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Abstract New rock dredge samples supply key information to establish the tectonic and geological
framework of the northern two-thirds of the 95% submerged Zealandia continent. The R/V Investigator
voyage IN2016TO1 to the Fairway Ridge, Coral Sea, obtained poorly sorted poly-lithologic pebbly to

cobbly sandstones, well sorted fine grained sandstones, mudstones, bioclastic limestones, and basaltic lavas.
Post-cruise analytical work comprised petrography, whole rock geochemical and Sr and Nd isotopic analyses,
and U-Pb zircon, Rb-Sr, and Ar-Ar geochronology. A Fairway Ridge cobbly sandstone has a ~95 Ma (early
Late Cretaceous) depositional age; two biotite granite cobbles are 111 + 1 and 128 + 1 Ma in age, and some
volcanic pebbles are also likely Early Cretaceous. Fairway Ridge basalts have intraplate alkaline chemistry and
are of Late Eocene age (~40-36 Ma). By analogy with South Zealandia, we interpret strong positive continental
magnetic anomalies of North Zealandia to mainly result from Late Cretaceous to Cenozoic intraplate basalts,
many of them rift-related lavas. A new basement geological map of North Zealandia shows the position of

the Mesozoic Gondwana magmatic arc axis (Median Batholith) and other major geological units. This study
completes onland and offshore reconnaissance geological mapping of the entire 5 Mkm? Zealandia continent.

Plain Language Summary To support investigations of the Zealandia continent, we dredged rock
samples from the seabed of the Fairway Ridge, Coral Sea. Basalts, sandstones, and pebbles from the sandstones
were analyzed and dated. The sandstones are Late Cretaceous (~95 million years old) and contain Early
Cretaceous (130-110-million-year-old) granite and volcanic pebbles. The basalts are Eocene (~40 million
years old). We have used these results, along with regional magnetic anomaly data, and information from

other studies to make a map of the undersea geology of North Zealandia. Onland and offshore reconnaissance
geological mapping of the entire 5 Mkm? Zealandia continent is now complete.

1. Introduction

Zealandia is a 95% submerged continent in the SW Pacific Ocean that was formerly part of Gondwana (Mortimer
et al., 2017). For most of the Paleozoic and Mesozoic, the south Gondwana margin experienced episodic
subduction-related magmatism and terrane accretion. At ~100 Ma long-lived subduction ceased and was replaced
by a regime of intracontinental rifting and magmatism that resulted in widespread crustal thinning across Zealan-
dia and West Antarctica. By ~85 Ma (Late Cretaceous) South Zealandia had split from West Antarctica and
by ~60 Ma (Paleocene) North Zealandia had split from Australia (e.g., Strogen et al., 2022; Veevers, 2012).
During the Paleogene, cooling of the previously thinned Zealandia crust led to its submergence. Today, the
Pacific-Australia plate boundary transects the Zealandia continent and divides it into southern and northern
parts (Figure 1). Most of the knowledge of the makeup and history of southern Mesozoic Gondwana comes
from geological studies of onland New Zealand and New Caledonia (Figure 1). Basement rocks in these coun-
tries are typically older than ~105-100 Ma and covering sedimentary basins younger than ~105-100 Ma (e.g.,
Maurizot et al., 2020a; Mortimer et al., 2014a, 2014b). Basement comprises pre-Late Cretaceous plutonic, meta-
morphic, and sedimentary rocks divided into deformed batholiths and terranes. Cover comprises Late Cretaceous
to Holocene stratified and mainly marine sedimentary rocks in ~30 intracontinental basins. The basins contain
subduction-related and/or intraplate volcanic rocks.
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Figure 1. Bathymetric and tectonic setting of North Zealandia. Samples analyzed in this paper shown in symbols with

thick black outlines. PAC = Pacific Plate, AUS = Australian Plate, Ch 1. = Chesterfield Islands, NB = Norfolk Basin,

WNR = West Norfolk Ridge, WR = Wanganella Ridge, RR = Reinga Ridge, and CK = Colville Knolls. Data from this study
and numerous sources cited in text.

An interpretation of the regional basement geology of 1.5 Mkm? South Zealandia was presented by Tulloch
et al. (2019). They showed a ~1:20M scale geological map with simplified terranes and batholiths, and the
pre-breakup continuation of these into West Antarctica. Interpretations were based on analysis of samples from
subantarctic islands, oil exploration wells, basement xenoliths, and magnetic anomalies. The purpose of the
present paper is to provide a similar interpretation of the basement geology of 3.5 Mkm? North Zealandia, based
on new and existing information. The main data set consists of new geochronological, geochemical, and isotopic
analyses of rock samples dredged from the Fairway Ridge (Figures 1 and 2). These supply key information from
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Figure 2. Dredge sites on the Fairway Ridge. (a) Regional bathymetric map with SS2012V06 and IN2016T01 dredge sites.
(b) Local bathymetric map with IN2016TO1 DR3, DR4, and DRS dredge sites in the incised Lansdowne Canyon. (¢) Location
of DR3, DR4, and DRS5 projected onto previously unpublished Fugro seismic line P702C, vertical exaggeration of water
depth is ~8x. Bathymetry data from Smith and Sandwell (1997) and Karthikeyan et al. (2022).
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an offshore area near Zealandia's northern margin. We also present new U-Pb ages and Hf and O isotope data
for detrital zircons and granite from three previously dredged samples from the Lord Howe Rise and Challenger
Plateau (Figure 1, Mortimer et al., 2008, 2015; Tulloch et al., 1991). As well as the rock data, we make qualitative
interpretations of regional continental magnetic anomalies of North Zealandia in terms of likely underlying rock
units. Collectively, these data and interpretations allow mapping of Paleozoic, Mesozoic, and Cenozoic orogens
across North Zealandia along with sedimentary basins and intraplate volcanic rocks. This paper complements
Tulloch et al. (2019), and substantially advances the state of knowledge of North Zealandia basement beyond
that expressed in Sutherland (1999), Mortimer et al. (2008, 2015, 2018), Collot et al. (2011, 2020), and Higgins
et al. (2015).

2. Geographic and Geological Setting

North Zealandia includes the major emergent highs of New Zealand and New Caledonia, and major submerged
highs of Challenger Plateau, Lord Howe Rise, Norfolk Ridge, and Loyalty Ridge (Figure 1). Smaller ridges such
as the Fairway, Coriolis, Dampier, and West Norfolk ridges are separated from the larger positive features and
each other by several bathymetric lows of which the New Caledonia Trough is the longest and deepest. Apart
from New Zealand and New Caledonia, the only parts of North Zealandia currently above sea level are the Ceno-
zoic volcanic Norfolk, Lord Howe, and Loyalty Islands, and small uninhabited coral sand cays and reefs such as
the Chesterfield Islands, and Fairway and Nereus Reefs (Figure 2). The narrow Cato Trough separates Zealandia
from the Marion and Queensland Plateaus of the Australian continent. North of Zealandia lies the submerged
probable continental crustal fragment of the Mellish Rise (Exon et al., 2006a, 2006b; Gaina et al., 1999).

The Fairway Ridge was first described in the 1970 and 1980 (Mignot, 1984; Ravenne et al., 1977) and its impor-
tance as a major geotectonic feature has been reaffirmed in subsequent work for example, Lafoy et al. (2005),
Collot et al. (2008, 2017), and Rouillard et al. (2017). The ridge is a ~400 km-long fault-controlled basement high
that separates the New Caledonia and Fairway sedimentary basins. The present-day northern part of the Fairway
Ridge is particularly high (shallow) and is interpreted to be the result of an Eocene-Oligocene forebulge-style
uplift related to ophiolite emplacement in New Caledonia (Collot et al., 2008). Fairway Reef and Nereus Reef are
just exposed at present day sea level (Figure 2). The Lansdowne Bank lies at 100-150 m water depth and would
have been emergent at Quaternary low sea level stands. The NE edge of the Fairway Ridge drops steeply into
the New Caledonia Trough; the western slopes of the ridge are gentler and the ridge merges with the northern
Lord Howe Rise. Using seismic, magnetic and gravity data, the Fairway Ridge can be traced hundreds of km
SSE beyond its bathymetric expression and is colinear with the West Norfolk Ridge (Figure 1, Lafoy et al., 2005;
Ravenne et al., 1977). The present-day Lansdowne Bank is a partly drowned, isolated carbonate platform (Etienne
et al., 2021) that feeds the New Caledonia and Fairway Basins (Pattier et al., 2019). Despite the geophysical liter-
ature on the Fairway Ridge, there has been little direct rock sampling. Deep Sea Drilling Project hole 587 inter-
sected Late Miocene, Pliocene and Quaternary calcoozes and skeletal carbonate sands (J. Kennett et al., 1986).
Hydrothermally altered Late Cretaceous lavas were dredged from the NW end of the Fairway Ridge by the 2012
ECOSAT I cruise (Figures 1 and 2, Mortimer et al., 2018).

