A Y aud [ | l ADVANCING
AT e science

JGR Solid Earth

RESEARCH ARTICLE
10.1029/2020JB019681

Key Points:

« P-wave velocity and gravity models
reveal the extent of the Hikurangi
Plateau and Phoenix Plate beneath
the submarine Chatham Rise

« Flattening, rollback, and
detachment of the Phoenix Plate
slab led to widespread extension in
southern Zealandia

« Subduction cessation and
fragmentation of the Phoenix Plate
triggered a global plate
reorganization event at 105 Ma

Supporting Information:
« Supporting Information S1

Correspondence to:
F. Riefstahl,
florian.riefstahl@awi.de

Citation:

Riefstahl, F., Gohl, K., Davy, B., &
Barrett, R. (2020). Extent and cessation
of the mid-Cretaceous Hikurangi
Plateau underthrusting: Impact on
global plate tectonics and the
submarine Chatham Rise. Journal of
Geophysical Research: Solid Earth, 125,
€2020JB019681. https://doi.org/
10.1029/2020JB019681

Received 26 FEB 2020
Accepted 12 JUN 2020
Accepted article online 14 JUN 2020

©2020. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

Extent and Cessation of the Mid-Cretaceous Hikurangi
Plateau Underthrusting: Impact on Global Plate
Tectonics and the Submarine Chatham Rise

, Bryan Davy?

Alfred Wegener Institute Helmholtz-Centre for Polar and Marine Research, Bremerhaven, Germany, 2GNS Science,
Lower Hutt, New Zealand, 3Institut fiir Geowissenschaften, Christian-Albrechts-Universitit zu Kiel, Kiel, Germany

Florian Riefstahl' (2), Karsten Gohl' , and Rachel Barrett®

Abstract Subduction of oceanic plateaux are events that have occurred infrequently in Earth's history.
Although rare, these events are thought to considerably influence regional tectonics and global plate
motions. In the mid-Cretaceous the oceanic Hikurangi Plateau collided with the formerly active East
Gondwana margin: An event which falls into the same of a sudden change from subduction to extensional
processes, including graben formation, development rift basin development, and exhumation of
metamorphic core complexes in the Zealandia continent as well as a global-scale plate reorganization event.
In this study, we use recently acquired seismic refraction and gravity data along one profile across the
submarine Chatham Rise, which represent a former accretionary wedge of the East Gondwana subduction
zone. We demonstrate that the southward extent of the subducted Hikurangi Plateau in the lower crust
beneath the submarine Chatham Rise along our profile is only ~150. This is ~150 km less than the previously
suggested extent. Furthermore, we interpret that a slice of the subducted Phoenix Plate remains attached to
the southern edge of the Hikurangi Plateau. We suggest that cessation of subduction in response to the
Hikurangi Plateau jamming as well as the rollback and detachment of the Phoenix Plate slab played an
important role in the changing tectonic forces across Zealandia in mid-Cretaceous. Moreover, we suggest
that the subduction cessation along the Hikurangi Plateau segment led to the fragmentation of the
Gondwana subduction zone and Phoenix Plate, which significantly influenced and potentially prolonged the
global mid-Cretaceous plate reorganization event.

1. Introduction

The formation of oceanic plateaux—extraordinarily thick oceanic crust primarily resulting from primarily
basaltic magmatism—is considered to be the most extreme volcanic events on Earth. The life cycle of oceanic
plateaux may include obduction and enlargement of landmasses, underplating through shallow flat subduc-
tion or subduction and recycling back into the Earth's mantle; all of which represent rare events in global
geodynamics. Their influence on global plate tectonics and its significance within the Wilson cycle
(Dewey & Burke, 1974) remain, however, enigmatic. Two well-studied, but contradictory, examples of the
influence of oceanic plateaux on regional and global tectonics include (a) the still ongoing collision of the
Ontong Java Plateau with the Melanesian arc, which led to partial subduction and crustal accretion
(Mann & Taira, 2004; Taira et al., 2004) and (b) the Late Cretaceous lithospheric removal of a subducted
oceanic plateau beneath western North America, which led to regional-scale surface rebound and, thereby,
initiated the Laramide Orogeny in North America (Liu et al., 2010). Both examples were accompanied by
complex collisional tectonics, but while subduction of the oceanic plateau beneath western North
America resulted in spatially limited uplift, the collision of the Ontong Java Plateau triggered subduction
cessation and reversal, which influenced the motion of the Australian Plate in the mid-Miocene (Knesel
et al., 2008) and induced rapid changes in plate motions in the late Miocene (Austermann et al., 2011).
Accordingly, oceanic plateau collision and subduction are capable of triggering both far-field and local tec-
tonic effects.

