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Passive continental margins are commonly classified as magma-poor and magma-rich types. Related breakup
processes are often associated with far-field tectonic stresses or upwelling mantle plumes. The Chatham Rise east
off New Zealand records a sequence of Late Cretaceous tectonic events, which include subduction and collision
of the oceanic Hikurangi Plateau to subsequent continental rifting and breakup. The mechanisms triggering the
change in tectonic forces are poorly understood but address open questions regarding the formation of passive
margins. We acquired wide-angle seismic reflection/refraction, multi-channel seismic and potential field data
along three profiles crossing the southern Chatham Rise margin and SE Chatham Terrace to the oceanic crust in
order to image and understand the crustal structure and breakup mechanisms. Variations in crustal thickness
along the highly faulted Chatham Rise are most likely related to the collision with the Hikurangi Plateau. Our
data indicate that the SE Chatham Terrace represents a broad continent-ocean transition zone (COTZ), which we
interpret to consist of very thin continental crust affected by magmatic activity. Along the southern Chatham
Rise margin, features of both, magma-poor and magma-rich rifted margins are present. We suggest that passive
rifting initiated at 105–100 Ma related to slab dynamics after the Hikurangi Plateau collision. We revise the
onset of seafloor spreading south of the eastern Chatham Rise to ~88 Ma from the extent of our inferred COTZ.
Geographically extensive, but low-volume intraplate magmatism affected the margin at 85–79 Ma. We suggest
that this magmatism and the onset of seafloor spreading are a response to upwelling mantle through a slab
window after 90 Ma. After 85 Ma, spreading segments became connected leading to the final separation of
Zealandia from Antarctica. We interpret the southern Chatham Rise margin as a unique hybrid margin whose
tectonic history was influenced by passive continental rifting and mantle upwelling.

1. Introduction
The breakup of supercontinents such as Gondwana is often associated with a change from lithospheric convergence (i.e., subduction
activity and orogeny) to lithospheric divergence (i.e., crustal thinning
prior to seafloor spreading). The mechanisms controlling the polarity of
tectonic forces play a key role in the Wilson cycle (Dewey and Burke,
1974), but are poorly understood. Options include triggering by mantle
dynamics leading to rising plumes and result in active and ‘hot’ rifting
or, alternatively, by tectonic forces through far-field processes with
significantly less or without any magmatic activity, which lead to

⁎

passive and ‘cold’ rifting.
The Cretaceous collision of the Hikurangi Plateau with Zealandia
(Fig. 1A) is interpreted to have initiated the end of subduction activity
and compression at the East Gondwana margin (e.g., Davy, 2014; Davy
et al., 2008). At approximately the same time intracontinental rifting
was initiated, which led to the separation of Zealandia and Antarctica
(e.g., Mortimer et al., 2016; Tulloch et al., 2009b). While the Late
Cretaceous to Cenozoic seafloor spreading history between Zealandia
and Antarctica is relatively well studied (e.g., Eagles et al., 2004a;
Wobbe et al., 2012; Wright et al., 2016), the early rifting history between both conjugate margins, in particular those of Chatham Rise and
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Fig. 1. (A) Bathymetry overview map of Zealandia's continental areas, Hikurangi Plateau, and South Pacific adjacent to Zealandia (GEBCO, Weatherall et al., 2015).
The three profiles are indicated by the red-black dotted lines. The red dotted lines represent the extent of Zealandia's continental areas modified after Barrett et al.
(2018), Mortimer et al. (2017), and Tulloch et al. (2019). Offshore continuation of New Zealand's onshore geology (Haast Schist in orange and Median Batholith in
red) are redrawn from Mortimer et al. (2017). (B) Overview map of the South Pacific and Marie Byrd Land conjugate margin of the Chatham Rise and Campbell
Plateau. (C) Present-day plate velocities of the Pacific Plate relative to the Australian Plate (DeMets et al., 2010). (D) Tectonic model at ~90 Ma simplified after
Mortimer et al. (2019) showing the trace of the Tongareva Triple Junction (TTJ) separating the Pacific (PAC), Phoenix (PHO) and Farallon (FAR) plates after the
spreading along the Osbourn Trough slowed down or even ceased in response to the Hikurangi Plateau (HP) collision. CR = Chatham Rise, MP = Manihiki Plateau,
OJP = Ontong Java Plateau.

Amundsen Sea/eastern Marie Byrd Land sector (Fig. 1B), remains
poorly understood. The temporal overlap of the Hikurangi Plateau
collision, subduction cessation and onset of rifting raises the following
questions: Did the former Hikurangi Plateau subduction influence or
initiate the early rifting? Or were collision and crustal extension two

independent causal processes in the highly complex continental area of
the Chatham Rise?
Knowledge about the nature and crustal structure is essential for
any sound reconstruction of the margin evolution and the role of subduction cessation and breakup at the former East Gondwana subduction
2
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zone. Is the southern Chatham Rise margin a volcanic-rifted type
margin with seaward dipping reflectors indicating excessive emplacement of magma triggered by an upwelling plume (Storey et al., 1999;
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margin non-volcanically driven by tectonic forces like transtensional
movements along the West Wishbone Ridge (Fig. 2A; Barrett et al.,
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Fig. 2. (A) Satellite free-air gravity anomaly (Satgrav23, Sandwell et al., 2014) overview map of the Chatham Rise and surrounding areas. (B) Zoom of panel A with
half graben structures interpreted from the gravity lineations. The area between the profiles AWI-21060100 and AWI-20160200 represents a relay ramp (series of
accommodating faults) indicating oblique rifting. (C) Swath bathymetry overview maps of the seismic profiles (black lines) and OBS/OBH stations (red circles).
Swath bathymetry apart from the expedition SO246 cruise was collected over the past decades from previous cruises to the Chatham Rise and were provided by GNS
Science. Greyscale GEBCO bathymetry is in the background (Weatherall et al., 2015). Names of seamounts and guyots on this map refer to working names excogitated during SO168 and SO246 cruise (Gohl and Werner, 2016; Hoernle et al., 2003). Ages from the seamounts are published in Mortimer et al. (2006), Hoernle
et al. (2010), and Mortimer et al. (2019). FF = Forty Fours.

2018; Davy, 2014)? Contrasting paleotectonic scenarios are possible
depending on whether oceanic, stretched continental crust and/or exhumed mantle is assumed to underlie the SE Chatham Terrace (Figs. 1A
and 2A), an area of seafloor south of the Chatham Rise, where water
depth is shallower than the abyssal oceanic crust and hosts abundant
seamounts and guyots. For a fundamental understanding of the driving
forces of the breakup it is also essential to know details on the exact
timing for the first formation of oceanic crust and the amount of volcanism related to the breakup.
In this study we attempt to answer these questions for the particular
situation of the Chatham Rise east of the Chatham Islands and SE
Chatham Terrace. We acquired three 330–485 km long seismic wideangle reflection and refraction profiles during the RV Sonne cruise
SO246 in 2016 (Gohl and Werner, 2016). Additionally, multi-channel
seismic (MCS) reflection and potential field (gravity, magnetic) data
were collected along these profiles. Here, we present the results of Pwave velocity and density forward modelling together with an interpretation of the MCS reflection data. Subsequently, we define crustal
thicknesses and specify the nature of the southern Chatham Rise
margin. Our study explores potential processes governing the cessation
of subduction along the East Gondwana active margin and the earliest
East Gondwana breakup along the southern Chatham Rise margin, i.e.,
the transformation of a formerly active subduction margin to a passive
rifted margin. Our findings also have implications for the geological
and tectonic evolution of other, once nearby, continental areas like the
Bounty Trough and rift basins east of the South Island as well as the
conjugate Marie Byrd Land margin of West Antarctica.

indicate that at least some of the free-air gravity anomaly highs
(Fig. 2A) correspond to block-faulted basement and volcanics (Carter
et al., 1994; Davy, 1993; Mortimer et al., 2006).
2.1. Geologic history of South Zealandia and the Chatham Rise
During the Paleozoic to early Mesozoic, South Zealandia was part of the
active continental margin of East Gondwana (e.g., Mortimer et al., 2017),
subsequently rifted from West Antarctica, uplifted and finally subsided
throughout the Mesozoic (Campbell et al., 1993; Wood et al., 1989). The
geologic history is obtained from the basement rocks of South Zealandia,
which mainly consists of (i) a Paleozoic-Mesozoic magmatic arc, i.e. the
Median Batholith (Fig. 1A), (ii) Permian-Cretaceous allochthonous terranes,
including typical accretionary wedge greywackes and metamorphic
equivalents (e.g., Mortimer et al., 2014). The oldest basement rock known
from the Chatham Rise and the Chatham Islands (Fig. 2A and C) is the
Chatham Schist, which comprises Permo-Triassic low pressure and temperature schists and greywackes (e.g., Adams et al., 2008; Adams and
Robinson, 1977; Allan, 1928; Campbell et al., 1993; Mortimer et al.,
2019a). Similarities in metamorphic grade/texture, age and isotopic composition suggest that the Chatham Schist is similar to schists found onshore
the South Island (Adams et al., 2008, Mortimer et el., 2019), which demonstrate the close relation between the Chatham Rise and South Island's
geological and tectonic history. In the following text we avoid usage of
regional names for the Zealandia schists and refer all as Haast Schist
(Fig. 1A) according to Mortimer et al. (2014).
In the mid-Cretaceous at ~110 Ma, the then-young oceanic
Hikurangi Plateau (Fig. 1A) is interpreted to have collided with South
Zealandia of Gondwana. Subsequently, it was partially subducted and
jammed the subduction margin (e.g., Barrett et al., 2018; Davy, 2014;
Davy et al., 2008; Reyners et al., 2017b). Cessation of the Hikurangi
Plateau subduction was estimated to be at ~100 Ma or ~96 Ma (Barrett
et al., 2018; Davy, 2014; Davy et al., 2008), which is in agreement with
the latest stage of subduction related magmatism at 96 Ma known from
eastern Marie Byrd Land, West Antarctica (Fig. 1A; Kipf et al., 2012)
and Mt. Somers on the South Island of New Zealand (van der Meer
et al., 2016).
Since seafloor spreading north of the Hikurangi Plateau took place
during the Cretaceous Normal Superchron, the exact timing of end of
the collision and subduction activity is poorly constrained (e.g.,
Downey et al., 2007; Larson et al., 2002). Lack of dating of seismic
reflectors also limits our knowledge of the timing of these events. According to Davy (2014) interpreted that the Gondwana margin along
the Chatham Rise was segmented, offset from the South Island and
rotated counter-clockwise relative to the Hikurangi Plateau in response
to the collision and initial subduction jamming onshore New Zealand.
Furthermore, the Hikurangi Plateau collision is interpreted to have
caused the segmentation into eastern and western Chatham Rise and
offset of the northern Chatham Rise margin (Fig. 2C; Barrett et al.,
2018). After cessation of the Hikurangi Plateau subduction at around
100 Ma, subduction of oceanic crust continued at the eastern Chatham
Rise and dextral strike-slip movements became active along the West
Wishbone Ridge (Fig. 2C; Barrett et al., 2018; Davy, 2014).
Spatially very limited extension along the Gondwana margin started at
~112.5 Ma onshore South Island as manifested in non-marine graben deposits located within the Haast Schist (Fig. 1A; Mitchell et al., 2009; Tulloch
et al., 2009b). However, wide-spread extension and intracontinental rifting

