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Data 

Details of drilling, sampling, and analyses during IODP Expedition 371 are published in the voyage 

report (Sutherland et al., 2019). We use the ETOPO1 global topography dataset (Figs. 1a, 1b), and 

separately analyze bedrock elevations beneath ice (Lythe and Vaughan, 2001) to those that include 

the ice surface. The CRUST1.0 dataset (Laske et al., 2013) is a synthesis of crustal geophysical data 

that partly uses isostacy arguments to interpolate through regions of no data, and clearly resolves 

Zealandia as significantly different to other continents (Fig. 1c). 

New Caledonia 

Geological evidence from New Caledonia was used to construct elements of Figures 2, 3, and 4, so 

we briefly review evidence here. Our tectonic model (Figs. 3 & 4) is a single hypothesis for how 

plate boundaries evolved during the time of interest, and we recognize that competing hypotheses 

exist. We simplify and restrict our discussion to what we think are key observations. Details of plate 

boundaries shown in Figures 3 and 4 should be taken as tentative (they are cartoons) and are not 

critical to our conclusions, because our primary focus is observational and our goal is to describe 

how continental paleogeography of northern Zealandia developed during the Eocene-Oligocene. Of 

key significance is that we require a geodynamic explanation for large far-field geographic changes. 

Any future models of New Caledonia need also to explain our observations. 

Blueschist (and locally eclogite) metamorphism of the Pouebo Terrane in northern Grande Terre 

provides direct evidence for high-pressure low-temperature (HPLT) metamorphism that likely 

reflects early stages of subduction initiation (Cluzel et al., 2001). The onset of HPLT metamorphism 

is constrained by detrital zircons and prograde mica growth to be during the period 55-50 Ma (Pirard 

and Spandler, 2017; Vitale-Brovarone et al., 2018). Peak metamorphism at ~44 Ma is dated by 

zircon growth (Spandler et al., 2005), and subsequent rapid exhumation and cooling until ~34 Ma is 

determined from Ar-Ar, U-Th/He, and fission-track thermochronology (Baldwin et al., 2007). 

Exhumation was associated with southwestward emplacement of basalt (Poya) and ultramafic 

(Peridotite) nappes (Aitchison et al., 1995), and deposition of a thick clastic 'flysch' sequence now 

exposed on the southwest coast of New Caledonia (Dallanave et al., 2018; Maurizot, 2012; Maurizot 

and Cluzel, 2014).  

Dolerite and basalt of the Poya Terrane reveal a history of seafloor spreading northeast of New 

Caledonia. Fossil ages from associated abyssal sediments suggest crust formation during the interval 

84–55 Ma (Cluzel et al., 2001), and the youngest radiometric ages of basalt cluster at 54 ± 5 Ma 

(Cluzel et al., 2017). This is similar to the ~83-53 Ma history of seafloor spreading in the Tasman 

Sea, which is known from magnetic anomaly interpretation (Gaina et al., 1998). It is not clear what 

the geometry of Poya spreading was, but in our model we assume it was slow spreading at an 

isolated ridge with a direction of opening similar to that proposed for the Louisiade Trough, which is 

northwest of New Caledonia and was connected to Coral Sea and Tasman Sea spreading at a triple 

junction (Fig. 3A) (Gaina et al., 1999). 

The ultramafic Peridotite Nappe lies on top of the Poya Terrane. Boninite and felsic dykes with ages 

55-50 Ma intrude the Peridotite Nappe, but not the Poya Terrane (Cluzel et al., 2016), and 

amphibolite along the sole of the Peridotite Nappe has an age of ~56 Ma (Cluzel et al., 2012). The 

depleted nature of the Peridotite Nappe and suprasubduction geochemical signature, combined with a 

lack of similar dikes in the Poya Terrane, make it unlikely that the two nappes are genetically linked; 

and we do not mean to imply that they are genetically linked in our drawing of Figure 4.  