Emergent geological basement in onland New Zealand is divided into two high-level Eastern and Western Prov-
inces. Eastern Province consists of seven Permian to Early Cretaceous metasedimentary-dominated tectonostrati-
graphic terranes that represent the accretionary wedge and forearc basin parts of a Gondwana margin Mesozoic
orogen (Mortimer et al., 2014a, 2014b). Rocks similar to those in the Eastern Province form geological basement
in New Caledonia (Maurizot et al., 2020a). The Mesozoic magmatic arc related to the Mesozoic accretionary
wedge is the Median Batholith of the Western Province. The rest of the Western Province comprises two Early
Paleozoic metasedimentary-dominated terranes intruded by Cambrian to Early Cretaceous plutons (Mortimer
et al., 2014a, 2014b). At ~105-100 Ma, long-lived subduction of Panthalassa oceanic crust under the southern
Gondwana margin ceased and was replaced by a continental rift regime that ultimately led (from ~85 Ma) to
breakaway of a thinned Zealandia continent from Gondwana that became progressively submerged. This rift and
drift geological record consists of sedimentary basins and intraplate volcanic rocks. From the Eocene, the north-
eastern part of Zealandia was overprinted by ophiolitic allochthons and subduction-related volcanic rocks that is,
components of a Cenozoic orogen (Maurizot et al., 2020b; Mortimer et al., 2014a, 2014b).

Dredge sampling in the last 25 years has allowed extrapolation of the Median Batholith (one of the major base-
ment units) north from New Zealand to ~34°S (Mortimer et al., 1998) and then to ~28°S (Mortimer et al., 2015).
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Note. Samples analyzed in this paper are underlined.

However, its position and strike north of 28°S have, until now, remained specu-
lative. Other major unknowns have been the areal extent of Late Cretaceous to
Pliocene igneous rocks in North Zealandia and their cause (which of them relate
to intraplate rifting and which to subduction).

3. Rock Samples
3.1. IN2016T01 Voyage

ECOSAT II (Eastern COral SeA Tectonics II) was the geological component of
the July 2016 IN2016TO1 Lautoka to Hobart transit voyage by the Australian
ship R/V Investigator (Williams et al., 2016). ECOSAT II was a follow-up to
the 2012 ECOSAT I voyage (Mortimer et al., 2018; Seton et al., 2016). Table 1
summarizes the seven rock dredge (DR) deployments of ECOSAT II that were
made in three steep rocky areas along the NE-facing scarp of the Fairway Ridge
(Figure 2). An estimated 900 kg of igneous and sedimentary rock was dredged
of which 102 kg was retained for study and archiving (Williams et al., 2016).

IN2016T01 DR1-2 and DR5-7 are not the main topic of this paper but are
mentioned here for completeness. DR1 and DR2 were made on and near a 15 km
diameter guyot-like feature (Figure 2a). Post-cruise work confirmed the guyot as
an alkaline to nephelinitic intraplate volcano dated as Eocene by foraminifera in
limestones (Mortimer et al., 2019). DRS was made in the upper part of a subma-
rine canyon incised into the NE side of Lansdowne Bank (Figure 2b); about
30 kg of rock was recovered comprising ~95% varitextured limestones and ~5%
olive gray mudstone with minor sponge and coral fragments. DR6 and DR7 were
made on the Fairway Ridge scarp, ~150 km NW of the aforementioned guyot.
Alkaline hyaloclastite breccia was obtained at DR6 and limestones at DR7.

IN2016TO1 DR3 and DR4 are the main topic of this paper. Like DRS, these
were made in a submarine canyon incised into the northeast side of Lansdowne
Bank (Figure 2b). We refer to this feature as Lansdowne canyon (informal
name). A seismic line near the canyon (Figure 2c) provide stratigraphic context
for the dredges. DR3 was made in the middle part of the canyon. About 400 kg
of rock was recovered, comprising ~60% varitextured bioclastic and micritic
limestones, ~20% cobbly and pebbly coarse sandstones, and ~20% non-pebbly
medium- to fine-grained sandstones and carbonaceous mudstones; unconsol-
idated white clay was a minor rock type. DR4 was made in the lower part of
Lansdowne canyon; about 200 kg of rock was recovered comprising ~90%
varitextured bioclastic and micritic limestones and ~10% fractured basaltic and
hypabyssal rocks; carbonaceous muddy sandstone was a minor rock type. The
abundance of bioclastic limestone in all three Lansdowne canyon dredges indi-
cates that much Neogene reef debris has slumped down the face of the Fairway
ridge scarp.

3.2. Fairway Ridge DR3 and DR4 Samples

In Lansdowne canyon, our dredging at site DR3 was intended to target seis-
mic acoustic basement, although the dredge appears to have recovered rocks
from the lowermost sedimentary cover (Figures 2¢ and 3a). Our newly studied
samples from IN2016T01 DR3 are as follows: P85724 (DR3Aiii of Williams
et al. (2016)) is a single ~30 x 30 x 30 cm block of hard, pale olive, poorly
sorted, coarse- to very coarse-grained pebbly to cobbly sandstone (Figure 3a).
Bedding, grading and other structures are not visible; the cobbles and pebbles
are plutonic and volcanic. Based on visual estimates of the sandstone in thin
section, the P85724 sandstone matrix has ~5% porosity and a quartz: feldspar:
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Q F
a. DR3 deck photo _030Ccm_ | | pg5724 cg sandstone 1mm
c. P85722A granite cobble Jmm d. P85725 f-mg sandstone 1mm

Figure 3. (a) IN2016T01 DR3 deck image showing blocks of limestone (pale), sandstone, pebbly to cobbly sandstone, and disaggregated cobbles. The large sandstone
slab is ~0.5 m long. (b) Photomicrograph of coarse-grained lithic cobbly sandstone matrix P85724 (Q = quartz, F = feldspar, and L = lithic grain). (c) Photomicrograph
of granophyric biotite granite cobble P85722A. (d) Photomicrograph of fine-medium grained sandstone P85725. All photomicrographs taken in plane polarized light.

Porosity indicated by blue-stained epoxy.

lithic (QFL) ratio of detrital grains ~10:25:65. The volcanic: sedimentary: metamorphic lithics ratio (L,:L:L,)
is ~85:14:1, with most of the volcanic grains being siliceous (Figure 3b). Detrital biotite is common, and detrital
epidote, chlorite, zircon, and organic carbon fragments occur in lesser to trace amounts. Some authigenic pumpel-
lyite was noted in the sandstone matrix. Six individual cobbles from the P85724 (DR3Aiii) pebbly to cobbly
sandstone were selected for further study: P85722A, B and C are phaneritic biotite granites (Figure 3¢c), P85723A
is a dacite, P§5723B a brecciated andesite, and P85723C a rhyolite.

P85725 (DR3B) is a single ~50 X 50 X 30 cm slab of hard, moderate olive brown, well-sorted, fine-grained sand-
stone (Figure 3a). In thin section this has 5%—-10% porosity, QFL ~30:50:20 and L:L:L_ ~90:1:9 (Figure 3d).
Detrital biotite is common and detrital zircon, tourmaline, garnet, pale amphibole, and carbonaceous material
were noted. P85725 had some mudstone partings, plant fragments and burrows; it also exhibits a sharp planar
change in color to a greyish olive half, likely a chemical reaction front.

Our dredging in the deeper part of Lansdowne canyon at IN2016TO1 DR4 sampled the flank of the canyon
(Figure 2c). Four rock types were identified and analyzed. P85731 (DR4Ai) is one of several cobble- to
pebble-sized pieces of hard, medium dark gray to olive gray, very fine-grained microlitic aphyric basalt with
calcite amygdules. P85732 (DR4Aii) is one of several cobble- to pebble-sized pieces of hard, medium dark
gray fresh to moderately altered aphanitic lava with abundant 2-3 mm calcite amygdules and some phosphatic
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infillings. P85733 (DR4B) is from a single separate 50 X 20 X 20 cm boulder of pervasively fractured but hard,
medium dark gray, medium-grained non-amygdaloidal dolerite. P85734 (DR4C) is one of three dm-sized pieces
of moderately hard, olive gray, relatively well-sorted, very fine-grained muddy non-calcareous carbonaceous
sandstone which lacks lamination and other bedding structures.