2. Tectonic and geological background
The North and South Islands of New Zealand represent a small
fraction of the Zealandia Continent, which are elevated above the sea
level (Fig. 1A; Mortimer et al., 2017). The larger submerged part of
Zealandia is formed by thinned continental crust and includes Challenger Plateau, Lord Howe Rise and Norfolk Ridge (Fig. 1A; among New
Caledonia further in the north) as parts of North Zealandia and
Campbell Plateau, Bounty Platform and the Chatham Rise as parts of
South Zealandia (Fig. 1A; e.g., Mortimer et al., 2017; Timm et al.,
2010).
The E-W oriented submarine Chatham Rise (Fig. 2A) extends up to
1500 km to the east of the South Island. The Hikurangi Plateau – a
Cretaceous large igneous province – borders the Chatham Rise to the
north. At present day the Hikurangi Plateau subducts below the North
Island (e.g., Reyners et al., 2011, Reyners, 2013) driven by the W to SW
directed movement of the Pacific Plate relative to the Australian Plate
(Fig. 1C). The Chatham Islands (Fig. 2C) are the only subaerial exposed
part of the Chatham Rise. East of them a bathymetric (and gravimetric)
step across the extension of the West Wishbone Ridge (Fig. 2A and C)
separates the shallower western Chatham Rise crest (<1000 m water
depth) from the deepening slope of the eastern Chatham Rise crest
(1000–3000 m water depth). To the south the Chatham Rise transitions
into a bathymetric depression deepening from west to east, the Bounty
Trough, and into the SE Chatham Terrace (Fig. 1A). The SE Chatham
Terrace is a poorly constrained deep-sea domain at the southeastern
Chatham Rise margin. It is shallower than the surrounding seafloor and
comprises abundant guyots, seamounts and ridges (Fig. 2C). Bathymetry, seismic and geological data from the SE Chatham Terrace
4
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were initiated later as expressed by the exhumation of metamorphic core
complexes of the Median Batholith on the southwestern South Island between 108 and 106 Ma (Fig. 1A; Schwartz et al., 2016). At least since
105 Ma, graben formation became significant and several sedimentary
basins such as the Great South Basin and Canterbury Basin offshore east
coast South Island (Fig. 2A) started to form and successively deepen in
Zealandia (Bache et al., 2014; Strogen et al., 2017). Exposed terrestrial
graben deposits on Pitt Island (Fig. 2C), located SE of Chatham Island are as
old as 100 Ma (Campbell et al., 1993). The extension and subsequent crustal
thinning also triggered a change from subduction-related magmatism in the
Median Batholith to more widespread low-volume and distributed A-type
granite emplacement and alkali-basaltic magmatic activity between 101
and 97 Ma, which affected Marie Byrd Land, the Hikurangi Plateau, the
South Island of New Zealand and the eastern Chatham Rise (Hoernle et al.,
2010; Homrighausen et al., 2018; Mortimer et al., 2006, 2016, 2019b;
Schwartz et al., 2016; Tulloch et al., 2009a, 2009b; van der Meer et al.,
2016, 2018; Weaver et al., 1994).
From identification of magnetic spreading anomalies the onset of
seafloor spreading between Zealandia and West Antarctica is inferred to
be around 90 Ma east of the present-day Udintsev Fracture Zone (UFZ;
Fig. 1A and D; Eagles et al., 2004a; Larter et al., 2002; Wobbe et al.,
2012). After 117 Ma, the Tongareva Triple Junction (TTJ), separating
the Pacific, Phoenix and Farallon plates, migrated into a direction towards the East Gondwana active margin (Fig. 1D; Larson et al., 2002).
Its western spreading segment (Pacific-Phoenix plate boundary) migrated between the Chatham Rise and Marie Byrd Land at around
90 Ma (e.g., Larter et al., 2002; Eagles et al., 2004a).
The onset of seafloor spreading west of the UFZ in the area of the SE
Chatham Terrace is unclear due to the unknown crustal structure of the SE
Chatham Terrace. Barrett et al. (2018) suggested that seafloor spreading
started at the same time as that east of the UFZ based on available magnetic
spreading anomaly c34n picks (Larter et al., 2002; Wobbe et al., 2012).
However, magnetic anomaly pattern on the SE Chatham Terrace is quite
complex due to widespread volcanic features (Davy, 2006) and does not
show clear indications that it is related to seafloor spreading. Published
geochemical and 40Ar/39Ar age data confirm an intraplate origin and emplacement age of around 85 Ma of the SE Chatham Terrace seamounts similar to that of the oldest lavas from the Chatham Islands (Fig. 2C;
Mortimer et al., 2019b; Panter et al., 2006). Another dredge sample from
the Stuttgart Seamount, southeast of the Chatham Islands (Fig. 2C), contains
high-grade metamorphic schists comparable to those found on the Chatham
Islands (Mortimer et al., 2016, 2006). East of the SE Chatham Terrace, Davy
(2006) interpreted well-lineated NE-SW striking magnetic anomalies - oblique to the E-W elongated Chatham Rise - to be spreading anomalies c34n
to c33r close to the mouth of the Bounty Trough and estimated the onset of
seafloor spreading at 85 Ma east of the SE Chatham Terrace. Southward
ridge jumps and highly asymmetric spreading between 83 and 79 Ma are
inferred to explain the magnetic anomaly at the southern Chatham Rise
margin and the separation of the Bollons Seamount, which was initially part
of the Antarctic Plate and then transferred to the Pacific Plate (Davy, 2006;
Eagles et al., 2004a, 2004b; Sutherland, 1999; Wobbe et al., 2012). In
contrast, Tulloch et al. (2019) questioned that the origin of magnetic
anomalies close to the mouth of the Bounty Trough is related to seafloor
spreading, but suggested that these are part of a larger rift-related mafic
complex that includes Chatham Islands, SE Chatham Terrace, Bounty
Platform and Campbell Plateau (Figs. 1A and 2A). There is, however, a
broad agreement that the separation of Campbell Plateau and Bounty
Platform from Antarctica postdates the onset of seafloor spreading at the
southern Chatham Rise margin (Davy, 2006; Eagles et al., 2004a, 2004b;
Sutherland, 1999; Wobbe et al., 2012).

three deep-crustal profiles across the southern Chatham Rise margin
(Fig. 2A and C) using ocean-bottom seismometers (OBSs), each
equipped with a three-component seismometer and a hydrophone, and
ocean-bottom hydrophone (OBH) systems with hydrophones only.
Along profiles AWI-20160100 and AWI-20160200, 40 and 35 OBS/
OBH instruments were deployed at ~11 km spacing. 21 OBS/OBH instruments were deployed with ~15 km spacing along profile AWI20160300. The sampling rate was set to 250 Hz for all recorder types. 8
G-Guns arranged in 2 × 4 G-Gun clusters with a total volume of 68 l
(4150 in3) were fired at 205 bar every 60 s while towed 10 m below sea
level.
All OBS/OBHs were recovered, but four instruments along AWI20160100 (st101, st103, st107, st122) recorded no data due to malfunction. In general, the data quality is good to excellent, and the hydrophone channel provided the best data quality throughout. Along
profile AWI-20160200, the hydrophone channels of two instruments
(st213 and st234) did not record any data, but the vertical-component
channels yield usable data.
We relocated OBS/OBH positions using the direct-wave arrivals,
converted the data into SEGY format, and applied a 4–14 Hz bandpass
filter as well as a 1000 m length automatic gain control.
3.2. P-wave velocity modelling
We selected all refracted and reflected seismic phases with the
software ZP (Zelt, 2004), which calculates the individual picking uncertainty of each pick by taking the signal-to-noise ratio into account.
Applied picking uncertainties range between 50 and 250 ms. P-wave
velocity modelling was performed with the program Rayinvr (Zelt and
Smith, 1992) and its graphical user interface PRay (Fromm, 2016). If
observed, we picked wide-angle reflection phases to help determine the
depth of layer boundaries. Initial P-wave velocities for each layer were
determined primarily from the refracted phases and iteratively refined
to match all picks within their uncertainty range. The number of model
layers was kept as small as possible to avoid unconstrained structural
complexities. Statistics corresponding to the presented models are listed
in Tables S1–S3.
We estimated uncertainties for the layer boundary depths and Pwave velocities by using the same approach as Schlindwein and Jokat
(1999). Accordingly, P-wave velocities and layer boundaries were systematically perturbed (layer-wise and separately) until the calculated
travel times exceeded the uncertainty range of the observed travel
times. The estimated uncertainties are presented for each profile in
Tables 1-3.
3.3. Multi-channel seismic (MCS) reflection data
We produced high-resolution MCS data along the three profiles to
resolve the sedimentary architecture and acoustic basement. MCS reflection data were recorded using a 3000 m long digital solid streamer
of 240 channels (Sercel Sentinel™). For acquisition of MCS reflection
profiles AWI-20160001 and AWI-20160003 (MCS data along refraction
profiles AWI-20160100 and AWI-20160200), we used 6 G-Guns arranged in 2 × 3 G-Gun clusters with a total volume of 51 l (3120 in3),
which were fired at 200 bar every 20 s at 6 m below water depth. Along
MCS profile AWI-20160301 (MCS data along refraction profile AWI20160300), we used the G-Gun setup of the seismic refraction data
acquisition (Section 3.1).
Processing steps included common depth point (CDP) sorting, velocity analyses every 1.25–2.5 km (every 50th to 100th CDP on average
dependent on the G-Gun setup), normal moveout corrections, stacking,
and time migration. A 5/15–150/200 Hz trapezoidal bandpass filter
was applied for displaying the time-migrated sections. Acoustic basement reflection and sedimentary reflectors with high velocity contrasts
were converted from time to depth and integrated into the P-wave
velocity models.

3. Data acquisition, processing and modelling procedure
3.1. Seismic wide-angle reflection/refraction data
Seismic wide-angle reflection/refraction data were collected along
5
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3.4. Potential field data and gravity modelling

and Stock, 2004; Croon et al., 2008; Gaina et al., 1998; Granot et al.,
2013; Whittaker et al., 2013).

Gravity modelling was used to verify the consistency of our P-wave
velocity models and free-air gravity anomaly (FAA). Shipborne gravity
data were recorded by a LaCoste & Romberg S80/Ultrasys marine
gravity meter along all profiles. To test the modelled P-wave velocitydepth distribution and constrain areas along the crustal models that
suffer from low ray coverage, we performed 2.5D density modelling
using the IGMAS+ software package (Götze, 2007; Götze and
Lahmeyer, 1988; Schmidt et al., 2007). The geometry and layer
boundaries were extracted from the P-wave models. Layers were subdivided in case lateral P-wave velocity variations were present. For the
initial gravity model, average P-wave velocities for the resulting polygons were converted into densities using the P-wave velocity-density
relationships of Barton (1986) and Christensen and Mooney (1995). We
tried to fit the modelled FAA and the observed gravity data within a
5 mGal uncertainty range. During iterative adjustment of the densities,
we took care that the densities correlated with modelled velocities
within the uncertainties given for the P-wave velocity-density relationships of Barton (1986) and Christensen and Mooney (1995).
Additionally, magnetic field data were acquired along the seismic
profiles and other tracks by using a SeaSpy magnetometer which was
towed 350 m behind the vessel. Magnetic anomalies were calculated
relative to the latest International Geomagnetic Reference Field version
(Thébault et al., 2015).

4. Results and interpretation
4.1. Model uncertainties
Generally, we find that the estimated layer boundary depth and
velocity uncertainties in our three P-wave velocity models increase with
depth (Tables 1–3) and decreasing ray coverage. Velocity uncertainties
are less than ±0.2 km/s for the sedimentary layers, ±0.1 to
±0.15 km/s for the upper crustal layers and reach up to ±0.4 km/s in a
few zones of the lower crustal layers where refracted phases are sparse.
Since several large-offset mantle refractions have been observed,
mantle velocity uncertainties remain less than ±0.25 km/s throughout
the profiles. Boundary depth uncertainties are between ±0.1 and
±0.15 km for the sedimentary layers, up to ±0.2 km for the upper
crustal layers, and ±0.2 to ±0.5 km for the top of the lower crustal
layers. The estimated Moho depth uncertainty is between ±0.3 km and
±0.5 km in zones of thin crust (<10 km), but up to ±0.8 km where the
crust is thicker than 10 km. Our velocity and boundary uncertainties lie
in the same range as those of other recent crustal seismic refraction
studies which used the same approach for uncertainty estimation (e.g.,
Hochmuth et al., 2019; Mueller et al., 2016).
4.2. The easternmost Chatham Rise and adjacent ocean floor

3.5. Plate-tectonic reconstruction

Profile AWI-20160300 extends from the eastern end of the Chatham
Rise east of the UFZ (Fig. 2C) southward into deeper water, where the
oldest seafloor adjacent to the Chatham Rise is expected (e.g., Larter
et al., 2002). The top of the easternmost Chatham Rise along this profile
is relatively smooth (Fig. 3A) with water depth between 2200 and
3500 m at the southern edge of the Chatham Rise. Close to the profile,
several larger seamounts and fault blocks rise from the Chatham Rise
seafloor (Fig. 2C; Hoernle et al., 2003; Mortimer et al., 2006). Smaller

We used GPlates (Müller et al., 2018) to illustrate our results in a
plate-tectonic context. For the positions of Chatham Rise, New Zealand's South Island, Campbell Plateau and Bollons Seamount with respect to West Antarctica at 90 Ma, we used the rotation parameters of
Eagles et al. (2004a), Larter et al. (2002) and Grobys et al. (2008).
Rotation poles between Australia, East Antarctica, and the continental
fragments of Northern Zealandia are based on several sources (Cande
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seamounts are also present at the northernmost part of our profiles
(Fig. 3A, profile km 0–25).
Sedimentary strata with generally low P-wave velocities reach up to
1.5 km thickness (profile km 20–60, Fig. 3A, layer sed1 in Fig. 4A) on
top of the Chatham Rise and are bounded by a fault-controlled acoustic
basement high, which represents the southern flank of the eastern
Chatham Rise along seismic line AWI-20160300. Clearly visible

acoustic basement reflections below the sediments indicate southward
normal faulting (profile km 35–55, Fig. 3A). Low P-wave velocities of
the acoustic basement (~2.8 km/s at the top of layer sed2, Fig. 4A)
argue that this layer represents crystalline crustal basement. More
likely, this layer represents up to 3 km thick variably metamorphosed
sedimentary strata of pre-rift origin (i.e., metasediments), which extend
onto the SE Chatham Terrace until profile km 100 (Fig. 4A). The
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Table 1
Layer parameters and according uncertainties along AWI-20160300. P-wave velocities vary within one respective layer due to different geological setting and burial.
Layer

Water layer
Sediment 1 (sed 1)
Eastern Chatham Rise
SE Chatham terrace
Proximal & distal
Sediment 2 (sed 2)
Eastern Chatham Rise
SE Chatham terrace
Proximal & distal
Upper crust (uc)
Eastern Chatham Rise
SE Chatham terrace
Proximal & distal
Lower crust (lc)
Eastern Chatham Rise
SE Chatham terrace
Proximal & distal
HVLC
Mantle
Eastern Chatham Rise
SE Chatham terrace
Proximal & distal
a

Type

P-wave velocity range

Upper boundary uncertainty

Velocity uncertainty

[km/s]

[km]

[km/s]

Water

1.5

0.0

±0.01

Sediments
Sediments
Sediments

1.6–2.6
1.6–2.3
1.6–2.0

±0.1
±0.1
±0.1

±0.1
±0.1
±0.1

Metasediments
Metasediments
Not present

2.8–5.2
2.8–5.4
–

±0.05–±0.15a
±0.15
–

±0.1
±0.2
–

Continental
Continental
Oceanic layer 2

5.2–6.2
4.7–6.3
4.8–6.4

±0.2
±0.1
±0.1

±0.1
±0.1
±0.1

Continental
Continental
Oceanic layer 3
Intrus./Underp.

