a ~25 km hummocky-bottomed basin at the southeastern corner of this domain is likely the result of 467 

influences from spreading occurring near the backarc-Hazel Holme Fracture Zone intersection. The 468 

initiation of rifting within the arc can be explained by events occurring within the neighbouring NFB. 469 

The orientation of magnetic lineations indicate NE-SW-directed spreading in the northwest NFB up until 470 

~7 Ma, accommodating clockwise rotation of the arc (Pelletier et al., 1993; Auzende et al. 1995). This 471 

was followed by N-S-directed spreading along two paleo-spreading centres (the Tikopea and Hazel 472 

Holme Fracture Zones) up until ~3 Ma (Pelletier et al., 1993; Auzende et al. 1995). It is conceivable that 473 

dextral motion and/or oblique spreading along these fracture zones continued to accommodate clockwise 474 

rotation of the arc during this period. After ~4 Ma, two tectonic events likely contributed to the 475 

commencement of arc rifting in the northern NHA. The first is related to the opening of the Lau Basin to 476 

the east by ~3 Ma, which resulted in stress field changes and a second reorientation the NFB spreading 477 

axes (Auzende et al., 1995). At this time, E-W directed spreading began in the southern NFB near 173°E 478 

as far north as ~15°S in the NFB (Pelletier et al., 1993; Auzende et al. 1995). North of the Hazel Holme 479 

Fracture Zone, seafloor spreading ceased. The second event is the collision of the DER by ~3–2 Ma, 480 

which resulted in compressional tectonics in the central segment of the subduction zone (Macfarlane et 481 

al., 1988; Greene et al., 1994). Dating of arc volcanic rocks indicate that volcanism on the eastern ridges 482 

of the DHGD and the western ridgeline bounding the VTT ended by ~3.5 Ma and 2.7 Ma, respectively 483 
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(Maillet et al., 1995), and provides a minimum constraint on the period of arc rifting. Eastward thrusting 484 

in the central portion of the subduction zone together with ongoing slab rollback to the north, segmented 485 

the arc (Greene et al., 1994; Pelletier et al., 1998; Calmant et al., 2003) and reversal of the kinematics of 486 

the Hazel Holme Fracture Zone from dextral to sinistral motion is required to explain the displacement 487 

caused by compression to the south. An E-W alignment of shallow strike-slip earthquake focal 488 

mechanisms have been interpreted to be a sinistral transform boundary between the north and central arc 489 

segments (Taylor, 1995). With the absence of seafloor spreading north of the Hazel Holme Fracture Zone 490 

and the initiation of E-W sinistral motion along the Hazel Holme Fracture Zone, rifting in the northern 491 

NHA was required to continue to accommodate asymmetric rollback of the subducting Santa Cruz Basin 492 

and continued clockwise rotation of the northern arc segment. The rifting of the arc produced the DHGD 493 

as revealed by the indicators for transtensional deformation; namely, two peak lineament orientations 494 

trending N-S and NNE-SSW, offset horsts, and the wedge shape of the DHGD (widening from north to 495 

south). This interpretation supports the continuation of the pre-rift clockwise rotation of the northern arc 496 

segment. 497 

 498 

5.1.2 Phase one: Rifting of the Reef Islands Platform from the Duff Ridge 499 

Given the positions of the RIP and DR relative to the active NHA—indicating dextral displacement along 500 

the Nendö Fault—we interpret that a single coherent arc platform existed during most of the earlier ~10-501 