3.3. Lord Howe Rise and Challenger Plateau Samples

While work on IN2016T01 DR3 and 4 Fairway Ridge samples underpins most of this paper, we also report
results of new U-Pb dating and Lu-Hf and O isotopic analysis of zircons from three previously studied Lord
Howe Rise and Challenger Plateau samples (Figure 1). One is P81390, a poorly sorted plutoniclastic pebbly
sandstone from an MD153 dredge on the central Lord Howe Rise at latitude 28.6°S (Mortimer et al., 2015).
Another is P69782, a moderately sorted polymict volcanic very fine pebble breccia from a NORFANZS85
dredge on the southern Lord Howe Rise near latitude 34.2°S (Mortimer et al., 2008). The third is P44932, an
altered biotite granite from a CH8701 dredge on a horst on the Challenger Plateau near latitude 42.8°S (Tulloch
et al., 1991).

4. Analytical Methods

Rocks and minerals were processed and analyzed at several laboratories (Supplemental File 1 in Supporting
Information S2). Thin section preparation, rock crushing and mineral separation were done at GNS Science,
Lower Hutt, and Dunedin. After removing visibly altered rind and fracture fill material, slices of rock were
soaked in deionized water for 3 days to leach seawater. After drying, rocks were crushed to fine powders in a tung-
sten carbide ring mill. Mineral separates for dating were made by successive crushing, sieving, density separation
in sodium polytungstate and methylene iodide heavy liquids, magnetic separation, and handpicking. Zircons with
diverse size, shape, and color, and with relatively few inclusions, were picked. Cathodoluminescence (rather
than backscattered electron) images were taken of polished and epoxy-mounted zircons prior to their analysis at
the University of Otago and University of California Santa Barbara (UCSB) (Supplemental File 2 in Supporting
Information S2).

Major and trace elements were analyzed on fused beads at ALS Laboratories, Brisbane (https://www.alsglobal.
com). Majors were analyzed by inductively coupled plasma-atomic emission spectrometry using ALS's ME-ICP06
package, and traces were analyzed by ICP-MS (mass spectrometry) using ALS's ME-MS81 package. Separate
aliquots of powder were analyzed for Rb, Sr, Sm and Nd, and for Sr and Nd isotopes by isotope dilution thermal
ionization mass spectrometry (ID-TIMS) method at the University of Copenhagen, following methods described
in van der Meer et al. (2018) and Borst et al. (2018).

U-Pb geochronology and trace element analysis of zircons at the University of Otago, Dunedin, New Zealand
used laser ablation (LA-) ICP-MS methods mostly following the procedures described in Mortimer et al. (2015).
U-Pb, trace element and Hf isotope analyses of zircons at the UCSB used laser ablation ICP-MS methods follow-
ing procedures described in Nelson and Cottle (2017). Zircon U-Pb geochronology by CA- (chemical abra-
sion) ID-TIMS was done at the Massachusetts Institute of Technology Isotope Laboratory following procedures
described in Ramezani et al. (2022). Zircon O-isotope analysis at the Universitit Heidelberg and zircon Lu-Hf
isotope analysis at Curtin University were undertaken by secondary ion mass spectrometry and multi-collector
LA-ICP-MS respectively, according to procedures documented in Turnbull et al. (2021). All U-Pb age calculations
and statistical assessment of detrital zircon populations were completed using Isoplot software (Ludwig, 2008).
For ages established in this study using ICP-MS methods, only 2*¥U/2%Pb ages that were <10% discordant were
used for age calculations (for grains <1,500 Ma, concordance = 2%Pb-238U/207Pb-23U. For grains >1,500 Ma,
concordance = 29Pb-238U/207Pb-20Pb),

Ar-Ar dating was done at the United States Geological Survey, Menlo Park following procedures in Calvert and
Lanphere (2006); Ar-Ar ages in this paper are reported relative to a Fish Canyon sanidine age of 28.198 Ma (i.e.,
they are compatible with Gans et al. (2023)).

There is good coverage of regional-scale magnetic potential field data across and near North Zealandia (e.g.,
Collot et al., 2009; Lafoy et al., 2005; Lapouille, 1977; Meyer et al., 2017; Schreckenberger et al., 1992;
Sutherland, 1999). In this paper we have masked flanking oceanic crust anomalies and used the Meyer et al. (2017)
EMAG?2 compilation to make interpretations of continental magnetic anomalies within Zealandia.
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More detailed descriptions of analytical methods are given in Supplemental File 1 in Supporting Information S2
and analytical data are given in Supplemental Files 28 in Supporting Information S2 (Mortimer et al., 2023). Addi-
tionally, the United States Geological Survey geochronology data are reported in a separate data release (Calvert,
2023). All samples, powders and mineral separates are lodged in the GNS Science Petrology Collection (to which
the prefix “P” refers). Associated data are stored in the Petlab database (http://pet.gns.cri.nz, Strong et al., 2016).

5. Results
5.1. Whole Rock Geochemistry

New whole rock geochemical and isotopic data for IN2016T01 DR3 and 4 samples are given in Table 2 and plot-
ted in Figure 4. In all cases, we use the data to define and interpret compositions in a general rather than a precise
way. This is because of the small sample set, and the mineralogically altered nature of many samples. While
primary textures of igneous rocks are well preserved, feldspars are inevitably turbid and glassy matrix of volcanic
rocks is devitrified. Amygdaloidal lava P85732 has anomalously high (1.26 wt %) P,O, because of secondary
phosphate infiltration. With these caveats, on a silica-total alkalis diagram (Figure 4a) four distinct geochemical
groups are obvious, corresponding to the four different rock type groups: DR1, 2 and 4 basaltic lavas, DR3 granite
cobbles, DR3 volcanic pebbles and DR3 and 4 clastic sedimentary rocks.

The basaltic rocks from IN2016T1 DR1, DR2 and DR4 all have low silica. The DR4 samples are alkali basalts
to trachybasalts but, as shown by their higher SiO, and lower Nb/Y (Figures 4a and 4b), they are different from
the nephelinitic to basanitic compositions of the DR1 and DR2 lavas reported by Mortimer et al. (2019). On
multi-element MORB-normalized and Nb/Yb versus Th/Yb diagrams (Figures 4c and 4d) the DR4 lavas are
enriched in incompatible elements and have signatures similar to intraplate basaltic lavas. The least altered DR4
sample, P85733, was analyzed for Sr and Nd isotopes and, as shown in Figure 4f, it lies within the range of many
“low SiO,” (i.e., alkaline) intraplate Zealandia basalts.

The three analyzed DR3 biotite granite cobbles are all very fractionated. This is evident in their extreme (>75 wt
%) Si0,, Zr/Ti (Figures 4a and 4b), troughs at Ba, P and Ti on the Normal mid-ocean ridge basalt normalized
multi-element diagram (Figure 4c) and other extreme element ratios such as Rb/Sr. Their highly fractionated
nature makes it difficult to use standard granitoid geochemical parameters to characterize their I, S or A-type
nature (Tulloch et al., 2019). However, in Figure 4e their Nb + Y and Rb contents are low to moderate enough
to plot in the magmatic arc field instead of collisional or within-plate fields. Nb/Yb ratios <10 also indicate that
the granites have affinities with continental arc rather than alkaline intraplate igneous rock series (Figure 4d).
Isotopically, they lie within or close to the fields of New Zealand Mesozoic I-type plutonic Darran and Separation
Point suites and lack the distinctive radiogenic Sr and non-radiogenic Nd of S-type granitoids (Figure 4f).

The three DR3 volcanic cobbles are intermediate to siliceous igneous rocks (a high-silica andesite, a dacite and a
rhyolite). Precise rock nomenclature is ambiguous, likely because of element mobility; however, they are not as
fractionated as the granites (Figures 4a—4d). In all key aspects of bulk chemical and isotopic composition (e.g.,
Nb/Y, Th/Yb) they are seemingly of typical (unexceptional) subalkaline composition. On the MORB-normalized
multi-element plot they also show enrichment in large-ion lithophile elements Cs, Rb, Ba, and Th and a depletion
in high field strength elements Nb, Ta, and Ti. This is typical of lavas in subduction-related settings.

Three Fairway Ridge sandstones from DR3 and DR4 are also plotted in some parts of Figure 4. Roser and
Korsch (1986) have shown that igneous rock plots can be useful to establish the broad geochemical nature of
sandstone source areas, especially for lithic-rich sandstones. As expected, the Fairway Ridge quartzofeldspathic
sandstone has the highest SiO,, and the muddy sandstone the lowest (Figure 4a).

The Challenger Plateau granite P44932 from dredge CH8701 was too altered and penetrated by manganese crust
for whole rock geochemistry, but apatite separated from the granite gave an 37Sr/%6Sr ratio of 0.71845 (Tulloch
et al., 1991). In New Zealand, such high initial ratios are distinctive of the Devonian S-type Paleozoic Karamea
Suite (Figure 4f).