In our model (Fig. 3), a regional increase in northeast-southwest directed compressional tectonic 

stress is invoked at ~56-53 Ma that triggered a series of events: cessation of Tasman, Coral Sea, and 

Poya seafloor spreading; onset of local convergence that caused HPLT metamorphism; and initial 
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dismemberment of the hot and thin Poya ridge lithosphere, which resulted in local melt production 

and metamorphism in rocks that it was thrust into contact with. We purposefully avoid trying to draw 

details on the cross-section through New Caledonia at this time (~56-53 Ma), because these details 

are outside the scope of this paper. Of key significance for our work is that we propose the event 

triggered a Subduction Rupture Event (SRE) that led to delamination and slab formation and hence 

subsidence of New Caledonia Trough and uplift of Lord Howe Rise. We infer that processes were 

3D in nature: lateral propagation of the SRE and then roll-back of the slab, which swept eastward 

across the region (Figs. 3 and 4). We require crustal delamination and mantle circulation around an 

evolving subducted slab that dipped southwest beneath northern Zealandia to explain the scale and 

timing of large elevation changes 300-600 km southwest of the paleo-trench (Figs. 3 and 4), which 

was likely close to Norfolk Ridge. We assume that prograde metamorphism and crustal root growth 

was occurring at 50 Ma (Fig. 4B), associated with strong coupling to the newly foundering slab. By 

40 Ma (Fig. 4C), roll-back of the slab resulted in decoupling and isostatic rebound of the crustal root, 

topography development, and hence nappe emplacement to the southwest (and northeast into the 

paleo-trench?) and extensional faulting along the northeastern margin of New Caledonia.  

Most alternate plate boundary models were devised to explain nappe emplacement in New 

Caledonia, and the timing of fossil arcs and back-arc basins. In one variant, northeast-dipping 

subduction results in Eocene collision of Zealandia with the trench, inducing nappe emplacement in 

New Caledonia and subduction polarity reversal (Aitchison et al., 1995; Cluzel et al., 2001; Sdrolias 

et al., 2004). In another variant, southwest-dipping subduction northeast of Norfolk Ridge induces 

northeast-dipping subduction during the Eocene, which results in collision of Zealandia with the new 

trench (Crawford et al., 2003; Schellart et al., 2006; Whattam et al., 2008). It is outside the scope of 

this paper to review all alternate tectonic hypotheses, and we refer the reader to previous review 

papers (Collot et al., 2019; Matthews et al., 2015). We don't see how any of these models can explain 

our observations, but believe that variants of our model can be made consistent with the geology of 

New Caledonia. We do not accept that the observed nappe emplacement directions require northeast-

dipping subduction. We argue, in a similar way to some previous authors (Lagabrielle et al., 2013), 

that it is possible to emplace large nappes towards the southwest if sufficient topography is 

generated. If subduction dipped southwest, forearc ridge topography could be generated by elastic 

and viscous strength (ridge-trench paired anomalies), or/and isostatic rebound following crustal 

thickening and slab rollback. Emplacement of allochthons in the same direction as slab dip is 

demonstrably possible and happened during a later (~25-23 Ma) part of this regional event: 

subduction initiation in the southern Kermadec forearc resulted in a west-dipping slab and a nappe 

emplaced towards the west from a forearc ridge (Sutherland et al., 2009).  

Paleogeography 

Paleogeography maps (Fig. 3) are constructed based on present day bathymetry (Fig. 2), and 

paleobathymetry determined from fossils in samples collected during IODP Expedition 371, and 

DSDP Legs 21 and 90. Northwest New Zealand (Reinga Basin, southern New Caledonia Trough, 

Taranaki; Fig. 2) paleogeography is constrained by seismic reflection interpretations tied to 

petroleum exploration wells (Bache et al., 2012; Baur et al., 2014). Limestones and flysch exposed 

onshore in New Caledonia provide constraints on past geography (Dallanave et al., 2018; Maurizot, 

2012; Maurizot and Cluzel, 2014). In the northwestern area (Kenn Plateau to Fairway Basin), dredge 

samples and seismic stratigraphy provide constraints (Exon et al., 2006; Rouillard et al., 2017). 

Paleolatitude lines are computed from the Australian apparent polar wander path (Veevers and Li, 

1991). 