6.2–7.0
5.4–7.0
6.1–7.2
6.8–7.5

±0.4
±0.2
±0.2
±0.3

±0.1
±0.1
±0.1
±0.2

8.0
8.0–8.1
8.0–8.1

±0.8
±0.3
±0.3

±0.2
±0.2
±0.2

Dependent on the presence/thickness of the overlying layer sed1.

seafloor of the SE Chatham Terrace along profile AWI-20160300 is
distinctly shallower (4200–5500 m) than seafloor further to the south
(>5500 m). Discontinuous acoustic basement reflections in the seismic
data at the foot of the Chatham Rise mostly indicate oceanward downto-the south normal faulting with increasing displacements of >300 m
(Fig. 3A, profile km 70–120), whereby seaward-dipping reflectors are
completely absent. The top of the acoustic basement and P-wave velocities are well-resolved along the Chatham Rise and SE Chatham
Terrace by the Psed2 refraction (Fig. 5A) and Psed2P reflection phases
(Figs. 5B and 6A). Uncertainties range from ±0.05–0.15 km for the top
of layer sed2 and ±0.1–0.2 km/s for P-wave velocities in layer sed2
(Table 1).
Two crustal phases representing refractions of the upper and lower
crust (layer uc and lc, Fig. 4A) are observed along the easternmost
Chatham Rise and SE Chatham Terrace. The top of both crustal layers is
slightly reflective as observed from the PucP and PlcP phases (Figs. 5B
and 6A). Layer uc is a maximum 5 km thick and extends up to profile
km 100 (Fig. 4A). P-wave velocities range from 5.2 to 6.2 km/s (profile
km 0–60) along the Chatham Rise are slightly lower along the SE
Chatham Terrace (profile km 60–100). Here, the intense normal
faulting indicated by the MCS reflection profile (Fig. 3A, profile km
60–120) might be responsible for lower P-wave velocities. P-wave velocities and thicknesses of layer lc, which is present until profile km 135
(Fig. 4A), are quite variable. Along the Chatham Rise, layer lc is characterised by relatively uniform velocities between 6.2 and 6.8 km/s and
a maximum thickness of 8 km (profile km 0–60, Fig. 4A). The total
crustal thickness along the easternmost Chatham Rise ranges from only
10.5 to 13.5 km. The velocities and thicknesses of the crustal layers are
well-resolved by refractions (Puc and Plc phases, Figs. 5A and 6A) and
Moho reflections (PmP phase, Figs. 5B and 6A). Nevertheless, deep
diving wave phases in the northern part of the profile are mostly absent,
which results in higher uncertainties of ±0.8 km for the Moho
boundary along the Chatham Rise (Table 1).
Lower crustal layer lc observed along the Chatham Rise climbs onto
the SE Chatham Terrace (profile km 75–105, Fig. 4A). Here, the layer
has a constant thickness between 4.5 and 5 km. P-wave velocities of
6.1–7.0 km/s are slightly elevated compared to those found along the
Chatham Rise (Fig. 4A). Two distinct peaks in the total magnetic field
intensity are present along the southern Chatham Rise margin (Fig. 4B),

most likely suggesting magmatic activity along or close to the profiles
AWI-20160300. This is further supported by the occurrence of several
seamounts close to the seismic line (e.g., Kakapo Seamount, Fig. 2C).
Accordingly, we explain the elevated lower crustal P-wave velocities by
magmatic activity along this part of the southern Chatham Rise margin.
Layer lc continues further south until profile km 140, where it is only
1.5 ± 0.2 km thick and characterised by a high velocity gradient
(Fig. 4A). Here, layer lc is overlain by two thin layers of low P-wave
velocities (Fig. 4A), which we infer by late first arrivals of the crustal
refraction phases and clearly delay in the PmP Moho reflection and Pn
mantle refraction phases passing through this area (Fig. 6B). Sparse
observed reflections (Fig. 5B) from the top and base of the low-velocity
layers support their presence. Similar observations imply another, but
smaller low-velocity layer further to the south. It is surrounded by layer
uc with higher P-wave velocities, which represents the upper crust in
this area (profile km 135–170, Fig. 4A). Moreover, we would expect
higher P-wave velocities for crystalline basement than present in the
low-velocity layers. We interpret the low-velocity layers as to consist of
metasedimentary strata comparable or similar to layer sed2 along the
Chatham Rise. Another up to 5 km thick layer is forming the lowermost
crust between profile km 80 to 195. P-wave velocities in the lowermost
crust (layer HVLC) reach up to 7.5 km/s between profile km 80 to 120
and are slightly lower further in the south (6.8–7.3 km/s, Fig. 4A). The
high velocities are well-constrained by several refractions through this
layer (PHVLC, Figs. 5A and 6B). We interpret the clearly visible highamplitude reflection (Fig. 6A and B) from the base of this high-velocity
lower crust (HVLC) as the Moho reflection (PmP phase, see Fig. 5B). The
total crustal thickness is only 5.0–5.5 km (profile km 80–195, Fig. 4A).
The crustal structure further south of the SE Chatham Terrace with
the HVLC and low-velocity layers is very homogeneous (profile km
120–330, Fig. 4A). The acoustic basement reflections are also continuously visible in the areas proximal and distal from the Chatham Rise
but are rougher on a smaller scale (4–10 km) compared to the SE
Chatham Terrace (Fig. 3A). The basement is overlain by up to 800 m of
well-layered sediments (Figs. 3A). We recognised clear reflections from
the basement (PucP, Fig. 6C), refraction phases from the upper and
lower crust (Puc and Plc) and Moho reflections (PmP) at all stations
(Fig. 5A and B). P-wave velocity of the thin (0.75–1.5 km) upper crustal
layer increase and range between 4.7 and 6.4 km/s corresponding to a
8
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high velocity gradient (Fig. 4A). The thickness of the lower crustal layer
range between 4.5 and 5.5 km and P-wave velocities increase gradually
from 6.2 to 7.1 km/s, representing a lower velocity gradient. The total

crustal thickness in the distal deep is constant between 5.8 and 6.8 km
without any observed larger variations. Although, the coverage with
ray phases is very good between profile km 120 to 330 (Fig. 5C), the Plc
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refraction phase only covers the upper 1 km of layer lc. Therefore,
uncertainties of ±0.3 km for depth of the Moho boundary and ±0.2 for
the P-wave velocities in layer lc are slightly higher than in the overlying
layers (Table 1).
Mantle refractions (Pn phase) that correspond to P-wave velocities
around 8.0 ± 0.2 km/s have been identified at most of the station along
AWI-20160300 (Figs. 5A and 6A–C). The transition from the SE Chatham Terrace into the deep sea (profile km 120–240, Fig. 4A) is the only
part of profile AWI-20160300 where we observed slightly higher
mantle P-wave velocities of 8.1 ± 0.2 km/s.
The densities converted from P-wave velocities resemble the amplitudes of the shipborne FAA well (Fig. 4C). Subdivisions were made
for (i) the sedimentary layer sed1 on top of the Chatham Rise where
higher P-wave velocities were observed in the sedimentary basin, (ii) all
lower crustal layers, and (iii) for the mantle (Fig. 4D) to improve the fit
of measured and calculated FAA within 5 mGal uncertainty (Fig. 4C).
All densities lie within the uncertainty range given by the P-wave veand
locity-density
relationships
(e.g.,
1620–2180
kg/m3
2610–3040 kg/m3 for P-wave velocities of 1.9 and 6.5 km/s; Barton,
1986).

northward and southward the shallowest area around profile km 80.
The basement structures of eastern and western Chatham Rise are distinctly different. The western Chatham Rise consists of a large continuous basement block with some small intra-basement faults (Fig. 3B,
profile km 30–70). A large half-graben, the Chatham Rift Graben
(profile 80–90 km, Fig. 3B), separates the large block from another
near-surface basement block, which we also consider as part of the
western Chatham Rise. The Chatham Rift Graben does not correspond
to the boundary of eastern and western Chatham Rise, moreover, it is a
NEE-SWW striking structure – sub-parallel to the West Wishbone Ridge
– extending from or close to the boundary onto Chatham Island
(Fig. 2B), where it probably continues through Chatham Island (Wood
and Anderson, 1989). The southern flank of the second basement block
(profile km 100–105, Fig. 3B) lies above the interpreted boundary of
eastern and western Chatham Rise. The basement of the eastern Chatham Rise consists of three southward deepening horst structures separated by half grabens (profile km 105–155). But further in the
southeast the acoustic basement reflections are flatter indicating less
developed or even absence of normal faulting (profile km 155–235).
Another near-seafloor basement high (profile km 235–250), normal
faulted on its southern flank represents the transition to the SE Chatham
Terrace (Fig. 3B).
P-wave velocity modelling of profile AWI-20160200 suggests two
layers (sed1 and sed2) for the sedimentary cover (Fig. 7A). P-wave
velocities in layer sed1 are up to 4.4 ± 0.1 km/s (Table 2), which are
well-resolved by the Psed2 refracted phase (Fig. 8A). The boundary between both was continuously identified by the Psed2P reflection
(Fig. 8B) with uncertainties of ±0.1 km (Table 2). We identified two
upper crustal layers along eastern and western Chatham Rise (uc1 and
uc2, Fig. 7A), well-defined by Puc1 and Puc2 refraction phases (Figs. 8A,
9A, and B). We found that the upper crustal velocities and thicknesses
significantly differ along western (Fig. 7A, 4.7–6.2 km/s and up to
10 km thickness) and eastern Chatham Rise (Fig. 7A, 5.2–6.4 km/s and
up to 7 km thickness).

4.3. The western and eastern Chatham Rise boundary and the eastern SE
Chatham Terrace
Profile AWI-20160200 crosses the boundary between western and
eastern Chatham Rise and continues onto the SE Chatham Terrace
further south of Erik Seamount from which 84 Ma lavas have been
dredged (Fig. 2C, Mortimer et al., 2019b). North of our profiles the
West Wishbone Ridge separates the Hikurangi Plateau from the eastern
Chatham Rise further in the north as recently identified by Barrett et al.
(2018). MCS data along profile AWI-20160300 (Fig. 3B) shows that the
basements of the western Chatham Rise (profile km 0–100) and eastern
Chatham Rise (profile km 100–245) are completely covered by sedimentary strata forming a very smooth seafloor, which dips gently
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Fig. 7. (A) P-wave velocity model of the seismic line AWI-20160200 derived by ray tracing. The position of the OBS/OBH stations along the profile is indicated by red
triangles. Velocities labels for the different layers are given in km/s. The crystalline basement boundary is indicated by the white dotted line. Reflections at layer
boundaries are indicated by thick grey lines. The model is based on 43,171 arrival picks, total RMS misfit is 0.153 s and corresponding χ2 is 0.928 (see Table S2 for
detailed model statistics). (B) Total magnetic field intensity (TI) along the profile. (C) Free-air gravity anomaly (FAA) and anomaly calculated from density model in
D. (D) Density model along AWI-20160200. Density values are given as kg/m3.

The lower crustal layer lc of eastern and western Chatham Rise also
differs in terms of thickness and P-wave velocities (Fig. 7A). We observed a clear and continuous PlcP reflection phase (Figs. 8B and 9A)
from the boundary of upper (layer uc2) and lower crust (layer lc) along
the western Chatham Rise. Nevertheless, we determined higher uncertainties of ±0.5 km for this boundary since Puc2 refractions only
cover the uppermost part of layer uc2 (Fig. 8A, profile km 0–60) and Plc
refractions are sparse along the western Chatham Rise (Fig. 8A). Layer
lc is more certain along the eastern Chatham Rise (Table 2) and the
lower crustal P-wave velocities are significantly lower (6.3–6.9 km/s,
Fig. 7A) compared to the western Chatham Rise (6.6–6.9 km/s). PmP
reflection phases (Figs. 8B and 9A) are continuously present and indicate 15 ± 0.8 km thickness for layer lc along western Chatham Rise
(Fig. 7A). Reflections from the base of layer lc along the eastern Chatham Rise suggest a thickness of 10 ± 0.8 km close to the western
Chatham Rise (profile km 95), but only 6 ± 0.5 km at the transition to
the SE Chatham Terrace (profile km 230). We identified another reflection phase with distinctly higher amplitudes and later arrivals,
which we interpret as the PmP reflection phase from the crust-mantle
boundary along the eastern Chatham Rise (Fig. 10). We infer the first
reflection with generally lower amplitude to result from the top of a
HVLC layer (PHVLCP phase). Since we could not observe any refraction
from the HVLC, we measured the normal-moveout velocities of both
reflections to estimate the corresponding average crustal velocities.
They are in the range between 5.4 and 5.8 km/s for the PHVLCP

reflections. Average crustal velocities estimated from the PmP reflections are higher (5.7–6.1 km/s). The higher estimated crustal velocities
are in good agreement with P-wave velocities around 7.0–7.2 km/s for
the HVLC layer and a thickness in the range between 2 and 3 km. The
total crustal thicknesses for western and eastern Chatham Rise are up to
24 km and 14–19 km, respectively.
The SE Chatham Terrace is located south of the normal-faulted
basement high at the margin of the Chatham Rise (profile km 235–250,
Fig. 3B). The seafloor is very flat except for the edge of Erik Seamount
and a smaller elevation further to the south (profile km 375–390).
Several sedimentary units cover the acoustic basement on both sides of
Erik Seamount (Fig. 3B). Similar to the SE Chatham Terrace east of the
UFZ, MCS data along AWI 20160200 does not indicate any seawarddipping reflectors close to the Chatham Rise. We used two and three
sedimentary layers north and south of Erik Seamount in the P-wave
velocity model, which are evident from several reflected wave phases
(Psed2P, Psed3P, Fig. 8B). The top of the acoustic basement north of Erik
Seamount is flat and gently southward dipping (profile km 265–285,
Fig. 3B). Acoustic basement pattern is rougher south of Erik Seamount
and indicate two basement highs (profile km 350–400). The southern
Berlin basement high (profile km 375–400, Fig. 3B) is a NE-SW lineated
feature and extends from the Berlin Seamount in the northeast onto our
profile as evident from the free-air gravity anomaly (Fig. 2B). Here,
non-crystalline P-wave velocities between 3.3 and 4.5 km/s (Fig. 7A)
likely indicate the presence of older sedimentary strata (pre-rift

Table 2
Layer parameters and according uncertainties along AWI-20160200. P-wave velocities vary within one respective layer due to different geological setting and burial.
Layer

Water layer
Sediment 1 (sed1)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
Sediment 2 (sed2)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
Sediment 3 (sed3)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
Upper crust 1 (uc1)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
Upper crust 2 (uc2)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
Lower crust (lc)
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
HVLC
Mantle
Western Chatham Rise
Eastern Chatham Rise
SE Chatham terrace
a
b

Type

P-wave velocity range

Upper boundary uncertainty

Velocity uncertainty

[km/s]

[km]

[km/s]