5.2. U-Pb Zircon Geochronology

5.2.1. Fairway Ridge

Interpretation of U-Pb zircon ages from the two Fairway Ridge granite cobbles is straightforward. Zircon grains
in P85722A are all euhedral and there is a well-defined 111.3 + 1.1 2%Pb*/238U Ma age (where * indicates
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Figure 4. Binary whole rock geochemical diagrams of IN2016T01 Fairway Ridge samples. (a) SiO, versus total alkalis

(Le Maitre, 1989). (b) Nb/Y versus Zr/Ti (Pearce, 1996). (c) Normal mid-ocean ridge basalt normalized multi-element

plot (Sun & McDonough, 1989). (d) Nb/Yb versus Th/Yb (Pearce, 1996), reference fields are compiled from Muir

et al. (1995, 1998), Price et al. (2011), and Sagar et al. (2016). (e) Nb + Y versus Rb (Forster et al., 1997; Pearce et al., 1984),
note only siliceous igneous and sedimentary rocks are plotted. (f) #7St/®Sr versus eNd initial isotope ratios. P44932 from
Tulloch et al. (1991), Dampier Ridge from McDougall et al. (1994), reference fields from Timm et al. (2010), Turnbull

et al. (2016), and Tulloch et al. (2019). Symbol colors in panel (a) apply to all panels.

age corrected for common Pb) based on 10 concordant analyses (Figure 5a). Three spots were distinctly older
than this; the 131 Ma age is from a separate euhedral grain, and the two Cambrian ages are core and rim spots
on a euhedral grain (Supplemental Files 2 and 3 in Supporting Information S2). Zircon grains in P§5722C are
euhedral and anhedral and a well-defined 128.2 + 1.2 Ma 2%Pb*/238U age is based on 12 concordant analyses
(Figure 5b). P85722C contained no substantially older zircons and also has slightly lower radiogenic Sr and
higher radiogenic Nd compared with P85722A (Table 2).

Almost all zircon grains in the Fairway Ridge coarse volcanic-lithic sandstone matrix of cobbly sandstone P85724
have prismatic tips, although many grains are broken (Supplemental File 2 in Supporting Information S2). Forty
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Figure 5.

zircon grains were not spilled on the laboratory floor by the senior author and were subsequently dated. Two
thirds of the zircons are Early Cretaceous (Figure 5c) with statistical populations of 94 and 104 Ma. Individ-
ual zircon ages span a broad Early Cretaceous age range similar to the two granitoid clasts; the 94 Ma peak is
distinctly younger (but is based on only three zircons). Eight percent of the grains (n = 3) have ages in the range
700-500 Ma. The high proportion of volcanic lithic grains in P85724 means that a contributor of zircons could
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be siliceous volcanic rocks. The seven pre-200 Ma zircon grains are no different in shape or cathodoluminescence
from the Cretaceous zircons (Supplemental Files 2 and 3 in Supporting Information S2).

Zircon grains in the better-sorted and finer-grained quartzofeldspathic sandstone slab, P85725, are a mix of euhedral,
broken, and rounded shapes. Like P85724, many zircon grain 2%Pb/>*3U ages range from 115 to 90 Ma, and most
contribute to a statistical peak at 95 Ma (Figure 5d inset). The main difference between the two sandstones is that,
remarkably, two thirds of the zircons in P85725 are older than 500 Ma (Figure 5d). Within these >500 Ma zircons,
groupings of 700-500 Ma (= 42% of ages) and 1,100-800 Ma old zircons can be identified. There is no relationship
between age and rounding, with both euhedral and rounded grains noted in Cretaceous and Cambrian age populations.

5.2.2. Lord Howe Rise and Challenger Plateau

P81390 is a pebbly sandstone from the central Lord Howe Rise (Figure 1). Ages of 94 euhedral to subhedral
zircon grains from this rock were first reported by Mortimer et al. (2015). They indicated an imprecise Late
Cretaceous depositional age for the sandstone, whose content was dominated (89%) by Late Triassic to Early
Jurassic zircon grains with a statistical 2°°Pb/?**U age peak at 196 + 1 Ma. Four grains were pre-Triassic. To
extract further age information from this sample especially of the older grains, we obtained a further 293 U-Pb
ages from P81390 that were <10% discordant (Figure Se, Supplemental File 4 in Supporting Information S2).
The combined data set of 387 dated grains confirms the approximate age proportions of Mortimer et al. (2015)
namely 10% Cretaceous, 83% Triassic-Jurassic and 7% pre-Triassic (Figure 5e). We also confirm the previously
established dominant 196 Ma age peak for the sandstone. In the expanded data set, statistical age peaks of 97 and
101 Ma are now evident. Although there are only 26 pre-Triassic grains, seven define a statistical peak at 597 Ma
but otherwise are spread between 2,133 and 251 Ma. All pre- and post-Triassic-Jurassic ages are from discrete
detrital grains; there are no older core or younger rim relationships.

P69782 is a volcanic breccia from the southern Lord Howe Rise (Figure 1) in which a tiny fraction of the granule-sized
clasts are schist and greywacke (Mortimer et al., 2008). Using Sr and Nd isotopic ratios of the schist and greywacke
clasts, Mortimer et al. (2008) correlated them with metasedimentary terranes of the New England Orogen. To test this
interpretation, we extracted zircon from the bulk breccia and were able to date 10 grains (Figure 5f; Supplemental File
5 in Supporting Information S2). Two age clusters are present. Five grains lie in the range 130119 Ma and five in the
range 373-359 Ma (or to 336 Ma if a discordant grain is included). There are too few grains to define statistical peaks.

A sample of granite basement (sample P44932) dredged from the western margin of the Challenger Plateau was
previously analyzed by legacy multi-zircon U-Pb ID-TIMS methods and yielded a lower concordia intercept age
of 335 + 7 Ma Tulloch et al. (1991). Based on its age and geochemistry, this granite was linked to the predom-
inantly Devonian S-type granites of the (then very broadly defined) Karamea Suite. Five new high-precision
single-zircon CA-ID-TIMS analyses from the same P44932 mineral separate of Tulloch et al. (1991) exhibit a
spread in 2%°Pb/?*8U ages from 367.95 + 0.19 to 368.49 + 0.19 Ma (Figure 5g, Supplemental File 6 in Supporting
Information S2). We interpret the youngest three overlapping analyses to reflect the age of granite crystallization.
The weighted mean 2%°Pb/?*8U age of these three youngest zircon grains is 368.06 + 0.19 Ma (MSWD = 1.8).
This is substantially older than the reported legacy age and overlaps with a pulse of magmatism within the high
flux (and now more narrowly defined) 370-368 Ma Karamea Suite “flare-up” event (Turnbull et al., 2016). The
high-precision U-Pb CA-ID-TIMS age is supported by a less precise LA-ICP-MS weighted mean 2°Pb/28U
zircon age of 371.1 + 3.8 Ma (MSWD = 3.0) (Supplemental File 7 in Supporting Information S2).

5.3. Hf and O Isotope Zircon Data

Hafnium isotope data were collected for 35 zircon grains from the central Lord Howe Rise plutoniclastic sand-
stone P81390. The grains had ages between 194 and 183 Ma (Early Jurassic). The range of initial eHf values

Figure 5. U-Pb zircon ages and zircon Hf isotope data. Red lines are Gaussian-summation probability density distributions for dated samples plotted with stacked
column histograms. (a) Fairway Ridge granite cobble P85722A (DR3AiA); concordant grains not used in age calculation have lost Pb or are inherited. (b) Fairway
Ridge granite cobble P85722C (DR3AiC); concordant grains not used in age calculation have lost Pb or are inherited. (c) Fairway Ridge coarse-grained sandstone
matrix P85724 from which cobbles were extracted (DR3Aiii). (d) Fairway Ridge bedded fine-grained sandstone P85725 (DR3B) (e) Central Lord Howe Rise
plutoniclastic pebbly sandstone P81390 (Mortimer et al., 2015). Note the probability density distribution in panel (e) is for the entire 387 grains but the histogram is
vertically stretched to show only the 26 grain ages older than 250 Ma. (f) Southern Lord Howe Rise volcanic breccia P69782 (Mortimer et al., 2008). Reference terrane
probability density distributions (blue lines) from Adams et al. (2015) and Korsch et al. (2009), reference pluton age probability density distribution (green line) from
Ringwood et al. (2021). (g) Challenger Plateau granite P44932. (h) Initial Hf isotope plot. DSDP207 data from van der Meer et al. (2018), reference in situ New Zealand
pluton field from data in Nebel et al. (2007) and Turnbull et al. (2023); reference lines: DM = depleted mantle and CHUR = chondritic uniform reservoir.
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Figure 6. IN2016TO1 Ar-Ar spectra. (a) DR1A nephelinite groundmass (P85718). (b) DR2Ai basanite groundmass (P85720). (c) DR4B doleritic basalt plagioclase
(P85733). WMA = weighted mean age and WMPA = weighted mean plateau age. Boxes are +1c in height but labeled ages are +2c.

is +13.2 to +5.2, with the mean and median values being +8.3 and +8.1 respectively (Supplemental File 4 in
Supporting Information S2). The initial eHf values are within the range of plutons emplaced in the eastern part of
the Median Batholith which are derived from relatively juvenile and/or mantle-like sources with limited involve-
ment of older crust (Figure 5h, Schwartz et al., 2021; Turnbull et al., 2023). These initial eHf values are also
within the range of New Zealand detrital zircons interpreted to have been derived from the Median Batholith arc
(Campbell et al., 2020) and have substantially higher initial eHf than the +2.6 median (4+2.3 mean) reported for
35 zircons from the 97 Ma rhyolite at DSDP 207 (Figure 1) by van der Meer et al. (2018).