Paleodepth estimates are based on shipboard analyses of benthic foraminifera and ostracod 

assemblages from core catcher samples, and additional shore-based analysis of samples from Sites 
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U1506, U1507, U1508, U1509 and U1510. The voyage report (Sutherland et al., 2019) contains 

paleontological data (also available via online IODP databases), and details of sample preparation 

methods, taxonomic identification, and paleodepth inferences. To assess proximity to land, 

planktic/benthic foraminiferal ratios are calculated (Murray, 1991) and palynological assemblages 

analyzed. Within the latter, dinoflagellate cyst (dinocyst) taxa are characteristic for different habitats 

within proximal-to-distal continental shelf transects. Here, our interpretation follows established 

frameworks for (Paleogene) dinocyst assemblages (Brinkhuis, 1994; Dale, 1996; Dale and Dale, 

1992; Frieling and Sluijs, 2018; Pross and Brinkhuis, 2005; Sluijs and Brinkhuis, 2009; Sluijs et al., 

2005). Differential abundances of indicative taxa are used to reconstruct changes in coastal proximity 

(relative sea level) and offshore transport. The relative abundance of terrestrial versus marine 

palynomorphs ([terrestrial palynomorphs] / [terrestrial + marine palynomorphs] *100% = TM%, e.g., 

refs (Crouch et al., 2003; Sluijs and Dickens, 2012)) is used to further substantiate this signal, as this 

quantifies transport from land relative to marine dinocyst production. Final paleobathymetric 

estimates are constrained taking into account assemblage composition, as well as the depth-

distribution and upper and lower depth limits of selected taxa (see IODP database, voyage report, 

and text below). 

At Site U1506 (Lord Howe Rise North, present water depth 1494 m), shallow water is inferred from 

the contents of a Neptunian dyke within a basalt flow at the base of the sedimentary sequence. The 

Neptunian dike contains a mixed assemblage of marine fossils, including red algae, charophyte and 

possible dacyclad green algae, bivalves, ostracods, foraminifers, rare calcareous nannofossils, rare 

echinoderm spines, and rare recrystallized bryozoans. The assemblage indicates a shallow-water 

carbonate platform paleoenvironment. The occurrence of calcareous nannofossils Reticulofenestra 

spp., Dictyococcites spp., and C. floridanus in the Neptunian dyke indicates an age younger than 

50.50 Ma (early Eocene); but the assemblage in basal chalk, which immediately overlies the basalt, 

includes Chiasmolithus gigas and indicates Subzone NP15b (44.12–45.49 Ma, middle Eocene). The 

combined benthic foraminiferal assemblage in the chalk indicates a middle bathyal paleodepth, based 

on the common occurrence of taxa with an upper depth limit of 500-700 m (Nuttallides truempyi and 

Bulimina tuxpamensis, the latter being more abundant at lower bathyal paleodepths than at Site 

U1506 (Tjalsma and Lohmann, 1983; Van Morkhoven et al., 1986; Widmark, 2000)) and common 

bathyal to abyssal taxa such as Elphidium hampdenense or Cibicidoides truncanus (Van Morkhoven 

et al., 1986). Ostracods are consistent with this middle Eocene paleodepth interpretation, but the 

occurrence of Cletocythereis rastromarginata in low abundance (4%) indicates limited downslope 

transport from a "shallow/shelf" (Ayress, 1995; Yasuhara and Okahashi, 2015). 

At Site U1508, Oligocene (26-23 Ma) chalk (321.5-379.3 m bsf) contains a middle to lower bathyal 

benthic foraminiferal fauna with common Osangularia culter (500-1500 m) (Hermelin, 1989), 

Trifarina brady (100-1000 m) (Hayward, 2010), Cibicides lobatulus (usually <1000 m, but epiphytic 

and possibly transported downslope) (Alegret et al., 2008; Van Morkhoven et al., 1986), and 

Cibicidoides mundulus (upper depth limit 1300 ± 300 m) (Hayward et al., 2004); mixed with neritic 

taxa (Planorbulina zelandica, Amphistegina, and large, ~1 mm Lenticulina) that were transported 

downslope. The ostracod assemblage includes Paracytheridea sp., which indicates lagoon, reef, or 

coastal environments (Ben Rouina et al., 2016; Eagar, 1999; Mostafawi et al., 2005; Munef et al., 

2012; Swain, 1949; Whatley and Watson, 1988), and a minor contribution of shallow-water taxa 

(Hemicytherura spp., Semicytherura spp., Loxoconcha spp., Cytheralison spp., Callistocythere sp., 

Urocythereis optima) (Ayress, 1993; Ayress et al., 2017; Ayress, 1995, 2006; Boomer and 