Water

1.5

0.0

±0.01

Sediments
Sediments
Sediments

1.6–2.3
1.6–2.2
1.6–2.1

±0.1
±0.1
±0.1

±0.1
±0.1
±0.1

Sediments
Sediments
Sediments

3.5–4.4
2.3–4.4
2.1–3.5

±0.1
±0.1
±0.15

±0.1
±0.15
±0.1

Not present
Not present
Metasediments

–
–
3.3–4.5

–
–
±0.2

–
–
±0.15

Continental
Continental
Not present

4.7–5.4
5.2–6.0
–

±0.1–±0.2b
±0.15
–

±0.1
±0.1
–

Continental
Continental
Transitional

5.1–6.2
5.7–6.4
5.2–6.6a

±0.15
±0.2
±0.15

±0.15
±0.15
±0.15

Continental
Continental
Transitional
Underplating

6.6–6.9
6.3–6.9
6.4–7.0
7.0–7.2

±0.5
±0.4
±0.25
±0.4

±0.3
±0.2
±0.2
±0.2

8.0
8.1
8.1

±0.8
±0.8
±0.5

±0.25
±0.2
±0.2

P-wave velocity is 3.0–6.6 close to Erik Seamount.
Dependent on the presence/thickness of overlying sediment layers.
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metasediments). Several steep sub-basement reflections most likely
indicate intense south-directed normal faulting between Erik Seamount
and Berlin Basement High (Fig. 3B). The crust of the Chatham Rise is
laterally homogeneous consisting of two layers (layer uc2 and lc,
Fig. 7A). P-wave velocities in layer uc2 are between 5.2 and 6.5 km/s
on both sides of Erik Seamount. Lower P-wave velocities of
3.3 ± 0.15 km/s are present beneath the seamount but are slightly
higher (6.6 ± 0.2 km/s) at the base of the upper crust (Fig. 7A,
Table 2). In the lower crustal layer lc P-wave velocity variations are
only small (6.4–7.0 km/s). The crustal P-wave velocity are well-resolved by Puc and Plc phases (Fig. 8A). Plc lower crustal refractions only
cover the uppermost 2 km of layer lc, which results in higher uncertainty of ±0.2 km/s for the P-wave velocities at the base of the crust
(Table 2). We observed a clear PmP reflection all over the eastern SE
Chatham Terrace (Figs. 8B and 9C) which is also partially visible in the
MCS profile along AWI-20160200 (Fig. 3B). The total crustal thickness
is between 6.8–7.3 km north and only 5.3–6.2 km south of Erik Seamount.
Mantle velocities are estimated to increase from 8.0 km/s beneath
the western Chatham Rise (profile km 30–90, Fig. 7A) to 8.1 km/s
beneath eastern Chatham Rise and Chatham Terrace (profile km
90–410). At several stations along the Chatham Rise we observed the Pn
mantle refraction at a source-receiver distance of up to 200 km (Fig. 9B)
and especially along the SE Chatham Terrace, the Pn phase shows an
excellent signal (Fig. 9C). Furthermore, we observed several reflections
within the mantle in depth between 30 and 43 km (PnP phase, Fig. 8B).
The arrivals are distinctly later and in larger source-receiver distances
than the Pn phase (Fig. 9B). Since these reflections origin from different
depths and locations along the profile (Figs. 7A and 8B), they possibly
represent different mantle features.
For the gravity model along line AWI-20160200 (Fig. 7D), we vertically divided several layers based on the P-wave velocity variations to
enhance the fit between calculated and measured FAA (Fig. 7C).
Overall, the gravity model is in good agreement with the modelled Pwave velocity variations in the lower crust of western and eastern

Chatham Rise and velocity variations in the upper crustal layer along
the eastern Chatham Rise (Fig. 7A and D). Only upper crustal densities
of the western Chatham Rise are slightly higher than expected from Pwave velocities compared to the eastern Chatham Rise (layer uc2,
Fig. 7D), but still within the uncertainties of the density conversion
(e.g., 2380–2770 kg/m3 for 5.4 km/s; Barton, 1986). Although P-wave
velocities do not change laterally along the SE Chatham Terrace, a
subdivision of the upper and lower crustal layers was required to fit the
gravity low between Chatham Rise and Erik Seamount, which suggests
lower densities in this narrow area (profile km 260–290, Fig. 7D)
compared to the SE Chatham Terrace south of Erik Seamount. Here, the
lower densities are also still within the uncertainties of the velocitydepth conversion (e.g., 2440–2880 kg/m3 for P-wave velocities of
6.0 km/s; Barton, 1986). The residual gravity anomaly at the southeastern termination of profile AWI-20160200 exceeds the 5 mGal misfit
range (profile km 380–410, Fig. 7D) in an area where the P-wave velocity model is constrained with less rays and shots are recorded only
from one side. Since all gravity models exceed both ends of the P-wave
velocity profiles by 100 km to avoid edge effects of the gravity calculation, the higher misfit can be explained by the presence of thinner
crust or higher mantle densities at the end of the profile or further to the
south.
4.4. The western Chatham Rise and central SE Chatham Terrace
Profile AWI-20160100 crosses the western Chatham Rise east of the
Chatham Islands where the water depth on top of the Chatham Rise is
only 1000–100 m (Fig. 2C). The FAA around the Chatham Islands is
significantly higher than elsewhere of the Chatham Rise (Fig. 2A). The
profiles continue to the south onto the central SE Chatham Terrace
where abundant guyots, seamounts and ridge-like volcanic features are
hosted (Gohl and Werner, 2016), approximately 100 km west of the
continental Stuttgart Fault Block (Fig. 2C; Mortimer et al., 2006).
MCS data along AWI-20160100 indicate graben and half graben
structures, which separate several basement highs at several locations
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upper crustal layers is slightly reflective as indicated by the Puc2P reflections observed at several stations (Fig. 12B). Upper crustal P-wave
velocities along the western Chatham Rise are slightly lower in the
south (profile km 150–260, 4.9–6.2 km/s, Fig. 11A) than in the north
(profile km 0–90, 4.9–6.0 km/s), but distinctly higher in the large
basement block (profile km 90–150, 5.1–6.5 km/s). This basement
block is different since both flanks are gently dipping to the north and
south (Figs. 3C and 11A). The free-air gravity anomaly (Fig. 2A) suggests that the northern half graben is the continuation of the large NEESWW striking Chatham Rift Graben observed along profile AWI20160200 (Figs. 3B and 7A) whereas the southern one is a strictly E-W
striking half graben. The top of the lower crustal layer is partially reflective as demonstrated by the PlcP reflection phase observed in at
several stations (Figs. 12B and 13A). Variations of the P-wave velocities
in the lower crust are low and range from 6.4 to 6.9 km/s with an
uncertainty of ±0.4 km/s (Table 3). Although within the P-wave velocity uncertainties, we recognise slightly higher velocities in the lower
crustal layer lc in the central part of the Chatham Rise (profile km
90–150, Fig. 11A) than in the surrounding lower crust. The coverage of
refracted rays in layers uc1 and uc2 (Puc1 and Puc2 refractions, Fig. 12A)
as well as for southern part of the lower crustal layer lc (Plc refraction,
Figs. 12A and 13A). In the northern part of the Chatham Rise, however,
we only observed few the Puc2 and Plc refractions. Nevertheless, we still
consider the modelled P-wave velocities still as meaningful. Along the
western Chatham Rise, we did not observe any reflections indicating
the presence of a HVLC. The crust-mantle boundary is well-resolved by
the PmP reflection between profile km 60 to 250 (Fig. 12B). The total
crustal thickness (22–24.5 km) of the western Chatham Rise along AWI20160100 is in the same range as along AWI-20160200.
<1 km of sediments cover the SE Chatham Terrace along AWI20160100 (Figs. 3C and 11A). At the foot of the Chatham Rise (profile
km 260–295) and between Te Honu Houkara Seamount and Te-ara-ãHina Ridge the top of acoustic basement is generally smooth and largely
unfaulted, only showing some smaller basement highs (profile km
325–485, Fig. 3C). Some reflections observed south of Te Honu Houkara Seamount most likely indicate the presence of older sedimentary
strata (probably syn-rift sediments) on the SE Chatham Terrace in a
graben-like structure (profile km 330–350). We found two thin sedimentary layers (sed1 and sed2, Fig. 11A) indicated by the presence of a
Psed2P phase among the basement reflection Puc2P on the SE Chatham
Terrace (Figs. 12 and 13B). Several steeply dipping reflections below
the top of acoustic basement probably indicate normal faulting
(Fig. 3C), but they are less common compared to AWI-20160200
(Fig. 3B). The crust of the SE Chatham Terrace consists of two layers
(uc2 and lc, Fig. 11A). P-wave velocities in the upper crustal layer uc2
are variable (5.1–6.6 km/s). Only at the Te Honu Houkara Seamount
basement P-wave velocities are significantly lower (Fig. 11A, profile km
375–410). P-wave velocities in the ~6 ± 0.6 km thick lower crustal
layer range from 6.5 to 7.0 km/s without any significant variations. The
upper and lower crustal layers are well-resolved by Puc2P reflections
and Plc refractions (Figs. 12A, B and 13B), but the Plc refractions only
cover the uppermost 2 km of the layer lc (Fig. 12A), therefore resulting
in larger uncertainties of the deep crustal P-wave velocities of ±0.25
(Table 3). We have identified the PmP reflections from most of the SE
Chatham Terrace indicating that the crust-mantle boundary is at the
same depth (Fig. 11A). The total crustal thickness of the western SE
Chatham Terrace along AWI-20160100 ranges between 7.5 and 8.0 km.
At several stations along profile AWI-20160100 we observe a Pn
mantle refraction phase (Figs. 12A and 13B) suggesting P-wave velocities of 8.0 ± 0.2 km/s below the Chatham Rise, increasing slightly to
8.1 ± 0.2 km/s below the SE Chatham Terrace.
Gravity modelling along AWI-20160100 required subdivisions of
upper and lower crustal layers along the Chatham Rise (Fig. 11D) to fit
calculated and measured FAA within the 5 mGal uncertainty (Fig. 11C).
Determined crustal densities in the centre of the Chatham Rise are
lower than expected from P-wave velocity model. In contrast, densities
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Fig. 10. Examples for the PHVLCP and PmP reflection phase from st216 from top
and base of the HVLC along seismic reflection line AWI-20160200. Picked reflections and corresponding ray paths are shown as green lines. Black lines
indicate the modelled arrival times for each reflection. The colormap of the Pwave velocity model is the same as in Fig. 7A. See Fig. 2C for the station locations.

(Fig. 3C, profile km 0–220). Basement highs show up as distinct positive
anomalies (Fig. 2A) and crop out to the seafloor (Fig. 3C), which is
different from the sediment-covered Chatham Rise along the profiles
AWI-20160300 and AWI-20160200 further to the east (Fig. 3A and B).
The top of the acoustic basement in the northernmost section of AWI20160100 is nearly continuous and only separated by some 10–25 km
broad half grabens (profile km 0–80, Fig. 3C). Only few post-rift sediments cover the top of the Chatham Rise (Fig. 3C). The graben and half
graben structures are mainly filled with syn-rift and less prevalent prerift sediments (Fig. 3C, profile km 80). Acoustic basement reflections at
the southern flank of the Chatham Rise also suggest a normal-fault
controlled transition to the SE Chatham Terrace (profile km 215–265).
At the transition the vertical displacement is distinctly higher but also
over a broader lateral distance (~50 km) compared to AWI-20160200
(Fig. 3B and C). In the P-wave velocity model along AWI-20160100
(Fig. 11A), we identified two sedimentary layers (sed1 and sed2). The
lowermost sediments in the up to 4 km deep grabens reach P-wave
velocities of up to 4.5 ± 0.2 km/s (Psed2, Fig. 12A) similar to those
observed along AWI-20160200 (Fig. 7A).
No arrivals of basement reflections (Puc1P) were observed at shallow
water depth because early arrivals of the multiples and reverberations
from the tilted basement along the graben structures mask the primary
signals. Again, we found two upper crustal layers (uc1 and uc2) along
profile AWI-20160100 (Fig. 11A). Here, the transition between both
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at the southern flank of the Chatham Rise are slightly higher than expected (Fig. 11D), but all lie within the limits of the P-wave-velocity-todensity conversions (e.g., 2410–2800 kg/m3 for 5.7 km/s; Barton,
1986). Since the half grabens along our profiles strike in different directions (Fig. 2A), significant 3D side-effects on the FAA cannot be
ruled out. The modelled densities along AWI-20160100 (Fig. 11D) are
in a similar range of densities along AWI-20160200 (Fig. 7D), and,
therefore, we consider them as meaningful. The lower crust has largely
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similar densities but requires higher densities in the north (profile km
0–30, Fig. 11D) where our P-wave velocity model has no ray coverage
(Fig. 12C). The SE Chatham Terrace does not require any further subdivisions along AWI-20160100 (Fig. 11D). Here, the derived densities
are in good agreement with those calculated for the SE Chatham Terrace along AWI-20160200 (compare Figs. 7D and 10D). Density variations in the mantle are low and largely consistent with those of the
modelled P-wave velocities.
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Table 3
Layer parameters and according uncertainties along AWI-20160100. P-wave velocities vary within one respective layer due to different geological setting and burial.
Layer

Water layer
Sediment 1 (sed1)
Western Chatham Rise
SE Chatham terrace
Sediment 2 (sed2)
Western Chatham Rise
SE Chatham terrace
Upper crust 1 (uc1)
Western Chatham Rise
SE Chatham terrace
Upper crust 2 (uc2)
Western Chatham Rise
SE Chatham terrace
Lower crust (lc)
Western Chatham Rise
SE Chatham terrace
Mantle
Western Chatham Rise
SE Chatham terrace
a
b

Type

P-wave velocity range

Upper boundary uncertainty

P-wave velocity uncertainty

[km/s]

[km]

[km/s]

Water

1.5

0.0

±0.01

Sediments
Sediments

1.6–2.6
1.6–2.0

±0.1
±0.1

±0.1
±0.1

Sediments
Sediments

3.5–4.4
2.8–4.5

±0.1
±0.15

±0.1
±0.2

Continental
Not present

4.9–6.2
–

±0.1–±0.2b
–

±0.1
–

Continental
Transitional

5.2–6.5
4.5–6.5a

±0.15
±0.15

±0.15
±0.15

Continental
Transitional

6.4–6.9
6.5–7.0

±0.5
±0.3

±0.4
±0.25

8.0
8.1

±0.8
±0.6

±0.25
±0.2

P-wave velocity is 4.0–6.6 close to Te Honu Huakara Seamount.
Dependent on the presence/thickness of overlying sediment layers.