Challenger Plateau granite zircons have median 8'%0 = 9.2 + 1.9%0 (n = 10), and median initial eHf = —2.5 + 3.2
(20 error, n = 18) (Supplemental File 7 in Supporting Information S2). The Challenger Plateau granite O and Hf
isotope values overlap those established for New Zealand's Karamea Suite in Turnbull et al. (2023) (Figure 5h).

5.4. Ar-Ar Geochronology

Five basaltic samples from the Fairway Ridge were dated by Ar-Ar methods, in part to confirm and/or improve
on the micropaleontological dating of the IN2016T01 DR1 and DR2 samples reported by Mortimer et al. (2019).
The results of the dating of the samples from DR1 and DR2, and the best result of three dated samples from DR4
are shown in Figure 6 (see also Supplemental File 8 in Supporting Information S2). The degassing spectrum
of the DR1A (P85718) nephelinite groundmass shows a mostly flat pattern for much of the gas release but the
steps do not quite form a statistically valid plateau. As the best age from P85718, we use three steps (31% of gas)
which give a weighted mean age of 40.4 + 0.4 Ma (+2c error) and an MSWD of 3.0 (Figure 6a); an alternative
interpretation is a six-step age (83% of gas) of 40.1 + 0.8 Ma with an MSWD of 20. The degassing spectrum
of groundmass from DR2A (P85720) basalt shows a classic recoil pattern of older ages in the low temperature
steps, descending to a mostly flat set of steps, with ages decreasing still further at the highest temperature release.
As the best age for this rock, we use the weighted mean of three of the mostly flat steps (48% of gas) which give
an age of 41.3 + 1.0 Ma (Figure 6b). This is the least precise of our three reported ages, and is slightly older
than, but just within error of, P§5718. Groundmass age spectra of two basaltic samples (P85731, 32) from DR4
show disturbed hump-shaped spectra (Supplemental File 8 in Supporting Information S2) with low confidence
age interpretations of 36-34 Ma. However, as the best and representative age of the three petrologically related
samples from DR4, we use the weighted mean plateau age of five steps (60% gas) from P85733 plagioclase,
namely 36.3 + 0.2 Ma (Figure 6¢). The seemingly more irregular spectrum in Figure 6c¢ is simply due to the
expanded y-axis scale. In summary, three dated alkaline intraplate mafic lavas from three sites on the Fairway
Ridge are 41-36 Ma (Middle to Late Eocene) in age.

5.5. Rb-Sr Dating

Strontium isotope data were obtained for three volcanic clasts from IN2016TO1 DR3, mainly to assess their petro-
logical character and to explore crustal contamination in their petrogenesis (Figure 4f). However, we additionally
used the isotopic data on an Rb-Sr isochron diagram to give age information (Figure 7). The volcanic clasts
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DR3A (P85723ABC) volcanic clasts define an isochron of slope 127 + 2 Ma. Two points have very similar isotope
0.718r ratios, so the age is poorly defined, being basically a two-point isochron. If
H the Rb-Sr isotope data for the two DR3 granite cobbles are also included (on
with DR3A granite cobbles the basis that they could be the same igneous suite) the best fit line for all five
0.714}f Errorchron age=123+13 Ma S .
| Trﬁesrcg/lp?\é/%% %00 DR3 clasts has a slope indicating an age of 123 + 13 Ma (Figure 7); the very
& high MSWD indicates this is an errorchron.
% 0.710f Volcanic clasts only
g Isochron age=127+2 Ma
|rr]1t:er36e'\gts(\)~7[)o§gig 5.6. Regional Magnetic Data
0.706 Continental North Zealandia has a textured magnetic relief with anomalies
of variable orientation, wavelength, and amplitude (Figure 8). The two most
0.702 . L L prominent magnetic features are a pair of subparallel positive linear magnetic
0 2 ”le/“Sr 6 8 anomalies, labeled C1 and C2 in Figure 8, which are present on either side of
the southern New Caledonia Trough (compare with bathymetry in Figure 1).
Figure 7. Rb-Sr isochron plot of IN2016T01-DR3 andesite, dacite, and C1 and C2 are some of the highest (>1,000 nT) anomaly values in the entire
rhyolite cobbles (P85723B, A and C respectively). Fairway Ridge granite Zealandia continent. Their presence has previously been noted by several

cobble points shown for reference. Best fit lines calculated using errors of
0.2% for Rb/Sr and 0.003% for #7Sr/%¢Sr (Borst et al., 2018).

surveys and compilations including those by Davy (1991), Sutherland (1999),
and Collot et al. (2009). North of 31°S another pair of anomalies, labeled F1
and F2 in Figure 8, are co-linear with C1 and C2 and lie within the Lord
Howe Rise. F1 and F2 mark the edges of the Fairway Basin, with F2 coin-
cident with the Fairway Ridge (Collot et al., 2009). Along the northern edge of North Zealandia, a strong linear
positive anomaly, R in Figure 8, strikes NE-SW and coincides with the Coriolis Ridge of Exon et al. (2006b).
Anomaly R is not a bent or rotated continuation of F1 or F2 but is a separate feature.

West and south of C1 and F1 short and discontinuous linear ~200-300 nT positive magnetic anomalies are pres-
ent. Many of these are parallel and/or perpendicular to the strike of identifiable rift trends such as the New Cale-
donia Trough, Fairway Basin, Coriolis Ridge, and the Zealandia-Tasman Sea Basin continent-ocean boundary.
Elsewhere, more equant positive magnetic anomalies are scattered across North Zealandia, some in distinctive
belts, such as along and near the eastern edge of North Zealandia (Figure 8).

6. Discussion

The acoustic basement of North Zealandia has been imaged in many seismic reflection projects (e.g., Bache
et al., 2012; Collot et al., 2023; Gallais et al., 2019; Higgins et al., 2015; Klingelhoefer et al., 2007). In most
cases, the isotropic and diffractive nature of acoustic basement indicates the presence of widespread crystalline
basement (plutonic, metamorphic and/or complexly deformed sedimentary and/or volcanic rocks). However,
sporadically observed intra-basement reflectors suggest the presence of some sub-horizontally bedded sedimen-
tary terranes (e.g., Bache et al., 2012; Collot et al., 2023; Klingelhoefer et al., 2007). Given the variability in
quality of seismic surveys, and variable thickness of sedimentary basins we have not used seismic character to
map North Zealandia basement (but see Section 6.1.2 below).

In terms of data quality, quantity and spatial extent, Mesozoic arc rocks are the most useful in defining basement
geological trends across North Zealandia (Figure 9). The components of the Mesozoic orogen are discussed first,
followed by other features.

6.1. Mesozoic Orogen
6.1.1. Magmatic Arc

In onland New Zealand, autochthonous subduction-related plutonic suites of Triassic to Early Cretaceous age
all lie within the Median Batholith and/or within the metasedimentary rocks of the adjacent Western Province
(e.g., Mortimer et al., 1999, 2014a, 2014b; Ringwood et al., 2021). At the scale of Figure 9 the batholith and
associated plutons are almost superimposed and collectively mark the location of a long-lived subduction-related
continental magmatic arc that formed along the margin of South Gondwana. Three Median Batholith I-type suites
are relevant to this paper: the 265-245 Ma Longwood Suite, 235-135 Ma Darran Suite and 130-105 Ma Sepa-
ration Point Suite (Mortimer et al., 2014a, 2014b and references therein). The Mesozoic arc has been mapped
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Figure 8. EMAG?2 total magnetic intensity anomalies of North Zealandia and adjacent continental regions (Meyer

et al., 2017), draped on east-illuminated digital terrain model. Oceanic and backarc basin crust is masked. Major continental
anomalies are labeled (see text for discussion). Rock sample ground truth data (black labels) from Mortimer (2004), Exon
et al. (2006b), Mortimer et al. (1997, 1998, 2018), Uruski (2020), and this study. Green labels indicate other general
geological information from McDougall et al. (1994), Seton et al. (2019), and Gans et al. (2023).

across South Zealandia and was formerly contiguous with a Mesozoic magmatic arc in West Antarctica (Tulloch
et al., 2019).