Eisenhauer, 2002; Cronin, 2015; Gebhardt and Zorn, 2008; Swain, 1974). Saccate and angiosperm 

pollen, including Nothofagus spp., and spores, and a diverse dinocyst assemblage containing many 

inner neritic taxa and no oceanic taxa indicate nearby land. The Oligocene unit is bounded by 

unconformities above and below, and a prominent flat angular unconformity is clearly visible on 

seismic-reflection data adjacent to the site (Fig. S3). The Eocene unit is also seen to be truncated by a 
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local angular unconformity and reworking of older Eocene fossils into upper Eocene and Oligocene 

strata is noted. Eocene palynological assemblages predominantly consist of dinocysts, with only 

trace amounts of terrestrial material, reflecting much lower offshore transport compared to younger 

material, but the uppermost Eocene (~500-440 m) records an increase in abundance of inner shelf 

species belonging to the Areoligera-Glaphyrocysta complex. Some shallow-water ostracods are also 

noted in this upper Eocene unit: Hemicytherura spp. and Cytherelloidea spp. (Ayress, 1993; Ayress 

et al., 2017; Ayress, 1995, 2006; Boomer and Eisenhauer, 2002; Cronin, 2015; Gebhardt and Zorn, 

2008). 

Site U1510 (water depth 1238 m) is located on southern Lord Howe Rise, where the crest of the 

ridge is locally as shallow as ~900 m depth (top of Neogene sediment). A thick sequence of rapidly-

deposited middle-late Eocene (44-34 Ma) chalk with chert was recovered 148-440 m bsf, with an 

unconformity bounding the top surface. Benthic foraminifers indicate a middle bathyal setting (600-

1000 m) (Sutherland et al., 2019), as inferred from the abundance of Cibicidoides laurisae (middle 

bathyal to abyssal) (Van Morkhoven et al., 1986) and Turrilina robertsi (neritic-upper bathyal 

ecophenotype of T. brevispira, upper depth limit 200-300 m) (Van Morkhoven et al., 1986), and the 

presence of Loxostomoides applinae (middle neritic-upper bathyal) (Van Morkhoven et al., 1986), 

Osangularia culter (middle to lower bathyal) (Hermelin, 1989; Szarek et al., 2009), and Patellina 

sp., Hopkinsina mioindex and Anomalinoides capitatus (upper depth limit 500-600 m) (Van 

Morkhoven et al., 1986). Reworked benthic foraminifers from neritic settings (Hornibrook, 1961) 

become more common towards the top of the Eocene section: Amphistegina, Asterigerina sp., 

Arenodosaria antipoda, large Vaginulinopsis spp. (including V. hochstetteri), and Gaudryina 

proreussi. Up to 20% of ostracods in the upper Eocene are interpreted as reworked from shallower 

settings: Callistocythere spp., Cytherelloidea spp., Patagonacythere spp., Munseyella spp. (Ayress, 

1995; Cronin, 2015). It is clear from the fossil abundances and occurrence of a significant 

unconformity that the crest of Lord Howe Rise was much shallower during the middle Eocene to 

early Oligocene. 

New Caledonia Trough Sites U1507 and U1509 contain lower bathyal to abyssal sediments from the 

Eocene through to the Recent, but shallower, neritic to middle bathyal benthic foraminifers (large 

lenticulinids and nodosariids, Frondicularia, Coryphostoma midwayensis, Bulimina midwayensis) 

(Berggren and Aubert, 1975) were found in the Paleocene at Site U1509 (Fig. S2). 

  



Zealandia geography 

 6 2020-01-10 

 

Figures 

 

 
 

Fig. S1. Summary logs of stratigraphy collected at sites drilled during IODP Expedition 371. 
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Fig. S2. Stratigraphic age as a function of depth at new sites.  
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Fig. S3. Best estimate of paleodepth evolution through time at drilled sites (see supplementary text).  
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Fig. S4. Seismic reflection interpretation of line REI09-012 at Site U1508 (CDP 8470). The 

occurrence of reworked fossils in the upper Eocene is consistent with the onset of folding and 

localized erosion, and the upper Oligocene contains abundant evidence for nearby land, suggesting 

that the broad flat erosion surfaces on South Maria Ridge formed during the late Oligocene, and 

possibly part of the subsequent 5 Myr hiatus. 
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