3 Ma clockwise rotation of the arc (Falvey, 1978; Musgrave and Firth, 1999). During this time, the 502 

northern portion of the arc platform translated away from a position above the subducting slab, as 503 

demarcated by the Santa Cruz Transform Fault as depicted in Figure 1. The rifting of the relict arc north 504 

of the Nendö Fault, represented by the North and South DT, likely occurred sometime after ~7 Ma in 505 

response to a change from NE-SW- to N-S-directed rifting in the northwest NFB as revealed by magnetic 506 

lineation data (Auzende et al., 1995). However, the exact timing is unclear; rifting may have occurred 507 
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during rifting within the DHGD and clockwise arc rotation or later during the initiation of 508 

counterclockwise arc rotation in response to arc collision with the DER and the coeval cessation of 509 

seafloor spreading in the northwest NFB ~3 Ma (Greene et al., 1994; Auzende et al., 1995). In either 510 

case, continued rollback of the Santa Cruz Basin likely induced rifting of the northern arc segment and 511 

opening of these two troughs, prior to the detachment of the RIP from the active arc further south. 512 

 513 

Lineament analysis of the north DT indicates two peak lineament orientations, one trending 85–90° and 514 

another trending 105–110° (Fig. 4b). While this may indicate a transtensional component to basin 515 

spreading, it is observed that the 105–110° lineaments are found predominantly in the smaller, shallower 516 

basin to the south. The lineament fabric in this lesser basin connects to the south DT indicating that the 517 

two are structurally related (Figs. 4c and 4d). The contrast in lineament orientations between the north 518 

DT and the south DT with its northern continuation may indicated that the two troughs may have opened 519 

in sequence under changing stress regimes (i.e., the opening of the north DT preceded that of the south 520 

DT). The steep escarpment bounding the south DT to the east and the gently sloped RIP to the west is 521 

characteristic of a rollover anticline forming through extension along a low-angle detachment fault with 522 

a listric geometry (c.f., Dula, 1991). Prior to rifting, the coupled RIP-DR arc-front would have been level. 523 

The initiation of extension in the south DT caused the formation of a detachment fault dividing the DR 524 

and RIP and projecting beneath the RIP, which rifted southwest relative to the DR. During this rifting, 525 

the eastern RIP subsided, creating the gently sloped morphology. 526 

 527 

The morphology and lineament orientation of the two northern troughs contrasts sharply with the more 528 

complex domains to the south of the Reef Islands and Nendö Faults. The relative timing of the northern 529 

troughs with respect to the rifting and basin opening to south can be constrained by noting that the  north 530 

and south DT contain heavily sedimented basin floors, while backarc rifting in the JCT is hummocky, 531 
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indicating relatively recent volcanism in the latter. The opening of the northern troughs therefore 532 

occurred sometime before the extensional phase of opening in the JCT. We further interpret that the 533 

rupture of the Reef Islands and Nendö Faults caused the cessation of rifting north of this microplate 534 

boundary. 535 

   536 

5.2 Phase two: Rifting of the Jean Charcot Troughs and transitional arc rotation  537 

The JCT is a ~40 km wide zone of E-W extension that stretches N-S for ~150 km and is bisected by the 538 

10.6°S volcanic zone to the north and the SVZ centred at 12.1°S. The JCT is interpreted to be a failed 539 

rift—a diffuse zone of extension in which a spreading axes fails to materialize—based on backarc basin 540 

basalt (BABB) geochemical signatures of dredged seafloor samples from the SVZ (Monjaret et al., 1991; 541 

Maillet et al., 1995). Geologic interpretations and the lineament analysis in this study support the failed 542 

rift interpretation. Within the JCT, abundant volcanic fissures within the 11.3°S volcanic zone and the 543 

SVZ and normal faulting more broadly, share a remarkably uniform N-S orientation and indicate a period 544 

E-W-directed extension (Fig. 6b). The morphology of the 11.3°S volcanic zone—a deep axial graben 545 

with a hummocky floor and steep valley walls with high relief—is characteristic of a slow-spreading 546 

centre (Fig. 6c). We interpret this observation as the establishment of an incipient spreading centre near 547 

the end of the diffuse rifting period. In total, the extension in the JCT resulted in up to ~60 km of extension 548 

in the backarc along a length of ~180 km. Dredged backarc basin basalt samples from the SVZ were 549 

dated to have erupted between ~2.7–1.1 Ma, placing upper and lower constraints on the opening of the 550 