With the progressive acquisition of new samples and their analysis, Triassic-Early Cretaceous Median Batholith
arc rocks have been progressively mapped across North Zealandia from its onland exposures in New Zealand's
South Island at ~41°S. Mortimer et al. (1997) dated and traced Mesozoic plutons in the offshore Taranaki Basin
near 39°S. Mortimer et al. (1998) reported a 247 Ma granodiorite, a 146 Ma gabbrodiorite, and a 117 Ma granite
from the West Norfolk Ridge at ~34°S. The 196 Ma detrital zircon sandstone age peak and 216-183 Ma gran-
ite pebbles in the Lord Howe Rise MD153-DRO1 dredge extrapolated the extent of the Mesozoic arc to ~29°S
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Figure 9. Simplified basement geology of North Zealandia based on sources mentioned in the text, Mortimer, Smith Lyttle,
and Black (2020), and this study. Sedimentary basin names in white text, extent of sedimentary basins not shown beyond
continental crust. LO = Lachlan Orogen and NEO = New England Orogen.

(Mortimer et al., 2015). In this paper we have identified granite cobbles and volcanic pebbles from the Mesozoic
arc in the new IN2016T1-DR3 Fairway Ridge dredge near 20°S.

We tentatively interpret the stratigraphic age of the Fairway Ridge DR3 pebbly cobbly sandstones to be 95-94 Ma
based on the minimum detrital zircon age peak of the two samples. As mentioned in Section 5.1, the age,
geochemical and isotope data of the Fairway Ridge DR3 granite cobbles point to an Early Cretaceous continental
magmatic arc source similar to New Zealand Mesozoic plutonic suites. The Sr and Nd isotopic data and paucity
of inherited zircon in the granite cobbles indicates negligible to minimal involvement of old continental crust
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in their petrogenesis. The Fairway Ridge DR3 volcanic cobble compositions lie within Darran and Separation
Point Suite igneous fields (Figures 4e and 4f). As do the compositions of the lithic-rich (lower SiO,) sandstones
(Figures 4b, 4d, and 4e). The Rb-Sr isochron diagram for the DR3 volcanic clasts (Figure 7) tentatively supports
an Early Cretaceous age for these lithologies. However, because of the limited Rb/Sr ratio of the samples, and
uncertainties in whether they are part of a single volcanic-stratigraphic succession and whether the Sr isotope
system has remained closed since the time of eruption, the age assignment is no more than indicative. Assum-
ing the granite and volcanic cobbles traveled at most 10-100 km, we position the arc to lie within ~100 km of
the Fairway Ridge. No in situ Jurassic to Early Cretaceous igneous rocks are exposed in New Caledonia; the
basement there comprises late Paleozoic to Mesozoic forearc basin and accretionary wedge terranes (Maurizot
et al., 2020a). The provisional location of the Mesozoic arc is shown in pink in Figure 9.

We acknowledge it is less than satisfactory to have to track the location of a basement rock unit using recycled
clasts rather than in situ samples. However, Adams et al. (2017) found that the detrital zircon provenance of most
Late Cretaceous non-marine and marine sandstones in New Zealand commonly matched those of local basement,
rather than being well-mixed across and between sedimentary basins. Other lines of evidence that support the
Mesozoic arc being located on or near the Fairway Ridge include the commonly cited structural co-linearity of
the basement highs of the Fairway Ridge and West Norfolk Ridge (e.g., Collot et al., 2009), and the preservation
of approximately the same Mesozoic arc-trench gap along the entire edge of North Zealandia, as indicated by the
constant lateral distance from the arc to the pre-Cenozoic eastern edge of the continent (Figure 9).

The inferred width of the Mesozoic batholithic arc in North Zealandia is uncertain but, like Tulloch et al. (2019),
we schematically draw it wider than its onland New Zealand width where oroclinal bending has likely trimmed
and thinned it. Because of lateral migration, long term (>10 Myr) continental magmatic arc footprints are
substantially broader than instantaneous volcanic arc chains and can be 250-650 km wide (Ducea et al., 2015).

In this paper, we do not explore the projected continuation of the Mesozoic arc into the Australian continent
or the Mellish Rise (Figure 9). The location of a 145-140 Ma arc in coastal Queensland has been proposed by
Henderson et al. (2022) but, as inferred by Bryan et al. (2000) and Bryan and Purdy (2013), much Early Creta-
ceous magmatism in onland Queensland is probably of continental back-arc or intraplate nature. The main Early
Cretaceous arc footprint probably lies, thus far unsampled, somewhere under the Mellish Rise or Marion Plateau.

6.1.2. Eastern Province Forearc and Accretionary Wedge

In New Zealand, the Median Batholith is so named because it occupies a medial position between tectonostrati-
graphic terranes of the Eastern and Western Provinces (Mortimer et al., 1999, 2014a, 2014b). Eastern Province
terranes represent fore-arc and accretionary wedge assemblages spatially related to the Median Batholith arc
(Mortimer et al., 2014a, 2014b).

Eastern Province greywackes have been drilled in eastern Taranaki Basin boreholes and dredged from West Norfolk,
Wanganella, and Reinga Ridges, and from Colville Knolls (Figures 1 and 9, Mortimer et al., 1997, 1998, 2009;
Mortimer, Adams, & Wright, 2020). The greywackes and schists of the Téremba, Koh-Central and Boghen
Terranes of New Caledonia (Maurizot et al., 2020a) are a Mesozoic accretionary assemblage and can be consid-
ered Eastern Province equivalents. Xenoliths of probable quartz veins were found in a lava dredged from the
northern Norfolk Ridge (Mortimer et al., 2021). Detrital zircon grains of Permian to Cretaceous age, likely
sourced from Eastern Province basement, have been obtained from Late Oligocene sedimentary rocks on the
Three Kings and Loyalty Ridges (Figures 1 and 9, Crawford, 2004; Gans et al., 2023; Meffre et al., 2006).

Seismic reflection profiles are generally of more use in outlining sedimentary basins than in subdividing or
defining crystalline basement units (Section 6.5). However, intra-basement seismic reflectors under the Reinga
Basin, Norfolk Ridge and southern New Caledonia Trough have previously been correlated with the generally
flat-lying Murihiku Terrane fore-arc basin strata of the Eastern Province (Bache et al., 2012; Collot et al., 2023;
Uruski, 2023). Collectively the sample and seismic data support the case that Eastern Province terranes and their
equivalents underlie the entire eastern basement of North Zealandia.

6.2. Paleozoic Orogen

6.2.1. Paleozoic Plutons

Pre-Triassic plutonic rocks have been sampled west of the Mesozoic arc (Figure 9). These are the Devonian
Challenger Plateau granite (Tulloch et al., 1991; this study) and Carboniferous to Permian plutonic rocks on
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the Dampier Ridge (McDougall et al., 1994). The new 368 Ma age, high initial ¥’Sr/3%Sr ratio, and zircon O
and Hf isotope values of the Challenger granite can be confidently matched with the S-type Karamea Suite of
New Zealand. While the Paleozoic plutonic suites of Zealandia have some correlatives in the Lachlan Orogen
(i.e., Devonian plutons in the Melbourne Zone), they appear more strongly correlated to Paleozoic plutonism in
Tasmania (Glen & Cooper, 2021; Turnbull et al., 2016). The 95 Ma K-Ar sericite age of P44932 was attributed
by Tulloch et al. (1991) to rift-related hydrothermal alteration.

In contrast, the Dampier Ridge rocks have no plutonic equivalents in New Zealand and have I-type isotopic
characteristics which McDougall et al. (1994) compared with the Nundle Suite of the New England Orogen. We
regard it as premature to try to map the extent of Paleozoic Gondwana margin arcs from just the two Challenger
Plateau and Dampier Ridge dredges. Therefore, they are shown simply as schematic blobs in Figure 9.

6.2.2. Western Province Gondwana Basement Terranes

Western Province terranes mostly comprise quartz-rich (siliceous) greywackes and schists with dominantly
Cambrian to Ordovician protolith ages (Cooper & Tulloch, 1992; Mortimer et al., 2014a, 2014b; Roser &
Korsch, 1986 and references therein). By the Mesozoic, these terranes represented autochthonous (previously
accreted) Gondwana basement. New Zealand Western Province terranes are commonly correlated with the Lach-
lan Orogen of Australia (e.g., Cooper & Tulloch, 1992; Glen & Cooper, 2021). The Early Paleozoic terranes of
the Western Province and Lachlan Orogen typically contain large proportions of late Precambrian-Cambrian
(700-500 Ma) detrital zircon grains (Adams et al., 2015; Ireland & Gibson, 1998). This detrital zircon signature
contrasts with terranes of the New England Orogen which are dominated by Devonian and Carboniferous proto-
liths and detrital zircon populations (Shaanan et al., 2018).