5. Crustal structure of the southern Chatham Rise margin

The crust of eastern Chatham Rise is covered by our profiles AWI20160300 (Fig. 4, profile km 0–80) and AWI-20160200 (Fig. 7, profile
km 100–250). We determined a crustal thickness of only 11–14 km at
the eastern Chatham Rise (Fig. 14A) and 14–19 km close to the
boundary of western Chatham Rise (Fig. 14B). We compared 1D velocity-depth profiles to the same data as for the western Chatham Rise
(Fig. 14). The eastern Chatham Rise is still in agreement with extended
continental crust (Christensen and Mooney, 1995). Although velocity
gradients in the lower crust along both areas slightly exceed those of
extended continental crust, they are in good agreement with those from
the thin continental Lord Howe Rise and Fairway Ridge of North
Zealandia (Fig. 14A and B). Disregarding the very thin crust along AWI20160300 (Fig. 14A), the crustal structure of the eastern Chatham Rise
is in good agreement with the Galicia Bank (Fig. 14A and B).
Overall the crustal thickness differs along and between eastern and
western Chatham Rise, upper and lower crustal P-wave velocities are
largely in good agreement. We find that the Chatham Rise is distinctly
thinner than the 30 km thick extended continental crust of Christensen
and Mooney, but its thickness lies within the range of other continental
fragments of North Zealandia. Accordingly, we consider the eastern and
western Chatham Rise to consist of thin continental crust with up to
25 km thickness (Figs. 15 and 16).

Both the P-wave velocity-depth profiles and the density models from
gravity data reveal a detailed structure of the various regions of the
Chatham Rise, the SE Chatham Terrace, and adjacent ocean crust. We
extracted 1D velocity-depth profiles in 5–10 km steps along all regions
covered by the three P-wave velocity models and compared them to
published data to compare and classify crustal types (Fig. 14). The three
profiles indicate distinct variations of crustal thicknesses and occurrence of the HVLCs between the eastern and western Chatham Rise, but
comparable P-wave velocities and densities also suggest similarities
between both regions.
5.1. The western and eastern Chatham Rise
The crustal structure of the western Chatham Rise is revealed by the
profiles AWI-20160200 (Fig. 7, profile km 0–80) and AWI-20160100
(Fig. 11, profile km 0–240). Our P-wave velocity models show that the
crust of western Chatham Rise is 22–25 km thick. We compared the
extracted 1D velocities depth profiles of the western Chatham Rise
(Fig. 14B and C) to the global compilation of extended continental crust
by Christensen and Mooney (1995), thin continental crust of North
Zealandia (Fairway Ridge and Lord Howe Rise, Klingelhoefer et al.,
2007). Additionally, we compared our data to continental crust along
the Galicia margin, which might be a type location for non-volcanic
rifting (Pérez-Gussinyé et al., 2003). At the Galicia margin, the continental Galicia Interior Basin, an abandoned continental Mesozoic rift
basin separates thin continental crust of Galicia Bank and Shelf. This is
potentially a comparable tectonic situation to the Bounty Trough further west of our profiles (Figs. 1A and 2A), which is also interpreted to
represent a failed rift (Grobys et al., 2007). The comparison shows that
the crustal thickness, velocity gradients and structure of along both
parts of the western Chatham Rise are within the range extended continental crust (Fig. 14B and C). Although the lower crustal velocities
along the western Chatham Rise are slightly lower and maximum
crustal thicknesses are slightly higher (~25 km) compared to those
observed from North Zealandia (21–23 km) and the Galicia Shelf
(~22 km), we find that velocity structures generally resemble (Fig. 14B
and C). Areas along AWI-20160100 where the crust thins towards the
SE Chatham Terrace are comparable to the thinner Galicia Bank
(Fig. 14C).

5.2. Geology of the western and eastern Chatham Rise
From surface geology, the Chatham Rise is expected to represent the
accretionary prism of the former East Gondwana subduction zone prior
to the subduction and jamming of the Hikurangi Plateau (e.g., Tulloch
et al., 2019). Sampled basement rocks from the Chatham Islands and
smaller Forty Fours Islets further to the east (Fig. 2C) are composed of
Permian-Jurassic lower greenschist facies schists and low-grade metagreywackes typically found in accretionary prisms (Adams et al., 2008;
Adams and Robinson, 1977; Andrews et al., 1978; Campbell et al.,
1993; Mortimer et al., 2019a). Geological correlations of exposed
schists and greywackes from the Chatham Islands with onshore South
Island suggest low-metamorphic greywackes and the Haast Schist
(Fig. 1A) continue eastwards offshore along the Chatham Rise (Adams
et al., 2008; Mortimer et al., 2019a; Tulloch et al., 2019). Densities of
meta-greywackes and schists onshore New Zealand equivalent to the
Chatham Islands are 2639 ± 115 kg/m3 for greywackes and
2732 ± 115 kg/m3 for schists (Tenzer et al., 2011) or even in a
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narrower range between 2630 and 2770 kg/m3 for schists of different
metamorphic grades (Godfrey et al., 2001). These densities are in good
agreement with our determined densities of 2490–2590 kg/m3 and
2630–2770 kg/m3 for the upper crustal layers along our three profiles.
Therefore, we consider the upper crustal layers of the Chatham Rise to
mainly consist of greywackes and schists of different metamorphic
grades.
The presence of schists can also explain the variations in P-wave
velocities since schists are highly anisotropic media (Christensen and
Mooney, 1995; Godfrey et al., 2000). Since our profiles AWI-20160100

and AWI-20160200 are not quite parallel to each other and cross several horst structures and rotated fault blocks with strike in different
directions (Fig. 2A), we explain the variations of P-wave velocities at
approximately constant densities by presence of anisotropic schists.
Along AWI-20160200 and AWI-20160100 we observed a trend towards higher P-wave velocities and densities in the upper crustal layers
in direction of the SE Chatham Terrace (Figs. 7A + D and 8A + D).
Schists with higher metamorphic grade (upper greenschist-amphibolite
facies) than those from the Chatham Islands were recovered from the
Stuttgart Fault Block located on the SE Chatham Terrace (Figs. 2C and
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16, Mortimer et al., 2006, Mortimer et al., 2019a). We explain this
trend towards higher P-wave velocities and densities from north to
south to reflect a metamorphic gradient related the Cretaceous regional
metamorphism north of the volcanic arc (Median Batholith, Fig. 1A).
Thus, schists in the north have reached temperatures of lower-greenschist facies (Fig. 15), whereas schists at the southern Chatham Rise
margin have higher metamorphic grades closer to the Median Batholith
(Mortimer et al., 2019a; upper greenschist facies or even higher).
Densities of 2820–2880 kg/m3 are modelled for most parts of our
lower crustal layers along all three profiles (Figs. 4D, 7D, and 11D).
According to our interpretation of the upper crustal layers, we interpret
the lower crustal layers with densities of 2820–2880 kg/m3 of eastern
and western Chatham Rise to consist of higher metamorphic rocks of up
to amphibolite facies, thus, most likely paragneiss (Fig. 15).

Seamount strike in NE-SW direction approximately parallel to the
boundary between eastern and western Chatham Rise and the graben
structure between Erik and Berlin Seamounts (Fig. 2B). The bathymetry
from this area shows water depth between 2500 m in the west close to
the eastern/western Chatham Rise boundary gradually deepening to
4500 m close to the SE Chatham Terrace (Fig. 2C). Consistent with the
gravity lineations, the bathymetry also suggests some NE-SW elongated
horst-like structures. We interpret this structure as a relay ramp (a
series of accommodation faults) between two zones of inherent weaknesses, i.e. the sharp southern Chatham Rise margin, which may have
been similar features as the E-W striking lineations before rifting became focussed on along the southern Chatham Rise. These E-W lineations are probably former thrust faults in the Chatham accretionary
prism, which were reactivated as normal faults by extension. If this
interpretation is correct, the inferred relay ramps indicate oblique
NNW-SEE extension sub-parallel to extension directions suggested for
southern Zealandia (Tulloch et al., 2019). A similar pattern of fault
accommodation were created in laboratory analogue experiments and
numerical models with an oblique extension angle between 15° and 45°
along pre-defined zones of weakness (Corti, 2009; Zwaan et al., 2016),
which are known from modern oblique rifts world-wide (e.g., Brune
et al., 2017).

5.3. Indications for crustal extension directions
The western Chatham Rise comprises abundant E-W gravity lineations (Fig. 2A), which correspond to half graben structures interpreted
to be filled with Cretaceous terrestrial strata (Campbell et al., 1993;
Davy, 2014; Wood et al., 1989). These E-W structures are approximately parallel to the sharp southern Chatham Rise margin, which is
segmented to the north along the eastern Chatham Rise (Fig. 16). The
pattern of gravity lineations is more complex between the Chatham
Islands and the eastern Chatham Rise. The Chatham Rift Graben
(Figs. 2B, 3B, and C) strikes in NEE-SWW direction distinctly different
from the E-W lineations. Moreover, gravity lineations in the area between AWI-20160100 and AWI-20160200 north of the Stuttgart

5.4. Extent of the Hikurangi Plateau beneath the western Chatham Rise
Several wide-angle reflections from the top of the lower crust (PlcP
phase) are observed at the eastern and western Chatham Rise along
profiles AWI-21060200 and AWI-20160100 (Figs. 8B, and 12B). Most of
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these reflections are spatially restricted to a narrow area, but in the
northern part of the western Chatham Rise the observed high-amplitude
PlcP phase is continuously observed (Fig. 9A). It abruptly disappears
southwest of the boundary of the eastern and western Chatham Rise
(Fig. 9A). Here, gravity modelling suggests highest densities (Fig. 7D)

and highest P-wave velocities in the lower crust along AWI-20160200
(Fig. 7A). From seismic tomography along the South Island, plate tectonic reconstructions, and gravity anomalies, it is inferred that the thick
oceanic Hikurangi Plateau subducted below the area of South Island
and the Chatham accretionary prism in mid-Cretaceous (Davy, 2014;
20
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Fig. 15. Geological interpretation of the profiles (A) AWI-20160300, (B) AWI-20160200, and (C) AWI-20160100 along the southern Chatham Rise margin.

Davy et al., 2008; Reyners et al., 2011, 2017b). The underthrust Hikurangi Plateau interface has been imaged along several reflection
seismic lines underneath northern Chatham Rise margin (Bland et al.,
2017; Davy et al., 2008). Around 200 km west of the Chatham Islands,
the imaged extent of an intracrustal reflection interpreted as the

Hikurangi Plateau interface is around 100 km southward from the
northern boundary Chatham Rise and was limited to the extent of the
seismic line (Davy et al., 2008). Although 1D P-wave velocity-depth
profiles from that area are within the range of extended continental
crust (Fig. 14A), we interpret this lower crust of higher density as the
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Fig. 16. Structural interpretation from the three seismic refraction profiles presented in this study and proposed continent-ocean boundary for the southern Chatham
Rise margin. The northern extent of the Chatham Rise by Barrett et al. (2018) and the seismic refraction study in the Bounty Trough (profile AWI-20030002) from
Grobys et al. (2007) were implemented for further structural interpretation of the Chatham Rise area. The extent of the underthrusted Hikurangi Plateau beneath the
Chatham Rise is based on our profiles and gravity anomaly interpretations of Davy (2014). The numbers next to the dredged seamounts and fault blocks (FB) indicate
available ages (see Fig. 2C for references). Bathymetry is shown by white-annotated contour lines.

Hikurangi Plateau underthrust below the western Chatham Rise. Although we do not observe any internal structure, it probably consists of
metamorphosed basalts close to its top and layered gabbros below.
Moreover, the profile AWI-20160200 shows that the underthrust Hikurangi Plateau is restricted to the western Chatham Rise but is not
present below the eastern Chatham Rise. The sharp eastern boundary of
the Hikurangi Plateau is in good agreement with the interpretation of
free-air gravity anomalies by Wood and Davy (1994) and Davy (2014)
as well as seismic reflection profiles and gravity models of Barrett et al.
(2018) along the West Wishbone Ridge further to the northeast
(Fig. 16). This eastern Hikurangi Plateau boundary is most likely a
sheared oceanic plateau margin formed during the separation of the
Ontong Java Nui into several pieces (Fig. 1D; e.g., Hochmuth et al.,
2015).
Less is known about the southern margin of the Hikurangi Plateau,
which was subducted below the Chatham Rise. In the northernmost
40 km of profile AWI-20160100, gravity modelling suggests another
lower crustal layer with similar high densities of 2940 kg/m3
(Fig. 11A). Here, the P-wave velocity model has less or even no coverage of lower crustal refractions (Plc phase, Fig. 12A). However, at the
top of the lower crustal layer we observe again a clear PlcP phase
(Fig. 12B) similar to those along AWI-20160200. Accordingly, we interpret this higher density lower crust as the underthrusted Hikurangi
Plateau. The extent of the underthrusted Hikurangi Plateau observed
from a seismic reflection line is further southward around 250 km west
of AWI-20160100 (Davy et al., 2008). From seismic tomography studies
onshore South Island, Reyners et al. (2011) inferred that the whole
western Chatham Rise is underlain by the Hikurangi Plateau. The
gravity models presented in this study indicate that the extent of the
Hikurangi Plateau is not that far southward below the eastern part of
the western Chatham Rise as previously suggested, i.e. the Chatham