JCT (Monjaret et al, 1991; Maillet et al., 1995). This extensional period was likely accommodated along 551 

E-W oriented structures located within and obscured by younger volcanic flows in the 10.6°S volcanic 552 

zone in the north and the SVZ in the south.  553 

 554 
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To the south of the SVZ, a single ~110 km long graben, the VTT, bears morphological similarity to the 555 

south DT in having a steep escarpment on its eastern margin, contrasting with a gently sloped, though 556 

faulted margin along the arc/backarc transition (Fig. 6d). The VTT may represent the initiation of a 557 

detachment fault coeval with the beginning of extension in the JCT. Rifting south of the SVZ is 558 

interrupted early in the initial extensional phase as compared to the JCT, and the VTT reached a 559 

maximum width of only <10 km. A possible explanation for this early interruption may be the nearing 560 

of the West Torres Massif on the subducting plate prior to its arrival 1.0–0.7 Ma (Meffre and Crawford, 561 

2001) and the ceasing of slab rollback south of ~12°S. Continued rollback north of ~12°S allowed for 562 

continued backarc extension in the JCT and accommodated along E-W transform faults within the SVZ. 563 

 564 

5.3 Transition from extensional to transtensional rifting 565 

The morphological arrangement of the JCT, the south SCT to the west, and the region between them bear 566 

a remarkable resemblance to that described by Auzende et. al (1988) in a region to west of the Fiji 567 

archipelago. The authors describe a region with two sub-parallel N-S-oriented grabens separated in the 568 

north by a shallower subsidiary trough with dominant lineament fabric at a ~25° obliquity to the N-569 

trending grabens, and in the south by a plateau with complex arcuate structures (Fig. 16 in Auzende, et 570 

al., 1988). Auzende et al. (1988) interpret the structures as resulting from dextral regional deformation, 571 

perpendicular to the sinistral North Fiji Fracture Zone, contributing to counterclockwise rotation of the 572 

Fiji platform. In our model, we propose that this morphology and the spatial relationship of the lineament 573 

fabric represents a period of transition from extensional to transtensional rifting (Fig. 9). Four key 574 

observations support this: 1) The SCT is seismically active and therefore likely opened after the opening 575 

of the JCT, which is seismically inactive; 2) a change in peak lineament orientation frequencies from a 576 

N-S trend in the JCT to paired NW-SE/NNW-SSE trends in the SCT; 3) N-S trending faults (associated 577 

with E-W extension in the JCT) are seen to be crosscut by NW-SE and NNW-SSE trending faults 578 
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(associated with NE-SW- and ENE-WSW-directed extension in the SCT) in areas where high resolution 579 

(25 m) bathymetry is available on the arc/backarc transition southeast of the island of Vanikoro (Fig. 580 

10a) and in the north SCT (Fig. 10b); and 4) the contrast between the slow-spreading centre morphology 581 

in the central JCT and the pull-apart basin morphology of the neighbouring south SCT. In addition, the 582 

plateau between the two N-S grabens west of Fiji are interpreted to have arcuate structures as a result of 583 

intra-plate rotation during the opening of the two troughs. The region between the transtensional south 584 

SCT and extension JCT is relatively undeformed, supporting episodic rather than simultaneous opening 585 

of the two troughs. 586 
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 587 

Figure 9: Interpreted sequential opening of the Jean Charcot Trough and the South Santa Cruz Trough. 588 
The JCT opened during an earlier stage of rifting characterized by E-W extension. The south SCT 589 
opened later through transtensional opening characterized by NNW-SSE extension accompanied by 590 
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dextral motion along a central trough axis. The two troughs are bridged by a lesser, shallower trough 591 

with an extension direction oblique to both troughs. 592 

 593 

 594 

 595 
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Figure 10: a) Faulted morphology in the New Hebrides arc/backarc transition. N-S trending faults 596 

reveal the western most extent of the Jean Charcot Rift. NW-SE trending faults associated with the 597 