In offshore North Zealandia, siliceous greywackes and schists were intersected in a central Taranaki Basin bore-
hole within the Median Batholith and were correlated with Western Province rocks (Figures 1 and 9, Mortimer
et al., 1997). Undated meta-quartzites and quartz-rich sandstones were reported from dredges on the Selfridge
Rise and Kenn Plateau by Exon et al. (2006b). Our new U-Pb dating of 26 xenocrystic zircon cores from the
matrix of the Late Cretaceous MD153 granitic pebbly sandstone reveals ages that are significantly older than
the 196 Ma age of the granite clasts. The ~597 Ma (Late Neoproterozoic) zircon age peak (Figure 5e) matches
that found in New Zealand Western Province greywackes (Adams et al., 2015). The older zircon ages indi-
cate that the MD153 Early Jurassic granite(s) probably intruded Western Province host rocks and that the Median
Batholith-Western Province boundary can plausibly be drawn close to the MD153 dredge site (Figure 9).

The two dated Late Cretaceous IN2016T1 DR3 Fairway Ridge sandstones also contain 700-500 Ma detrital
zircon populations. These comprise only ~8% of the 40 dated grains in the coarse-grained sandstone but 42% in
the fine-grained sandstone (Figures 5c and 5d). Additionally, 14% of the zircons in the fine-grained sandstone
are 1,100-800 Ma; this “tail” of older Precambrian zircons also fits with Western Province sources (Adams
et al., 2015). As with the reasoning for MD153 above, these Late Precambrian populations point to a New
Zealand Western Province (or an Australian Lachlan Orogen) source area rather than a Median Batholith source.
Some provenance switching is indicated between the two DR3 sandstones: P85725 is a fine-grained arkosic
petrofacies dominated by a Precambrian zircon population whereas P85724 is a coarse-grained lithic petrofacies
dominated by Cretaceous plutoniclastic and volcaniclastic zircons.

Scant zircons from the NORFANZS85 volcanic breccia dredged from the southern Lord Howe Rise are 130-119
and 373-359 Ma in age (373-336 Ma if an analytically discordant grain is included) (Figure 5f). This Pale-
ozoic zircon age range is different from the MD153 (P81390) and Fairway Ridge samples (Figure 5). The
small number of grains dated means that caution should be exercised. We note that the while the NORFANZS85
Devonian ages are similar to detrital zircon ages of sedimentary rocks of the New England Orogen (Figure 5f,
Korsch et al., 2009; Shaanan et al., 2018), they perhaps better match a major pulse of New Zealand plutonism
(Figure 5h, Ringwood et al., 2021). Yet, because the breccia contained small greywacke and schist xenolithic
clasts (Mortimer et al., 2008), it might be presumed that the Paleozoic zircons came from metasedimentary rather
than plutonic rocks. Based on Sr and Nd isotope ratios of the clasts, Mortimer et al. (2008) interpreted a New
England Orogen, rather than a Western Province, origin for the breccia clasts. Our dating of 10 zircons from the
breccia (Section 5.2.2) loosely supports this earlier New England Orogen interpretation but also raises the possi-
bility that the NORFANZSS5 zircons were sourced from correlatives of New Zealand Cretaceous and Paleozoic
plutonic suites.
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In summary, of the four places in North Zealandia where information can potentially be obtained on meta-
sedimentary basement west of the Mesozoic arc, three (Taranaki Basin, MD153, and Fairway Ridge) point to
New Zealand Western Province sources and one (NORFANZ 85) to a New England Orogen source. At face
value, this complicates the map pattern of Mortimer et al. (2008) in which the Western Province and Lachlan
Orogen always lie west of the strike of the New England Orogen. There are confounding factors in trying to
draw Paleozoic orogen trends across North Zealandia: (a) the MD153 and Fairway Ridge 700-500 Ma detrital
zircons need not have been sourced from local New Zealand Western Province basement. They could have been
transported in Cretaceous rivers from a distant Lachlan Orogen in Australia and/or been released from Permian
continental basin strata which could have underlain (and could still underlie) large parts of North Zealandia (cf.
Adams et al., 2022) and (b) 100 km-scale oroclinal bends are present in the onland Australia Lachlan and New
England orogens (Figure 9, Rosenbaum, 2018) and raise the possibility of strike change complexities across
North Zealandia. As such, until further samples clarify the situation, we do not attempt to map separate Western
Province-Lachlan and New England orogens across North Zealandia in this paper.

6.3. Cenozoic Orogen

A distinctive feature of the eastern margin of North Zealandia is the presence of ophiolitic allochthons which
are absent from South Zealandia. Ophiolite massifs are major physiographic features of onland North Island
New Zealand and New Caledonia (Isaac et al., 1994; Maurizot et al., 2020b). For the most part the allochthons
comprise west-directed low-angle faults, emplaced in the Eocene and Oligocene, with igneous crust and mantle
rocks forming the uppermost sheets. The submarine extent of the ophiolitic sheets southeast of New Caledo-
nia was traced in seismic lines by Patriat et al. (2018), ground-truthed by serpentinite, pyroxenite and tonalite
rock dredges (Mortimer et al., 2014a, 2014b). Closer to New Zealand, dredges of peridotite on the Three Kings
Ridge (Crawford, 2004) and seismic interpretations near the North Island (Herzer et al., 2009; Orr et al., 2020)
have allowed delineation of this offshore part of the allochthon. The western limits of the overlying allochthons
between New Caledonia and New Zealand are shown in Figure 9 by toothed white lines.

Allochthon emplacement in New Zealand was followed immediately by subduction related (arc) volcanism
(Isaac et al., 1994). An Eocene subduction-related volcanic arc is inferred to underlie the Loyalty Ridge (Collot
etal., 2011; Maurizot et al., 2020b and references therein). Linking these two areas, a belt of arc and backmost-arc
volcanic rocks of Eocene to Miocene age has recently been sampled and mapped along most of the eastern edge
of North Zealandia (Gans et al., 2023) and is shown in Figure 9. The spatial coincidence of the volcanic arc with
the ophiolitic allochthons is probably no coincidence, the two both being responses to Cenozoic subduction initi-
ation along the northeastern edge of Zealandia (Sutherland et al., 2020).

6.4. Intraplate Volcanic Rocks
6.4.1. Lord Howe Seamount Chain

The Lord Howe Seamount Chain (yellow symbols on Figure 9) is interpreted as an Oligocene-Pliocene
age-progressive hotspot track that records the northward movement of the Australian Plate lithosphere (Mortimer
etal., 2018; Rogers et al., 2023; Seton et al., 2019). Apart from the large guyots at its northern end, the Lord Howe
Seamount Chain has minimal magnetic expression, with the age-progressive seamounts marked by small positive
anomalies less than 30 km across.

6.4.2. Rift and Other

One of the main contributions of the Tulloch et al. (2019) paper on South Zealandia was the novel identification
of a widespread syn-Gondwana breakup mafic igneous province, mapped using >200 nT rectilinear positive
magnetic anomalies. This was supported by four main lines of evidence: (a) shape of some anomalies being
parallel and/or perpendicular to known extensional rift structures, especially the continent-ocean boundary; (b)
interpretation and modeling of some of the Campbell Plateau anomalies by Grobys et al. (2009) as mafic igneous
underplates and shallow crustal dike-like bodies; (c) ground-truthing of one of the positive magnetic anoma-
lies with Late Cretaceous intraplate lavas in the Chatham Islands; and (d) general lack of magnetic expression
of the onshore Median Batholith Mesozoic magmatic arc; previously, this arc was invoked by Grindley and
Davey (1982) and Sutherland (1999) as the cause of the Campbell Magnetic Anomaly System.
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There are at least eight places in North Zealandia where rectilinear positive magnetic anomalies C1, C2, F1, F2,
and R have been ground-truthed as being caused by sampled intraplate igneous rocks (Figure 8). The strongest
positive anomalies coincide with basement highs where sedimentary basins are absent. As with South Zealandia,
age control from direct sampling is limited. The positive anomalies coincide with volcanic rocks dated from Late
Cretaceous to Miocene (Figure 8). The length of the Cretaceous Normal Superchron (~126-84 Ma) gives ample
time in which to intrude and/or erupt igneous rocks. The widespread occurrence of detrital zircons of 101-94 Ma
age in North Zealandia dredges (Figures 6¢c—6e; Mortimer et al., 2010, Figure 4a) could be attributed to distributed
eruptions of Late Cretaceous siliceous igneous rocks. Relief on Zealandia's lithosphere-asthenosphere boundary
dating from the Late Cretaceous could have induced asthenospheric shear disturbances and melting throughout
the Cenozoic (cf. Farrington et al., 2010). Locally, rifting directions have been extracted from Lord Howe Rise
basins (e.g., Higgins et al., 2015). Collectively, these observations give us confidence to use the +200 nT contour
around rectilinear areas in a comparable way to Tulloch et al. (2019), to map the location of Late Cretaceous
to Paleogene rift-related igneous rocks, at least schematically (Figure 9, green blobs). The linear shape of the
Cl1, C2, F1, F2, and R anomalies and association with bathymetric relief (e.g., New Caledonia Trough, Coriolis
Ridge) emphasize a faulted rift edge control of these volcanic rocks more so than for South Zealandia.