Another unique example for the subduction of oceanic plateaux is the Hikurangi Plateau (Figure 1a), which
has undergone a twofold subduction history. The southward-directed collision of the Hikurangi Plateau with
the long-lived East Gondwana active margin during the mid-Cretaceous is believed to have initiated the end
of subduction activity in the area of New Zealand's South Island and Chatham Rise (Davy et al., 2008;
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Figure 1. (a) Bathymetry map of the Chatham Rise and Hikurangi Plateau showing locations of seismic refraction profile AWI-20160400 (red, this study) and
seismic profiles from previous studies (Barrett et al., 2018; Davy et al., 2008; Mochizuki et al., 2019; Riefstahl et al., 2020) that enabled thickness estimates of
the Hikurangi Plateau in the area of Chatham Rise (seismic refraction profiles = red dotted lines; MCS reflection and gravity data = orange dotted lines). Several
more MCS reflection lines and dense networks of MCS reflection lines are recorded in that area and are not shown (e.g., Barker et al., 2009; Bland et al., 2015).
BP = bounty platform, CI = Chatham Islands, KA = Kermadec arc, NI = North Island, SI = South Island, WWR = West wishbone ridge. (b) Detailed map
view of seismic refraction profile AWI-20160400 that is a southward extension of the previously collected seismic reflection profile HKDC-1. White dots mark
locations of ocean-bottom seismometers/hydrophones (OBS/OBH). The black dot marks a failed OBS record (st420).

Figure 1a). Subsequently, extensional processes, including the formation of rift grabens and intraplate
volcanic activity, started to affect the micro-continent “Zealandia.” The collision of the Hikurangi Plateau
with the East Gondwana margin, the end of compressional tectonics, and the initiation of extension all
fell within the time range of a global-scale plate reorganization event that affected all major tectonic
plates (Matthews et al., 2012). The second stage of subduction of the Hikurangi Plateau, this time directed
westward at the Australian-Pacific plate boundary beneath the North Island of New Zealand, began at least
in the Miocene and is still ongoing (Reyners, 2013; Timm et al., 2014).

In this study, we present seismic reflection and wide-angle reflection/refraction data along a profile across
the southwestern Chatham Rise margin, where the Hikurangi Plateau is thought to have underthrust the
former East Gondwana active margin. We combine our newly acquired data with published seismic reflec-
tion and wide-angle reflection/refraction data to map the extent of the underthrusted Hikurangi Plateau and
oceanic crust of the former Phoenix Plate beneath the Chatham Rise. The aim of this is to shed light on the
processes of oceanic plateau subduction, resulting regional effects, and global consequences on plate
tectonics.

2. Geological and Tectonic Background

The Hikurangi Plateau (Figure 1a) formed between 125 and 120 Ma as part of the Ontong Java Nui super-
plateau, the Earth's largest oceanic plateau (Hoernle et al., 2010; Taylor, 2006). Shortly after its formation,
Ontong Java Nui rifted and drifted apart into three major pieces: the Ontong Java, Manihiki, and
Hikurangi plateaux (Hochmuth & Gohl, 2017; Hochmuth et al., 2015). The Hikurangi Plateau drifted south-
ward before underthrusting, partially subducting beneath, and jamming a ~1,500 km-wide section of the
East Gondwana subduction zone at ~100 Ma (Davy, 2014; Davy et al., 2008).