Santa Cruz Rift crosscut N-S trending faults. NW-SE trending faults are themselves crosscut by 598 

conjugate NE-SW trending faults also associated with the Santa Cruz Rift; b) Faulted morphology in 599 

the Kaiyo Trough. N-S trending fault in the east of the area are crosscut by NNW-SSE trending fault, 600 

indicating that N-S trending structures in the South Santa Cruz Trough may have formed during the 601 

Jean Charcot stage of rifting and were later crosscut by ENE-WSW extension during the Santa Cruz 602 

stage of rifting. In the west of the South Santa Trough, N-S trending fabric is sparser and the dominant 603 

fabric trends NW-SE. Here, a N-S trending structure is crosscut by a WNW-ESE fault. 604 

 605 

The presence of a subsidiary basin with ~25° obliquity to, and lying between the two primary troughs, in 606 

both the NFB (Auzende et. al, 1988) and northern NHB is a noteworthy observation. Considering the 607 

scenario in this study—episodic rifting in a nascent backarc basin—the oblique structural fabric trending 608 

NE-SW in the arc-backarc transitional zone may be the antecedent to the opening of subsidiary basins 609 

oblique to the prevalent seafloor fabric in adjacent backarc troughs. Three such regions of structural 610 

obliquity are observed on the arc-backarc transition. The first is between the south end of the south SCT 611 

and an arc volcano to the west (~167°S, 11.3°S; Fig. 7b). Here, NE-SW trending structures intersect with 612 

the predominant NW-SE- to NNW-SSE-trending structures, which produce the terraced morphology of 613 

the area. A single CMT in this zone reveals right-lateral oblique dip-slip fault kinematics with a strike 614 

that is ~45° oblique to the dominant fault slip trends in the south SCT. The second is the 12°S rifted 615 

volcano the arc-backarc transition where NE-SW faults crosscut the prevalent NW-SE and NNW-SSE 616 

seafloor fabric (167.2°E, 12°S; Fig. 8a). The third is the 12.8°S rifted volcano on arc backarc transition; 617 

both rifted volcanoes form young, faulted troughs with orientations oblique to the neighbouring backarc 618 

troughs (Fig. 7a). The presence of oblique seafloor fabric and/or relatively shallow subsidiary basins is 619 

interpreted to be a feature of strain partitioning either between actively opening troughs (e.g., Auzende 620 

et al., 1988), or in a transition period during which there is a jump in the locus of basin opening (this 621 

study). 622 

 623 
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5.4 Phase three: Arrival of the West Torres Massif, counterclockwise arc rotation, and rifting of 624 

the Santa Cruz Troughs 625 

The seismically active SCT represents the most recent shift in tectonic stresses. The pull-apart basin 626 

morphology of the south SCT, the normal dip slip to normal right lateral oblique slip fault kinematics, 627 

and dual peak lineament orientations indicate a change from E-W-directed extension (JCT) to NNE-SSW 628 

and NE-SW-directed transtensional to extensional rifting within the SCT. This transition is interpreted 629 

to be the result of the arrival of the WTM at the NHT at ~0.7–1.0 Ma (Fig. 1; (Meffre and Crawford, 630 

2001). Incipient compressional tectonics inboard of the trench between 13–15°S is evidenced by forearc 631 

uplift (i.e., West Torres Islands; Calmant et al. 2003) and may explain discontinuation of rifting in the 632 