Islands are most likely not underlain by the Hikurangi Plateau (Fig. 16).
Nevertheless, our data only provides a minimum size for the Hikurangi
Plateau, because parts of it were likely detached from the remnant slab
after the end of subduction. More reliable data are missing from the
western Chatham Rise.
5.5. Continent-ocean transition east of the Udintsev Fracture Zone (UFZ)
East of the UFZ, the profile AWI-20160300 reveals insights into the
continent-ocean crust transition at the easternmost Chatham Rise
(Fig. 4). We find the continental lower crustal layer rises to shallower
depth in southern direction along the SE Chatham Terrace (profile km
65–100) with part of it reaching the top of acoustic basement at around
profile km 100. Southward this crustal layer remains thin until profile
km 140 (Fig. 4). The lower continental crust is (i) overlain by a thin
layer of upper continental crust and metasediments north of profile km
95 (Fig. 15A), (ii) heavily faulted as evident from the seismic reflection
data (Fig. 3A, profile km 70–120), and (iii) exhumed to the top of
basement in a narrow corridor (Fig. 4A, profile km 95–100). North of
profile km 100, the upper crustal layer is absent and the lower crust is
only overlain by metasediments until km 140 (Fig. 15A). In this area, a
HVLC is present within the lower continental crust (Fig. 4A, profile km
80–140). In exhumed mantle domains, which are typical features along
magma-poor passive continental margins (e.g., Doré and Lundin, 2015;
Franke, 2013), P-wave velocities exceed 7.0 km/s and increase gradually up to normal mantle velocities of around 8.0 km/s without any
Moho reflections (e.g., Funck, 2003). Therefore, we compared 1D Pwave velocity-depth profiles from profile AWI-20160300 between
profile km 80 to 140 with those of the continent-ocean transition close
to the Iberian Peninsula where continental mantle is exhumed
(Fig. 14A, Minshull, 2009). Our P-wave velocities in the shallow crust
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(1–2 km) exceed those of the Iberia continent-ocean transition, and the
P-wave velocity gradient in the lower crust is lower. Although no Moho
reflection (PmP phase) was observed in a narrow corridor (profile km
90–110, Fig. 5B), a typical Moho reflection was recorded along most of
the base of the HVLC. Deep-diving refractions in the HVLC (PHVLC) and
a clear Pn mantle refraction (Fig. 5A) indicate P-wave velocities of
<7.5 km/s (Fig. 4A). Accordingly, exhumed mantle does not seem to be
present. We interpret this HVLC as magmatic underplating below thin
lower continental crust and/or continental lower crust strongly modified by intrusive magmatic activity (Fig. 15A). Magmatic underplating
and intrusions can significantly increase the P-wave velocities in the
lower continental crust to higher than 7.0 km/s without any clear reflection on top of the intrusives (e.g., Sibuet et al., 2016). Similar
HVLCs have been also inferred for the Bounty Trough and Great South
Basin (Fig. 2A; Grobys et al., 2007, 2009). Moreover, the presence of
several nearby large igneous Kakapo and Takahe Seamounts (Fig. 2C)
and the slightly elevated P-wave velocities compared to surrounding
lower crustal layer (Fig. 4A, profile km 90–95) suggests a relationship
between extrusive magmatic activity and the magmatic underplating.
South of the region of inferred magmatic underplating, the P-wave
velocities are still slightly higher than 7.0 km/s (Fig. 4A, profile km
140–170) but decrease towards the south to ~7.0 km/s (profile km
170–330). We compared 1D velocity-depth profiles from the distal
oceanic crust (profile km 150–330) with typical 29–140 Ma old Pacific
oceanic crust (Fig. 14A, White et al., 1992). The P-wave velocity
structure south of the SE Chatham Terrace resembles the structure of
the Pacific crust older than 29 Ma. Moreover, the crustal thickness is
also in the same range as the Pacific crust. Accordingly, we conclude
that the southeastern part of our profile east of the UFZ consists of
oceanic crust (Figs. 15A and 16) with a typical thin oceanic layer 2 (up
to 1.5 km massive basalts and sheeted dykes) and a thick oceanic layer
3 (<5.5 km dikes and gabbros). We recognised a small zone of low Pwave velocities (profile km 150–160, Fig. 4A). Here and nearby, the
total magnetic field anomaly indicates high magnetic susceptibility
contrasts (Fig. 4B). Accordingly, another narrow piece of SE Chatham
Terrace crust is most likely present on this profile.
Larter et al. (2002) identified magnetic spreading anomalies c34n
(y) (~83 Ma) east of the UFZ (Fig. 16), which we projected onto our
profile AWI-20160300 (Fig. 4B). Here, this reversal is obvious at around
profile km 320. Since the half-spreading rates during the Cretaceous
Normal Superchron (pre-83 Ma) are unknown, Larter et al. (2002) used
the post c33r(o) anomaly half-spreading rates of 32 mm/yr to estimate
the onset of seafloor spreading at around 90 Ma close to the eastern
Chatham Rise. However, our P-wave velocity model indicates only up
to 180 km of pre-83 Ma oceanic crust east of the UFZ and a broader
continent-ocean transition zone (Fig. 16). If the extrapolated halfspreading rates of 32 mm/yr are correct, the onset of seafloor spreading
must be revised to be at 89–88 Ma.

upper crust and low velocity gradient in the lower crust) are still in
agreement with Pacific-type crust. However, the continent-ward part of
the eastern SE Chatham Terrace along AWI-20160200 is slightly
thicker, whereas the ocean-ward part is distinctly thinner than Pacific
crust (Figs. 7A and 14B). Moreover, the crustal thickness of the SE
Chatham Terrace along AWI-20160100 is, on average, around 1 km
thicker than typical Pacific oceanic crust (Fig. 14C).
The basement structure also differs strongly along our profiles. MCS
reflection data along AWI-20160100 shows a very smooth basement for
the SE Chatham Terrace (Fig. 3C), but also evidence for a graben
structure close to Te Honu Houkara Seamount (Fig. 3C, profile km
325–350). Moreover, we found another large graben structure with
strong normal faulting between Erik Seamount and the basement highs
further to the southwest along AWI-20160200 (Fig. 3B, profile km
315–410), where normal faults are abundant. The basement structure
along the SE Chatham Terrace distinctly differs from the typical
oceanic-crust like roughness east of the UFZ (Fig. 3A). Comparable flat
acoustic basement different from oceanic crust has been observed for
the 7-km thick Middleton Basin in Northern Zealandia (Boston et al.,
2019; Gallais et al., 2019). Therefore, we also compare 1D velocitydepth profiles from the SE Chatham Terrace with very thin and hyperextended continental crust of the Galicia Interior Basin separating the
thicker continental Galicia Bank and Galicia Bank, offshore Iberia Peninsula (Pérez-Gussinyé et al., 2003), with the Goban Spur consisting of
very thin continental crust, offshore Ireland (Horsefield et al., 1994),
and with ~10 km thin continental crust of the South China Sea (Liu
et al., 2018). The comparison demonstrates that the P-wave velocity
structures of the SE Chatham Terrace are within the range of the Galicia
Interior Basin and South China Sea (Fig. 14B and C). Although P-wave
velocities at the upper-lower crustal boundary are slightly higher along
the SE Chatham Terrace, the general velocity structure is similar to that
of the Goban Spur. Moreover, the crustal thickness of the SE Chatham
Terrace along AWI-20160100 is close to the Goban Spur (Fig. 14C) and
at both parts the thickness is clearly within the range of the Galicia
Interior Basin. On the basis of the schists from the Stuttgart Fault Block
in the area between our profiles (Fig. 2C, Mortimer et al., 2006),
bathymetric evidence for other continental fault blocks (Gohl and
Werner, 2016; Hoernle et al., 2003), and graben-like structures we infer
that the SE Chatham Terrace has largely continental affinities most
likely with composition equivalent to the Chatham Rise (Fig. 15B and
C). Since P-wave velocities higher than 7.0 km/s are not observed along
the SE Chatham Terrace, we suggest that no larger magmatic underplating affected the SE Chatham Terrace. Moreover, we infer a magmatic overprint of the SE Chatham Terrace, which only slightly increased the P-wave velocities along the SE Chatham Terrace compared
to Goban Spur (Fig. 14D). During the seamount formation along the SE
Chatham Terrace magma probably used pre-existing normal faults
while ascending during the continental crust, which is well known from
parts of the Tyrrhenian Sea (Prada et al., 2015). We do not entirely
exclude the possibility that some minor segments of oceanic crust exist
along the SE Chatham Terrace. Although P-wave velocities appear very
homogenous along AWI-20160100 and AWI-20160200, the SE Chatham Terrace most probably consists of a hybrid crust, which we interpret as very thin (<8 km) continental crust modified by magmatic
addition forming a ~200 km broad continent-ocean transition zone
(Figs. 15A, B and 16). Our observations and interpretation are consistent with earlier studies inferring that the SE Chatham Terrace is
mostly of continental origin (Carter et al., 1994). Moreover, we show
that the SE Chatham Terrace extends more southward than previously
suggested (Davy, 2006).

5.6. The SE Chatham Terrace
The crustal thickness and structure central and eastern part of the SE
Chatham Terrace are notably different from the Pacific oceanic crust
along profile AWI-20160300. Along AWI-20160200 the crust is only up
to 7.0 km thick close to the eastern Chatham Rise and gradually thins in
a southeastern direction to 5.5 km close to the end of profile (Fig. 7A).
In contrast, the crust of the western part of the SE Chatham Terrace
along profile AWI-20160100 has a more constant thickness of
7.5–8.0 km (Fig. 11A). Modelled P-wave velocities and densities only
slightly differ between both profiles and are largely consistent
(Figs. 7A + D and 11A + D). Thus, we suggest a similar composition
and structure of the SE Chatham Terrace along both profiles.
We compared the velocity structure of the SE Chatham Terrace
along both lines with typical 29–140 Ma old Pacific-type oceanic crust
(Fig. 14B and C). Generally, the P-wave velocity structures of the SE
Chatham Terrace along both profiles (high velocity gradient in the

5.7. Implications for the onset of seafloor spreading at the southern
Chatham Rise margin
Plate tectonic reconstructions of the early Zealandia-Antarctica separation are based on only few interpreted c34n(y) magnetic spreading
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anomaly picks close to the SE Chatham Rise margin (Davy, 2006; Eagles
et al., 2009; Larter et al., 2002; Wobbe et al., 2012). In the area between
the UFZ and east of 176°W (Fig. 16), the magnetic anomaly signature is
highly variable since distinct positive and negative medium- to highamplitude magnetic anomalies are present on the SE Chatham Terrace
(Davy, 2006). Wobbe et al. (2012) identified several c34n(y) spreading
anomalies on the SE Chatham Terrace close to our profiles AWI20160100 and s AWI-20160200. However, almost all of these c34n(y)
spreading anomaly picks were obtained close to the seamounts and
ridges located on the SE Chatham Terrace. Moreover, corresponding
c34n(y) magnetic anomalies on the anomalously shallow seafloor
around the Marie Byrd Seamounts close to the conjugate West Antarctic
margin are missing. Only few identified c34n(y) spreading anomalies
along the southern Chatham Rise margin with counterparts on the
conjugate margin are observed close to the UFZ (Fig. 16; Larter et al.,
2002; Wobbe et al., 2012). These c34n anomalies demonstrate that
seafloor spreading west of the UFZ was initiated at around 85 Ma,
shortly after, but distinctly later than east of the UFZ, which we estimated to 89–88 Ma (Section 5.4).
Isolated, but well lineated c34n(y) have been recognised in the
mouth of the Bounty Trough between 176°W and 179°W east of the SE
Chatham Terrace (Davy, 2006; Wobbe et al., 2012). Compared to the SE
Chatham Terrace, the seafloor of the mouth of the Bounty Trough is
slightly deeper Terrace and seamounts or ridges are absent. Davy
(2006) explained the isolated c34n(y) magnetic anomalies by a southward ridge jump shortly after anomaly c34n. However, based on an
improved version of Sutherland's (1999) regional magnetic map,
Tulloch et al. (2019) have shown that the magnetic anomalies in the
mouth of the Bounty Trough are along strike with magnetic anomalies
south of the Chatham Islands and large Campbell Magnetic Anomaly
System on the Campbell Plateau. This probably indicates that the
magnetic anomalies in the mouth of the Bounty Trough are of continental origin (i.e. rifting anomalies; Tulloch et al., 2019). It is very
unlikely that a small and isolated piece of oceanic crust would be located between the very thin continental SE Chatham Terrace (Section
5.5) and the heavily rifted thin continental crust of the Bounty Trough
(Grobys et al., 2007). Therefore, we show the mouth of the Bounty
Trough and the SE Chatham Terrace as parts of the same continentocean transition zone. Regarding the bathymetry and gravimetry, the
crust of the mouth of the Bounty Trough is probably thinner (<8 km,
Fig. 16). Since seamounts are absent in the mouth of the Bounty
Trough, its crust is likely less affected by magmatic activity compared
to the of SE Chatham Terrace.

widespread, was overall of low volume. More recently, on the basis of
continental magnetic anomalies, Tulloch et al. (2019) postulated the
existence of a spatially extensive intraplate igneous field on the
Campbell Plateau (Campbell Mafic Igneous Complex), probably related
to the Southern Volcanic on the Chatham Islands. However, it is not
clear that Zealandia's intraplate magmatism can be compared to the
emplacement of large igneous provinces that pre-date continental
breakup along magma-rich passive continental margins like the North
or South Atlantic (e.g., Clerc et al., 2018; Franke, 2013).
We found HVLC regions along our profiles AWI-20160200 (Fig. 7A)
and AWI-20160300 (Fig. 4A) which commonly occur at volcanic-rifted
margins such as those in the North Atlantic (e.g., Faleide et al., 2008;
Franke, 2013). Both HVLCs are in an atypical position compared to
volcanic-rifted margins. Although located below continental crust, we
would expect the position and extent of the HVLC along AWI-20160300
to be closer to the continent to refer it as normal (Fig. 15A). In contrast,
the HVLC along AWI-20160200 is entirely located below the thin
continental crust of eastern Chatham Rise in an area, which is heavily
affected by block rotation and normal faulting. Here, we would consider the HVLC as normal if it extended below the thin SE Chatham
Terrace where it is not present (Fig. 15B). However, exhumation of
lower continental crust (Fig. 15A) is atypical for volcanic-rifted margins. On the basis of the crustal structure along AWI-20160300
(Fig. 4A), we suggest that the onset of rifting and lower crustal exhumation most likely pre-dates the formation of the HVLC. Furthermore, we infer a similar age for the HVLC along AWI-20160200. More
speculative, it is possible that both HVLCs formed in the time interval
between 85 and 82 Ma together with the Campbell Mafic Igneous
Complex (Tulloch et al., 2019), Southern Volcanics on the Chatham
Islands (Panter et al., 2006), and Erik Seamount on the SE Chatham
Terrace close to profile AWI-20160200 (Mortimer et al., 2019b). Accordingly, the southern Chatham Rise margin most likely underwent a
two-stage evolution: (i) A prolonged phase of rifting with few or no
magmatic activity (magma-poor) and (ii) another magmatic event,
which was initiated after the onset of rifting.
Overall the southern Chatham Rise margin along all three profiles is
heavily affected by oceanward-directed normal faulting (Fig. 3), which
is typical for many magma-poor continental margins (e.g., Clerc et al.,
2018; Franke, 2013). Fault-controlled rifted margins without any clear
evidence for large-scale magmatic activity are also present in Northern
Zealandia (Boston et al., 2019; Gallais et al., 2019; Klingelhoefer et al.,
2007). Although HVLCs are present in two of our profiles (Fig. 15) and
further to the west in the Bounty Trough and Great South Basin
(Fig. 2A; Grobys et al., 2009, 2007), we interpret the southern Chatham
Rise margin as a magma-poor passive margin with localised magmatic
additions during a second event.