Davy (1991) commented that the C1 and C2 anomalies were not simply edge effects from sheets either side of
the New Caledonia Trough. Lapouille (1977) modeled the F2 Fairway Ridge anomaly as a downward widening,
highly magnetic body extending to at least 10 km below sea level. Frey (1985) and Schreckenberger et al. (1992)
noted that the crust of the Challenger Plateau and Lord Howe Rise is, on balance, more magnetic than would
be expected for simple thinned continental crust. They invoked the presence of dispersed and/or underplated
mafic igneous rocks to account for these features, an interpretation that fits with our own one of widespread
volumes of rift-related igneous rocks (cf. South Zealandia underplates and intrusions of Grobys et al., 2009).
In the case of anomaly C2 (Figure 8), the >200 nT anomalies are possibly amplified or primarily caused by
magnetic Late Permian-Early Triassic Longwood Suite gabbros of the Median Batholith (Mortimer et al., 1998;
Sutherland, 1999).

Not all magnetic anomalies in Figure 8 are rectilinear. Using onland geology maps and offshore sub-circular
bathymetric, gravity and magnetic anomalies, Mortimer and Scott (2020) identified more than 500 volcanoes
across North and South Zealandia that were not obviously rift-related. Many other non-linear, short wave-
length positive magnetic anomalies in Figure 8 most likely result from scattered intraplate mafic volcanic rocks
exposed on or close to the seabed. Some of these have been confirmed by drilling or dredging (e.g., Mortimer
et al., 1998, 2018), while buried ones have been imaged in seismic reflection profiles (e.g., Uruski, 2020).

6.5. Sedimentary Basins

North Zealandia has a cargo of Late Cretaceous to Pliocene sedimentary basins, draped on the aforementioned
older crystalline basement (e.g., Figure 2c). The outline of the basins in Figure 9 is derived from syntheses of
large numbers of seismic reflection profile surveys for example, Stagg et al. (1999), Norvick et al. (2008), Collot
et al. (2009), Sutherland et al. (2012), Higgins et al. (2015), Arnot and Bland (2016), and Uruski (2020, 2023).
Intraplate and subduction-related lavas (Sections 6.3 and 6.4) are interbedded with the sedimentary rocks. Inter-
pretations of at least parts of the New Caledonia and Middleton Basins being underlain by small areas of atypically
thick oceanic crust have been presented by Klingelhoefer et al. (2007) and Gallais et al. (2019). For this paper, we
adopt the position that all sedimentary basins in Figure 9 are just as likely to be underlain by intruded and thinned
to hyperextended continental crust—similar to interpretations of Riefstahl et al. (2020) in South Zealandia. The
location of Zealandia's continent-ocean boundary is particularly complex and uncertain in the Norfolk Basin.

6.6. Reconstruction of Gondwana at ~100 Ma

There have been many reconstructions of New Zealand and Zealandia against Australia, using geological
similarities and correlations between these two continents (e.g., Cooper & Tulloch, 1992; Gaina et al., 1998;
Griffiths, 1971; Grindley & Davey, 1982; Mortimer et al., 2008; Strogen et al., 2022; Sutherland, 1999). However,
at a continental scale, most of these employ rigid block reconstructions that do not attempt to unstretch the now
thinned and submerged crust of Zealandia. Therefore, these unstretched paleo-reconstructions have unrealistically
exaggerated bulges in the Gondwana continent-ocean boundary and show artificial fault-like offsets and gaps
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continuous and distributed deformation was made by Grobys et al. (2008).
However, they restored only the crustal thickness of the New Caledonia
Basin and Bounty Trough to the present day 24-20 km thickness of Zealand-
ia's plateaus and rises. In this paper, we uniformly restore the crust of North
Zealandia to a nominal pre-extension (pre-100 Ma) thickness of 35 km, that
is, the same as present day eastern Australia (B. L. N. Kennett et al., 2011).
Analogs for this unstretched crust would be a continental arc of moderate
thickness such as the modern Aleutians or Patagonia. The crust may have
~ been thicker or thinner in places and the 35 km value is just a typical value.

We use the deforming mesh workflow of Potter (2012) and Miiller et al. (2018),
in the GPlates plate rotation framework of Matthews et al. (2016). The results
are shown in Figure 10. In this figure, the Marion and Challenger Plateaus
have not been retrodeformed, so the Gondwana continent-ocean boundary
oceanward of these places still has a bulge. A related feature not addressed in
Figure 10 is the retrodeformation of the oroclinal bend as the Median Batho-
lith approaches New Zealand from the north. However, the middle part of
Tl Figure 10 does show much of North Zealandia in a more correct pre-rift

NZ (unstretched) Cretaceous configuration than previous reconstructions. Resto-
ration of the New Zealand oroclinal bend, the Marion Plateau and continental
blocks around the Marion Plateau are outside the scope of this paper because

SINZ appropriate constraints are currently lacking. However, Figure 10 does give

an idea of the resulting “tight” paleogeography that could be achieved.
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Figure 10. Early Cretaceous reconstruction of North Zealandia against
eastern Australia using GPlates and a continuous deforming mesh. Gray
dotted lines and letters are rigid blocks used by Gaina et al. (1998). Marion
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Figure 10 also improves earlier maps (e.g., Gaina et al., 1998) in that it
dispenses the need for hypothetical modeled faults between rigid blocks for
which there is no geological evidence, such as Barcoo-Elizabeth-Fairway and
Bellona-Aotea lineaments.

Plateau, Challenger Plateau, and North Island New Zealand have not been

retrodeformed.

The reconstruction of Figure 10 serves to reaffirm that (a) what is now onland

New Zealand was formerly spatially close to, and across geological strike

from, Tasmania; (b) New Zealand was spatially distant, and along geological
strike from, the east coast of mainland Australia; (c) the North Zealandia continental margin (a subduction zone
in the Early Cretaceous) was essentially straight and trended north-south; and (d) the Mesozoic arc-trench gap
(i.e., distance between the Median Batholith and continent-ocean boundary) was ~200 km that is, similar to the
present day Taupo Volcanic Zone.

7. Conclusions

The R/V Investigator 2016T01 voyage to the Fairway Ridge obtained Late Cretaceous pebbly to cobbly sand-
stones, bedded sandstones, carbonaceous mudstones, and 41-36 Ma Eocene intraplate lavas including a nephe-
linite (Mortimer et al., 2019; this study). The plutonic and volcanic cobbles and pebbles in the sandstone were
eroded from an Early Cretaceous magmatic arc which is presumed to still lie close to the Fairway Ridge. Previ-
ously only hydrothermally altered Late Cretaceous intraplate basalts had been obtained from the Fairway Ridge
(Mortimer et al., 2018).

Our new Fairway Ridge age and composition data, along with a map of continental magnetic anomalies, enable
extrapolation of high-level onland geological units from New Zealand and New Caledonia across all of North
Zealandia. Positive magnetic anomalies help map the likely distribution of intraplate lavas across North Zealan-
dia; some of these lavas are Late Cretaceous to Paleogene and relate to rifting and breakup of Zealandia from
Gondwana. A pre-rift, Early Cretaceous tectonic reconstruction made using a deforming mesh model produces a
tight fit of a long, thick, and narrow Zealandia against Australia.

The new basement geological map of North Zealandia in this paper (Figure 9) complements an earlier geolog-
ical map of South Zealandia (Figure 12 of Tulloch et al. (2019)). Thus, the basement and sedimentary basin
geological framework of the entire, ~5 Mkm?, 95% submerged Zealandia continent has now been outlined in
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reconnaissance. The submarine shelves of Earth's continents typically are mapped as separate, poorly charac-
terized tectonic elements different from onland units (e.g., Hasterok et al., 2022). We believe Zealandia is the
first of Earth's continents to have its basement, sedimentary basins and volcanic rocks fully mapped out to the
continent-ocean boundary.
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