JCT. Though no volcanic samples have been dated in the SCT, the end of backarc volcanism in the JCT 633 

by ~1.1 Ma (Monjaret et al, 1991; Maillet et al., 1995) constrains the transition in location of backarc 634 

rifting and agrees with the timing of the arrival of the WTM. Arrival of the WTM likely caused 635 

emplacement of a rotation hinge point in the northern NHA with a pole of rotation just south of the SVZ 636 

as determined Bergeot et al. (2009) and Calmant et al. (2003) using GPS velocity data. Current 637 

convergence rates at the north end of the northern NHSZ are ~150–170 mm/yr, with ongoing slab retreat 638 

being accommodated by ~80 mm/yr of backarc extension (Calmant et al. 2003). The asymmetry in 639 

convergence caused by compression induced by the arc-plateau collision in the south and slab retreat in 640 

the north can explain the counterclockwise rotation of the arc platform and the ongoing rifting in the 641 

SCT. 642 

 643 

A network of arcuate normal faulting to the south of the south DT mimic the larger arcuate geometry of 644 

the of the north and south DT. Arcuate faulting patterns are characteristic features resulting from strain 645 

partitioning near crustal-scale transform boundaries and have been described in both extensional (e.g. 646 

Owen Fracture Zone, NW Indian Ocean: Rodriguez et al., 2013) and compressional tectonic settings (e.g. 647 
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Altyn Tagh Fault, Himalayan Plateau: Dupont-Nivet et al., 2004). It is likely, therefore that the arcuate 648 

faulting pattern south of the south DT was a precursor to the full crustal-scale rupture that formed the 649 

Reef Islands and Nendö Faults and the consequent dismemberment of the RIP from northern NHA crustal 650 

block (Fig. 5d). The timing of the initial crustal-scale rupture is likely to have been caused by the arrival 651 

of the WTM as interpreted from the asymmetry of convergence along the northern NHA, the 652 

emplacement of a hinge of counterclockwise rotation within the northern NHA, the initiation of rifting 653 

that formed the SCT, and the lack of slab suction (the northern slab edge being roughly in alignment with 654 

the Santa Cruz Transform Boundary to the west; Neely and Furlong, 2018). 655 

 656 

6 Discussion: Controls on the distribution of volcanism across the New Hebrides Backarc 657 

Within the NHB, we identify two volcanic corridors that span the width of the backarc: the 10.6°S 658 

volcanic zone (Fig. 5a) and the SVZ (Fig. 6a). Both zones feature hummocky terrains and a high density 659 

of volcanic cones and fissures, rise up to more than 1 km above the surrounding seafloor (interpreted to 660 

be magma deficient areas), are elongated in an orientation roughly perpendicular to the arc, and are 661 

preserved through all phases of backarc opening. Within the spatio-temporal framework of basin 662 

opening, we infer that volcanism progressed from east to west with progressive westward arc migration. 663 

In this scenario, the conduits for backarc volcanism may be inherited from the rifting of arc volcanoes 664 

that then migrate trenchward. Karig (1970) demonstrates the proto-Kermadec Arc was the locus of rifting 665 

that produced the Havre Trough and effectively split the arc into the relict Lau Arc and the active 666 

Kermadec Arc. Molnar and Atwater (1978) further explain that arc volcanoes may act as points of 667 

weakness and preferentially control where rift initiation begins. This is supported by this study with the 668 

observation that a number of relict intra-arc troughs (167.8°E, 10.6°S on Fig. 5a; 168.2°E, 12.0°S on 669 

Fig. 6a) and backarc troughs (167.8°E, 10.7°S; 167.2°E, 11.3°S on Fig. 8a) exhibit rifted volcano 670 

morphologies on their footwall escarpments. Two rifted arc volcanoes are also observed on the arc-671 
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backarc transition (167.2° E, 12.0°S; 167.4°E, 12.8°S on Fig. 6a). Jumps in the axis of rifting and 672 

associated changes in relative plate motions, as observed with MOR spreading centres, are also plausible 673 

in backarc basins, with migrating arc volcanoes repeatedly acting as centres for rifting (Molnar and 674 