5.8. Nature of the southern Chatham Rise margin
Although we consider seismic array was powerful enough to sufficiently map the basement and overlying strata along the southern
Chatham Rise margin, we found no evidence for seaward-dipping reflector sequences, which are typical indicators for magma-rich passive
continental margins (e.g., Franke, 2013). The onset of rifting in Zealandia was between 110 and 100 Ma. Magmatic activity was widespread
in Late Cretaceous and Cenozoic (Laird and Bradshaw, 2004; Timm
et al., 2010). All igneous rocks on the Chatham Islands are <100 Ma in
age and are of intraplate rather than subduction character (Campbell
et al., 1993; Panter et al., 2006). The same applies for igneous rocks on
the eastern Chatham Rise close to our profile AWI-20160300 (Mortimer
et al., 2006), the northernmost seamounts on the SE Chatham Terrace
(Mortimer et al., 2019b), onshore New Zealand (Mortimer et al., 2019b;
Tulloch et al., 2009b; van der Meer et al., 2016, 2017, 2018), and
northern Zealandia (Mortimer, 2004; Mortimer et al., 2018; Tulloch
et al., 2009b). Seamounts located on the Hikurangi Plateau north of the
Chatham Rise are also of Cretaceous age (Fig. 2C; Hoernle et al., 2010).
The present understanding of igneous rocks demonstrably related to the
Zealandia rift phase between 105 and 80 Ma, although spatially

6. Tectonic evolution of the Chatham Rise and its southern margin
6.1. The collision of the Hikurangi Plateau with the East Gondwana margin
Along two of our seismic refraction profiles, we observe a Hikurangi
Plateau that is underthrusted beneath the thicker Chatham Rise
(Fig. 15B and C) east of the Chatham Islands (Fig. 15B and C). Collision
and underthrusting of the Hikurangi Plateau with the East Gondwana
margin in the area of the South Island is inferred to took place at
110 Ma (Fig. 17A; Davy, 2014), pre-dating the collision along the
Chatham Rise west of the Chatham Islands (Fig. 17B) in the area of the
two profiles. The young and thick oceanic crust of the Hikurangi Plateau was likely too buoyant, and therefore, geodynamically unfavourable for subduction as indicated by buoyancy analysis (Cloos, 1993),
analogue, and numerical models (Espurt et al., 2008; van Hunen et al.,
2002). If the subducting slab south of the Hikurangi Plateau was already shallow or even flat as suggested by Jacob et al. (2017), the
subduction of the young buoyant Hikurangi Plateau may have
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Fig. 17. Tectonic reconstructions for the Zealandia-West Antarctica region and schematic cross sections through different areas along the Gondwana margin from
110 to 78 Ma. Orthographic projections with the western Chatham Rise kept fixed. In each reconstruction slide, we show magmatic activities (Hoernle et al., 2010;
Kipf et al., 2012; Mortimer et al., 2019b, 2006; Tulloch et al., 2009b; Weaver et al., 1994), metamorphic doming and rapid cooling events (Klepeis et al., 2016; Kula
et al., 2009, 2007; Lindow et al., 2016; McFadden et al., 2010, 2015; Mortimer et al., 2016; Ring et al., 2015; Schwartz et al., 2016; Siddoway et al., 2004a, 2004b;
Spiegel et al., 2016; Zundel et al., 2019), and offshore tectonic features (Barrett et al., 2018; Cunningham et al., 2002; Davy, 2014; Eagles et al., 2004a; Mortimer
et al., 2019b; Reyners et al., 2011). The Hikurangi Plateau is shown with its speculative extent after Reyners et al. (2011) modified with our observed extent. The
cross section through the ‘Cordillera Zealandia’ in (A) and (B) are simplified and modified after Mortimer et al. (2014) and Schwartz et al. (2017). The cross sections X
and Y in (C) to (F) illustrate the tectonic evolution along the profiles AWI-20160300 and AWI-20160200. (A) Reconstruction at 110 Ma (Section 6.1): along the longlived Gondwana subduction zone when the Hikurangi Plateau started to subduct in SW direction. (B) Reconstruction at 105 Ma (Sections 6.1 and 6.2): Southward
underthrusting of the Hikurangi Plateau below the Chatham Rise. As a response the slab flattened and resulted in extension in the forearc of the Median Batholith
where crustal extension initiation is manifested by metamorphic doming in Fiordland. (C) Reconstruction between 100 and 92 Ma (Section 6.2): The Hikurangi
subduction ceased along the western Chatham Rise. A rollback of the slab led to continued crustal extension and heating of the lithosphere which resulted in felsic
magmatism (i.e. Takahe granite) and HT-UHT metamorphism on the South Island. Oblique NW-SE directed rifting started to affect southern Zealandia and Marie
Byrd Land. (D) Reconstruction between 92 and 88 Ma (Sections 6.2 and 6.3): Subduction ceased at the eastern Chatham Rise, a large slab window opened beneath the
western and eastern Chatham Rise, and upwelling mantle material migrated into shallower mantle levels and initiating seafloor spreading at the easternmost
Chatham Rise. (E) Reconstruction between 88 and 82 Ma (Section 6.3): Upwelling mantle resulted in the formation of the HVLCs along the eastern Chatham Rise,
magmatic overprint of the Chatham Terrace, formation of the Chatham Terrace Seamounts and magmatism on the Chatham Islands. South of the SE Chatham Terrace
seafloor spreading migrated southwestward. (F) Reconstruction between 82 and 78 Ma (Section 6.3): Continuing southwestward propagation of the proto-PacificAntarctic ridge driven by mantle upwelling broke to Bollons Seamount apart from Bounty Platform. After the 79 Ma the breakup between southern Zealandia and
Marie Byrd Land is completed and Southern Zealandia became tectonically stable for the rest of Cretaceous.

promoted or initiated shallow subduction, which may lead to forearc
extension similar to the present-day Andes (e.g., Espurt et al., 2008; van
Hunen et al., 2002).
Another factor for facilitating extension along the Chatham Rise is
the proposed rotation of the East Gondwana margin in response to the
Hikurangi Plateau collision (Davy, 2014). Indentation of buoyant features, such as the Hikurangi Plateau into a subduction zone may trigger
forearc extension (Wallace et al., 2009). However, the effects of the
margin rotation may be only spatially limited to the area of the Chatham Rise, but extension also affected the arc and back-arc areas
(Tulloch et al., 2019). As a response to the margin rotation and collision, seafloor spreading directions of the Osbourn Trough (Fig. 1D)
changed from NE-SW to N-S (Davy, 2014).
Assuming that the present-day reference frame is correct, then the
convergence direction of the Hikurangi Plateau towards the Gondwana
margin probably also changed to more N-S (Fig. 17B) and spreading
and subduction rates slowed down until 100 Ma (Barrett et al., 2018;
Davy, 2014; Downey et al., 2007). In our reconstruction we agree with
Barrett et al. (2018) who interpreted the offset of the northern
boundary between eastern and western Chatham Rise (Fig. 16) as a
result of the ongoing collision with the Hikurangi Plateau between 105
and 100 Ma (Fig. 17B). We explain the differences in crustal thickness
as being due to the collision and underthrusting of the Hikurangi Plateau along the western Chatham Rise west of the Wishbone Ridge intersection in contrast to oceanic crust subduction along the eastern
Chatham Rise. This led to ongoing compression and uplift of the outer
accretionary prism along the western Chatham Rise and, therefore,
thickening and uplift at least in the northern part of the western Chatham Rise compared to the eastern Chatham Rise (Fig. 17B). A second
factor explaining the differences in crustal thicknesses along the different parts of the Chatham Rise may be that the Hikurangi Plateau
slowed down the velocity of the overriding plate (i.e. the western
Chatham Rise). Accordingly, crustal extension in the forearc region was
probably favoured and more intense along the eastern Chatham Rise
where normal thickness oceanic crust has been subducted.

Rise is poorly constrained. Thermochronological data from onshore
New Zealand indicate a major change from typical arc-building to extensional processes between 105 and 100 Ma close in age Hikurangi
Plateau collision (Fig. 17A and B). High-temperature thermochronological data from the Median Batholith on the southwestern
South Island, reveal that arc magmatism and contractional deformation
dominated the so-called ‘Zealandia Cordillera’ prior to 108–106 Ma
(Fig. 17A; Klepeis et al., 2016; Schwartz et al., 2016, 2017). One set of
models interpret the onset of regional extension as being caused by
metamorphic doming and orogenic collapse of the overthickened volcanic arc (Fig. 17B and C). This is based on thermochronological data
from several shear zones in Fiordland, South Island between 106 and
97 Ma and 96 to 89 Ma (Klepeis et al., 2016). Hereby, the lower crust
was thinned, and horizontal flow of lower crustal material oblique to
the arc and trench has been proposed. As recognised by Tulloch et al.
(2009b) the early rift-related magmatism across Zealandia was restricted to grabens, which mainly strike 30° oblique to the remnant
Cretaceous trench and arc. Moreover, sedimentary basins of Northern
Zealandia, the Great South Basin and Canterbury Basin (Fig. 17C) also
started to progressively deepen after ~105 Ma (Fig. 17C; Bache et al.,
2014; Strogen et al., 2017). Zundel et al. (2019) interpreted from lowtemperature thermochronological ages that the onset of widespread
extension-related crustal cooling progressed from western Marie Byrd
Land (105–100 Ma), along eastern Marie Byrd Land (~100 Ma) to
Thurston Island in the east (~95 Ma). Accordingly, extension along the
eastern and western Chatham Rise may have been at least initiated
between 100 and 95 Ma (Fig. 17C) and formed the E-W striking graben
structures we observe along two of our profiles (Fig. 15B and C). These
lineations likely represent former thrust faults in the Chatham accretionary complex, reactivated as normal faults leading to the formation
of the first half grabens on the Chatham Rise (Fig. 17A and B). With
ongoing extension, a younger generation of NE-SW to NEE-SWW
striking normal faults like the Chatham Rift Graben (Figs. 2B, 3B, and
C) started to form approximately orthogonal to the extension direction
and was progressively filled with terrestrial material. This can explain
the complex gravity anomaly pattern around the Chatham Islands
(Fig. 2A) and would be in agreement with structural interpretations of
the acoustic basement observed from the dense seismic network in the
Canterbury Basin (Fig. 17C). This acoustic basement also shows E-W
striking reactivated structures which pre-date NE-SW directed normal
faults (Barrier et al., 2017). Moreover, we speculate that earliest extensional movements also affected the southern Chatham Rise margin
before 100 Ma, contemporaneous or shortly after onshore extension on
the South Island (Fig. 17B). This would be in agreement with lowtemperature thermochronological ages of the Haast Schist on northern

6.2. The onset of continental rifting between Zealandia and West Antarctica
The northern parts of the Chatham Rise were thickened in response
to the collision and underthrusting of the Hikurangi Plateau. In contrast, the southern parts of the Chatham Rise were affected by rifting
and crustal extension as evident from (i) the E-W large graben structures (Fig. 2A), (ii) the NEE-SWW striking Chatham Rift Graben
(Figs. 2B, 3B and C) and (iii) intense ocean-ward normal faulting along
our three profiles (Fig. 3). The timing of extension along the Chatham
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Chatham Island (Mortimer et al., 2016).
In contrast to the SE Chatham Terrace consisting of slightly overprinted continental crust west of the UFZ (Fig. 15B and C), exhumed
and intruded lower continental crust is present west of the UFZ
(Fig. 15A). Since this part of the southern Chatham Rise margin was in
the vicinity of the areas, which were affected by the Hikurangi Plateau
collision, it probably underwent a different tectonic evolution. The
cessation of the Hikurangi Plateau subduction and underthrusting is
inferred to around 100 Ma along the East Gondwana margin (Fig. 17C;
Davy, 2014), but south of the eastern Chatham Rise 96 Ma old subduction-related granitoids were emplaced in the Amundsen Sea Embayment, Antarctica (Fig. 17C; Kipf et al., 2012). When dextral strikeslip movements became active along the West Wishbone Ridge after
~105 Ma (Barrett et al., 2018; Davy, 2014), subduction of normal
oceanic crust most likely continued at least until 96 Ma along the
eastern Chatham Rise (Fig. 17C). Although dextral strike slip movements have been also inferred between the Campbell Plateau and
Western Marie Byrd Land (Siddoway et al., 2004a), it is kinematically
not ultimately required that strike-slip movements in this area and
along the West Wishbone Ridge were related. Both strike-slip movements could have been compensated by prolonged subduction along the
eastern Chatham Rise and crustal extension south of the Chatham Islands, i.e. the future Bounty Trough and SE Chatham Terrace. Jacob
et al. (2017) described granulites evolved from ultra-high temperature
at ~92 Ma in the area of eastern South Island. Lower crustal heating
was probably induced by a slab rollback after cessation of the Hikurangi
Plateau subduction (Jacob et al., 2017). Shortly before that, the 97 Ma
old Takahe granite dredged at the eastern Chatham Rise close to our
AWI-20160300 shows an A-type granitic composition rather typical
subduction-related composition (Fig. 17C; Mortimer et al., 2006;