Atwater, 1978). Wright et al. (1996) interpret a series of “cross-arc ridges” that interrupt the continuity 675 

of the Havre Trough in the Kermadec Subduction Zone as composites of “arc massifs” produced by the 676 

migration of arc volcanoes, most notably The Rumble V Ridge, which has dimensions and relative depths 677 

very similar to the volcanic corridors described in this study. While this is a reasonable interpretation for 678 

the formation of voluminous tracts of volcanism, this does not explain why not all arc volcanoes form 679 

corridors of prolific volcanism.  680 

 681 

Alternatively, the continuity of the volcanism in the SVZ and 10.6°S volcanic zone may have formed 682 

along pre-existing crustal-scale structures, which track behind arc migration and enables concentrated 683 

backarc volcanism. In the case of the Rumble V corridor, Wright et al. (1996) suggested that it is possible 684 

(though unlikely in their study area) that underlying transform faults or pre-existing arc discontinuities 685 

may have promoted greater volumes of volcanism. Specific to the NHB, however, Anderson et al. (2016) 686 

observed that the volcanic terrain of the SVZ tracks from the intersection of the relict arc with the Tikopia 687 

Fracture Zone in the NFB, a sequence of deep, E-W oriented troughs that exhibit the morphology of an 688 

ultraslow spreading centre. The Tikopia Fracture Zone is seismically inactive, however, and an 689 

alternative mechanism is required to account for structural continuity. The width of the JCT to the north 690 

of the SVZ (~80–100 km) is notably greater than the width of the backarc directly to the south (~10–50 691 

km), particularly in the VTT, this can partly be explained by transform faulting beneath the volcanic 692 

strata of the SVZ inheriting the E-W-trending rupture planes of the Tikopia Fracture Zone normal faults. 693 

These transform faults may then also function as conduits for backarc volcanism. In the 10.6°S volcanic 694 

zone, a link between a crustal-scale structure and prolific volcanism is enigmatic. No major structure is 695 
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observed in the adjacent NFB, however NW-SE-trending lineament orientations in the 10.6°S volcanic 696 

zone deviate from the N-S trending lineaments in the JCT to the south, indicating a deformation history 697 

that perhaps bridges E-W extension in the JCT to the south with arcuate faulting patterns and the eventual 698 

dismemberment of the RIP to the north (Fig. 5a). In our model, we propose that the combination of the 699 

two aforementioned processes—repeated rifting of and migration of arc volcanoes and crustal scale 700 

structures that track behind arc migration—are prerequisites for producing corridors with high volume 701 

volcanism. 702 

 703 

7 Discussion: Implications for nascent backarc rifting processes 704 

Many tectonic complexities influence the initiation and progression of backarc rifting including 705 

variations in slab dip angles (Lallemand et al., 2005; Sdrolia & Müller, 2006), slab tearing and associated 706 

subduction transform edge propagator fault formation (Lister et al., 2012; Neely and Furlong, 2018), 707 

asymmetric slab rollback (Schellart et al., 2002), and buoyant ridge-forearc collisions and associated arc 708 

segmentation and block rotations (Calmant et al., 2003; Bergeot et al., 2009; Wallace et al., 2009). In 709 

this study, we characterize the geodynamic character of backarc rifting in the north NHB which, being 710 

one of the world’s youngest backarc basin and having been affected by several tectonic complexities 711 

preserves the earliest phases of backarc basin opening. We advance three important interpretations about 712 

early backarc rifting based on our observations of the New Hebrides Subduction Zone. First, the focal 713 

point of opening of intra-arc troughs occurs at arc volcanoes, consistent with the evidence first presented 714 

by Karig (1970) that extension in arc settings begin at arc volcanoes where thermal weakness in the crust 715 

is induced by arc plutonism. This is best supported by the 12°S and 12.8°S rifted volcanoes located on 716 

the arc-backarc transition (Fig. 2). The same principle applies to the opening of troughs in the already 717 

established backarc, as can be observed in the south SCT where the bounding horst structures exhibit the 718 

morphology of a rifted volcano (Fig. 8d). These observations confer that early intra-arc/ backarc rifting 719 
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is initiated at volcanic edifices. Second, rifting of the arc proceeds along low-angle detachment faults 720 

that projects trench-ward, beneath the arc. The morphologies of the south DT (Fig. 5d) and the VTT 721 

(Fig. 6d) both support this interpretation; steep escarpments bound the troughs opposite from the arc 722 

platform and a gently sloped morphology on the arc platform are characteristic of asymmetrical rifting 723 

along a deep detachment fault. The presence of an OCC at 167.8°E, 11.8°S exposes the detachment fault 724 

along a section of the backarc that has experienced more advanced crustal thinning and further supports 725 

arc migration along detachment faults following a period of arc rifting. The presence of an OCC and a 726 

concomitant detachment fault to the east of the JCT and north of the Tikopia Fracture Zone is reminiscent 727 

of OCCs previously described on the inside corners of slow-spreading mid-ocean ridge-transform 728 

intersections and the integral role of detachment faults in crustal accretion in these locations (Ildefonse 729 

et al., 2007; Escartin et al. 2008; Li et al., 2014). Therefore, the presence of detachment faults and 730 

associate OCCs in a backarc setting act as a bridge between early rifting and the eventual establishment 731 

of stable seafloor spreading. Third, once rifting has achieved sufficient crustal thinning, as signalled by 732 

the OCC exposure, mantle upwelling induces a period of profuse, localized volcanism that is antecedent 733 

to the development of a spreading axis. The morphology of a slow spreading axis is preserved in the 734 

11.3°S volcanic zone, which, in contrast to the volcanic corridors to the north and to the south, is a zone 735 

of focussed magmatism without any lateral continuity to indicated pre-existing structural controls.  736 

 737 

8 Conclusions 738 

This study demonstrates the polyphase nature of the initiation and early rifting of nascent backarc basins. 739 

The process begins with rifting of arc crust at zones of crustal weakness, often at arc volcanoes as 740 

evidenced by the observation of numerous rifted volcanic edifices and fissures in this study. Diffuse 741 

rifting of the thickened relict arc produces a horst and graben morphology, such as the DHGD, that yields 742 

to broader and deeper trough formations along consolidated detachment faults as crustal thinning 743 
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proceeds, such as in the JCT. Profuse focused volcanism appears in the later stages of early rifting and 744 

signals the development of a seafloor spreading centre orthogonal to the extension direction of rifting. In 745 

the NHB, this process is preserved by the 11.3°S volcanic zone where a deep elongate trough bisects the 746 

volcanic zone. We propose that the first two phases of opening, arc rifting and backarc trough opening, 747 

are common processes in the early phases of backarc basin development. In the case of the NHB, the 748 

culmination of a stable spreading centre as observed in mature backarc basin was interrupted by arc 749 

collision with the West Torres Massif and an abrupt shift in the loci of rifting to the SCT, leaving a 750 

seismically quiescent aborted spreading centre. In contrast to the isolation of the 11.3°S volcanic zone, 751 

two other zones of shallow, hummocky terrains present as corridors of high-volume volcanism stretching 752 

from the relict arc to the active arc volcanoes. Not all arc volcanoes are trailed by a belt of shallow, 753 

volcanic terrains, therefore, we propose that in addition to progressive rifting of arc volcanoes and 754 

backarc inheritance of magma conduits, secondary deformation structures are required to account for the 755 

>1 km thick volcanic strata observed. In this study, we demonstrate that the opening of the New Hebrides 756 

Backarc and associated evolution in volcanism involved distinct spatio-temporal phases within the 757 

context of tectonic complexities which, being common in the evolution of other backarc basins, allows 758 

these new insights to be applied to our understanding of backarc basins more broadly.  759 
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