Tulloch et al., 2019). We speculate that the melts for the Takahe granite
are also related to crustal heating in response to a slab rollback when
subduction along the eastern Chatham Rise was still ongoing in this
area. Moreover, we suggest that the slab rollback focussed extension
along the southern Chatham Rise margin and initiated the decoupling
of upper and lower crust north of Thurston Island, which led to exhumation of lower continental crust along our profile AWI-20160300
(Fig. 17C).
Marie Byrd Land was also affected by crustal extension as evident
from rapid cooling events between 100 and 88 Ma (Fig. 17C and D;
Lindow et al., 2016; McFadden et al., 2010; Siddoway et al., 2005;
Spiegel et al., 2016; Zundel et al., 2019). NE-SW striking magnetic
anomalies are also present on the shelf of the Amundsen Sea Embayment and are probably also related to the same period of crustal extension affecting the Chatham Rise (Fig. 17C and D; Gohl et al., 2013).
Changes in the extensional regime affected southern Zealandia in
response to slab detachment (e.g.; Davy et al., 2008). Identified reflections within the mantle along profile AWI-20160200 indicate a
possible piece of oceanic crust attached to the Hikurangi Plateau
(Fig. 15B), but we found no evidence for oceanic crust still attached
southward to the Hikurangi Plateau along our profile AWI-20160100
(Fig. 15C). We suggest that the slab detachment partially took place
along both (i) the transition of the Hikurangi Plateau to oceanic crust
and (ii) within oceanic crust as proposed by Reyners et al. (2017a).
Since larger pieces of old oceanic crust are interpreted to underlay the
western Bounty Trough and Canterbury Basin (Davy, 2014; Van
Avendonk et al., 2004), the slab detachment along the eastern of western Chatham Rise occurred closer or directly at the transition between
Hikurangi Plateau and adjacent oceanic crust (Fig. 17D). The timing of
the slab detachment is so far unclear. Davy et al. (2008) proposed a slab
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detachment at around 96 Ma, but Reyners et al. (2017a) suggested a
later slab detachment at around 85 Ma. However, the style of rifting
changed in Southern Zealandia between 92 and 88 Ma as suggested
from thermochronological data and varying extension directions on the
Campbell Plateau and South Island (Tulloch et al., 2019).
Our reconstruction shows that the southern margins of the eastern
and western Chatham Rise including the interpreted relay ramp between the profiles AWI-20160100 and AWI-20160200 still overlapped
with the Amundsen Sea Embayment, Antarctica, Campbell Plateau and
Bounty Platform until around 92 Ma (Fig. 17C). Eagles et al. (2004a)
inferred a 90 Ma onset of an echelon rifting in Bounty Trough and the
area further in the west. This 90 Ma age corresponds to the inception of
fast cooling during tectonic exhumation of the foot wall of the Sisters
Shear Zone offshore Stewart Island (Fig. 2A) west of the Great South
Basin (Fig. 17C and D; Kula et al., 2007), while rapid cooling was already ongoing in the hanging wall of the Sisters Shear Zone (Mortimer
et al., 2016). We suggest that the downgoing slab south of the Hikurangi Plateau became detached between 92 and 88 Ma, approximately
10 Ma after subduction cessation. Timings of slab detachments are
controlled by the age of the oceanic crust (van Hunen and Allen, 2011).
Therefore, an early slab detachment after 10 Ma would be in good
agreement with young oceanic crust expected south of the Hikurangi
Plateau (e.g., Hochmuth et al., 2015). As a consequence, the Chatham
Rise was most likely topographically uplifted after the loss of negative
buoyancy from the detached downgoing slab (Fig. 17D; Davy et al.,
2008; Gerya et al., 2004; Gvirtzman and Nur, 1999; Reyners et al.,
2017a). After that, the style of crustal extension and rifting likely
switched from a wide-rift mode affecting Southern Zealandia and West
Antarctica to more narrow and intensified rifting affecting the SE
Chatham Terrace, Bounty Trough, Canterbury Basin as well as Great
South Basin expressed as significant topographic deepening and crustal
thinning in these areas.

leading the formation of the Stuttgart Seamount may have also occurred before 90 Ma. However, the onset of seafloor spreading probably
also led to enhanced extension in the Bounty Trough and Great South
Basin, where rapid cooling at the Sisters Shear Zone lasted until 82 Ma
(Fig. 17E; Kula et al., 2007, 2009; Mortimer et al., 2016).
We interpret HVLCs below the eastern Chatham Rise as magmatic
underplating (Fig. 15B) and magmatically modified lower continental
crust (Fig. 15A). The SE Chatham Terrace west of the UFZ is interpreted
as a broad continent-ocean transition zone (hybrid crust), which consists of highly thinned continental crust slightly modified by magmatic
activity during the evolution of the seamounts. 40Ar/39Ar age data from
alkaline basalts of the SE Chatham Terrace's guyots and seamount are in
the range of 86–84 Ma (Fig. 2C; Mortimer et al., 2019b) and contemporaneous alkaline magmatism affected Pitt Island (85–82 Ma;
Panter et al., 2006) and seamounts located on oceanic crust north of the
eastern Chatham Rise (86–81 Ma; Homrighausen et al., 2018; Mortimer
et al., 2019b). At the time of magmatism of Erik and Frankfurt Seamounts (Fig. 2C), the SE Chatham Terrace already was at water depths
of 2000 to 2500 m, which can be estimated from the difference between
the base and top of these guyots. The ages are in good agreement with
the 88 Ma onset of seafloor spreading south of the SE Chatham Terrace.
However, a relationship seafloor spreading cannot explain the magmatic activity far away from the vicinity of the SE Chatham Terrace
(i.e., Chatham Islands and north of the eastern Chatham Rise). Furthermore, the magmatism around the Chatham Rise has intraplate
setting and its alkaline character strongly suggests a fertile source unrelated to seafloor spreading (Mortimer et al., 2019b; Panter et al.,
2006). We explain the origin of the SE Chatham Terrace guyots by
mantle upwelling through a slab window after the subducted slab became detached at around 90 Ma (Fig. 17D). Slab window formation is
capable to trigger upwelling mantle flow and increasing mantle temperatures by carrying deeper and hotter material so shallower mantle
levels (e.g., Thorkelson, 1996). Accordingly, we suggest that the inferred magmatic underplating along AWI-20160300 and AWI20160200 (Fig. 15A and B) is also related to mantle upwelling through
a slab window (Fig. 17E). Upwelling mantle probably underplated the
eastern Chatham Rise along our profile AWI-20160200 (Fig. 15E),
modified the previously exhumed lower continental crust along AWI20160300 (Fig. 15E), caused magmatism of the Southern Volcanics on
Pitt Island, formed the first seamounts on the SE Chatham Terrace and
slightly modified the SE Chatham Terrace by magmatic activity
(Fig. 17E). The HVLCs recognised in the Bounty Trough (Grobys et al.,
2007) and the inferred mafic complex on the Campbell Plateau (Tulloch
et al., 2019) might be also related to the slab window formation. On Pitt
Island and the SE Chatham Terrace, the magma probably ascended
through pre-existing extension-related fault systems in already rifted
and thinned continental crust. This can explain the geometrical arrangement and elongated geometry of the seamounts (Fig. 2A and C).
Eventually, the slab window formation may have also initiated seafloor
spreading by shallower melting east and west of the UFZ before 83 Ma.
Hoernle et al. (2020) found isotopic evidence for an HIMU endmember,
which is common in the volcanic provinces onshore New Zealand, on
Chatham Rise, SE Chatham Terrace and Hikurangi Plateau between 99
and 69 Ma. This indicates that the upwelling mantle was most likely
caused by a deep and long-lived mantle plume, already active before
the slab detachment at the Chatham Rise. Another evidence for plume
involvement may be the unique composition of the Pacific-Antarctic
ridge basalts, which indicates a different mantle domain for the ridge
segments between southern Zealandia and West Antarctica (Park et al.,
2019).
After 82 Ma, the seafloor spreading between southern Zealandia and
West Antarctica became most likely continuous and more NNW-SSE
directed as indicated by the NEE-SWW directed c33r anomaly
(~79 Ma) south of the SE Chatham Terrace (Figs. 16 and 17F). The
79 Ma Western Uprising Seamount may be the latest seamount formed
in response to the slab window formation (Fig. 17F). No chronological

6.3. The origin of the SE Chatham Terrace and onset of seafloor spreading
between Zealandia and Antarctica
East of the UFZ, seafloor spreading started at 89–88 Ma (Fig. 17D)
as extrapolated from the inferred continent-ocean boundary east of the
UFZ to the identified c34n(y) magnetic anomalies (Fig. 16; Larter et al.,
2002). Here, the onset of seafloor spreading took place shortly after the
slab detachment and likely took place along pre-existing extensional
structures, which were dynamically favourable, i.e. the formerly
thinned and exhumed lower continental crust along profile AWI20160300 (Fig. 15A). Plate tectonic reconstructions and abyssal hill
trends show that the TTJ migrated to the southeast towards the East
Gondwana margin (Fig. 17C, Hochmuth et al., 2015; Larson et al.,
2002). This southeast directed migration of the TTJ was probably a
response to the slowdown or end of spreading along the Osbourn
Trough north of the Hikurangi Plateau (Fig. 1D) and cessation of the
Hikurangi Plateau subduction (Davy, 2014). With ongoing southeastward migration of the TTJ, its western spreading segment (PacificPhoenix plate boundary) came close to the eastern margin of the Chatham Rise shortly before 90 Ma (Fig. 17D). N-S to NNW-SSE directed
spreading propagated in SWW direction of the spreading PacificPhoenix spreading segment south of the eastern Chatham Rise may
explain the onset of seafloor spreading (Barrett et al., 2018; Davy, 2014;
Davy et al., 2008; Eagles et al., 2004a; Larter et al., 2002), but would
require an around 200-km-long-offset transform at the eastern Chatham
Rise margin (Fig. 17D). However, short time later at around 85 Ma
seafloor spreading have been also initiated west of the UFZ where c34n
(y) have been identified south the SE Chatham Terrace and profile AWI20160200 (Figs. 16 and 17E; Larter et al., 2002; Wobbe et al., 2012),
but we suggest that continental rifting and crustal extension were still
ongoing along the SE Chatham Terrace at that time. The formation of
grabens on the SE Chatham Terrace along AWI-20160100 and AWI20160200 may be an evidence for that but rifting and block faulting
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data is available for the time of crustal extension in the Bounty Trough,
where the crust is thin and inferred to be close to initiation of seafloor
spreading (Grobys et al., 2007). The only zircon and apatite thermochronological data are from the Bounty Islands (Fig. 2A) indicate that
accelerated cooling probably lasted until 80 Ma, similar to what was
found on the Chatham Islands (Mortimer et al., 2016). Extension-related displacement along normal faults in the Haast Schist, onshore
South Island, were also active at least in the time interval between 93
and 85 Ma (Mortimer et al., 2015), in agreement with thermochronological data from the Sisters Shear Zone, which indicate decreasing cooling rates at 82 Ma (Kula et al., 2007). Seafloor spreading
also became active south of the Bounty Platform and rapidly propagated westward, separating the Campbell Plateau from the western
Marie Byrd Land margin (Fig. 17F; Eagles et al., 2004a; Larter et al.,
2002; Sutherland, 1999; Wobbe et al., 2012). A ridge jump between 80
and 79 Ma from north to south of the Bollons Seamount transferred it to
its present situation as part of Zealandia and the Pacific Plate (Davy,
2006). After that, the symmetric pattern of seafloor spreading between
southern Zealandia and West Antarctica evolved (Sutherland, 1999).
Accordingly, the Chatham Rise as well as large areas of southern
Zealandia have been tectonically stable within the Pacific Plate to the
present day.

pathway for upwelling mantle. In response, alkaline basaltic magmas
extruded on the Chatham Islands, formed the SE Chatham Terrace
seamounts, magmatically modified the hyper-extended continental
crust of the SE Chatham Terrace and underplated the eastern Chatham
Rise as evident from the HVLCs identified along the eastern Chatham
Rise at ~85 Ma. Between 83 and 79 Ma, seafloor spreading west of the
UFZ became stable and continuous, leading to the final separation of
Zealandia from Antarctica.
Typical features of both magma-poor and magma-rich margins are
present (HVLCs, normal faulting and block rotation) or absent (seaward-dipping reflectors and exhumed mantle) along the southern
Chatham Rise margin. Accordingly, we interpret the southern Chatham
Rise margin as a unique hybrid rifted margin whose tectonic evolution
is influenced by passive rifting, subduction dynamics and upwelling
mantle.
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In this study, we present three newly acquired seismic reflection,
seismic refraction/wide-angle reflection and potential field data from
the southern Chatham Rise margin, including SE Chatham Terrace, and
adjacent oceanic crust. P-wave velocity modelling reveals the crustal
structure of these areas and provides new insights into the changeover
from a convergent tectonic regime with subduction and collision of the
Hikurangi Plateau with the East Gondwana subduction zone to a divergent regime with supercontinent rifting and breakup between
Zealandia and West Antarctica.
P-wave velocity models indicate significant differences in crustal
thickness between the continental western and eastern Chatham Rise,
which we explain by the Hikurangi Plateau collision with the East
Gondwana subduction margin between 110 and 100 Ma. Gravity
modelling and wide-angle seismic reflection data indicate that the extent of the Hikurangi Plateau subduction and underthrusting did not
progress very far southward beneath the Chatham Rise as previously
suspected. It is plausible that the subduction caused thickening and
uplift of the outer Chatham accretionary prism before cessation of the
Hikurangi Plateau subduction.
Among the abundant E-W striking gravity lineaments, several NESW to NEE-SWW striking lineations and half-grabens indicate NW-SE
extension along the southern Chatham Rise margin. We infer that the
onset of NW-SE crustal extension led to reactivation of former E-W
striking thrust faults within the Chatham accretionary prism as normal
faults after 105 Ma. Subsequently, younger NE-SW to NEE-SWW
striking normal faults started to evolve. Crustal extension was probably
triggered by shallowing of the slab due to the Hikurangi Plateau collision and/or a rollback of the subducting slab.
The P-wave velocity models indicate oceanic crust south of an area
where lower continental crust is exhumed at the easternmost Chatham
Rise margin east of the UFZ. This piece of lower continental crust was
likely exhumed during prolonged rifting since ~100 Ma. The formation
of the oceanic crust was initiated at ~88 Ma east of the UFZ where the
continental crust was already thin and weak.
As indicated by the seismic refraction data, the SE Chatham Terrace
west of the UFZ represents a broad continent-ocean transition zone
consisting of hybrid crust, a very thin continental crust modified by
magmatic activity. After initiation of seafloor spreading east of the UFZ,
rifting became intensified in the area of SE Chatham Terrace and further to the west. When the slab of oceanic crust south of the thicker
Hikurangi Plateau crust was detached, a slab window opened, leading a
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