Present knowledge of the extent and thickness of the subducted and underthrusted Hikurangi Plateau
beneath southern Zealandia, especially along the previously active Cretaceous margin (Figure 1a), is
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based on limited data. The Hikurangi Plateau's eastern extent is coincident with a prominent
mid-Cretaceous dextral strike-slip fault zone—the West Wishbone Ridge (WWR, Figure 1a), which evolved
in response to plateau collision (Barrett et al., 2018). The top of the subducted Hikurangi Plateau has been
imaged with seismic reflection profiles beneath several areas of the present-day submarine Chatham Rise
and up to 100 km south of it (Figure 1a; Bland et al., 2015; Davy et al., 2008). The Chatham Rise itself mainly
consists of Mesozoic graywackes and schists of variable metamorphic grade typical of an accretionary wedge
(e.g., Mortimer et al., 2016, 2019). Gravity models suggest a thickness of 12-17 km for the southern
Hikurangi Plateau north of Chatham Rise (Barrett et al., 2018; Davy et al., 2008). In the area where the wes-
tern Hikurangi Plateau is currently subducting westward beneath the North Island, seismic refraction pro-
files indicate that the plateau is significantly thinner, reaching a thickness of only 10 km (Mochizuki
etal., 2019; Scherwath et al., 2010). Further north along the southern Kermadec arc (Figure 1a), geochemical
variations of arc basalts-andesites provide evidence that a much larger proportion of the northwestern
Hikurangi Plateau has been subducted within the past 10 Myr (Timm et al., 2014, 2016). V,, and V,/V; mod-
els based on seismological data suggest a thickness of 30-35 km for the western Hikurangi Plateau in the
area beneath the lower North Island and South Island, where it is already deeply subducted to depths of
65-100 km (Reyners et al., 2011, 2017). On the basis of these models, Reyners et al. (2011) inferred that
the entire Chatham Rise is “underplated” by the Hikurangi Plateau. Detailed analyses of gravity gradient
fabrics led Davy (2014) to extend the limit of the Hikurangi Plateau southward, beneath the inner Bounty
Trough. However, the full southern extent of the Hikurangi Plateau remains poorly constrained. Seismic
refraction and deep-crustal seismic reflection studies indicate the presence of old oceanic crust of normal
thickness beneath the sedimentary basins and stretched continental crust off the east coast of the South
Island (Godfrey et al., 2001; Mortimer et al., 2002; Scherwath et al., 2003; Van Avendonk et al., 2004), high-
lighting the absence of the Hikurangi Plateau in this region.

Shortly after subduction cessation and jamming of the Hikurangi Plateau, the East Gondwana margin was
affected by widespread extension and rifting during the “Zealandia Rift Phase.” Different hypothesis exist to
explain this rapid change in the tectonic regime: Bradshaw (1989) and Luyendyk et al. (2001) suggest that a
spreading ridge sub-parallel was subducted, whereas Davy (2014) suggests that dextral strike-slip motions
along the WWR transferred extension into Gondwana's interior. Evidence for this event is provided by a
major Albian unconformity that has been radiometrically dated at ~100 Ma with the youngest associated zir-
con population (Laird & Bradshaw, 2004). This rapid transition between tectonic regimes is also made evi-
dent by a switch from arc-constructive processes and subduction-related magmatism in the Median
Batholith (Figure 1a), to arc-destructive processes such as detachment faulting and metamorphic doming
(Schwartz et al., 2016). Long-lasting arc magmatism was replaced by alkaline intraplate magmatism, which
was spatially widespread but overall of low volume (Hoernle et al., 2020; McCoy-West et al., 2010; Mortimer
et al., 2016; Panter et al., 2006; Tulloch et al., 2019; van der Meer et al., 2016, 2017). Crustal extension in the
form of half-graben formation was substantial and affected the forearc and back-arc of the Median Batholith
(Tulloch et al., 2019), as well as terrestrial sediments that had accumulated in several fault-controlled basins
around the present North and South Islands in the mid-Cretaceous (e.g., Strogen et al., 2017). Opening of the
Bounty Trough (Figure la) presumably also occurred during the “Zealandia Rift Phase” before seafloor
spreading was initiated shortly after 90 Ma and the then-young Pacific-Antarctic Ridge separated
Zealandia from Antarctica at ~80 Ma (Riefstahl et al., 2020).

3. Methods
3.1. Geophysical Data Acquisition and Data Processing

Deep-crustal wide-angle seismic reflection/refraction, multi-channel seismic (MCS), and gravity data were
collected in 2016 along the N-S oriented profile AWI-20160400 (Figure 1b). The geophysical data were
acquired during the S0246 expedition on RV Sonne in 2016 (Gohl & Werner, 2016). Twenty
ocean-bottom seismometer (OBS) and hydrophone (OBH) systems were deployed at ~15 km spacings along
the profile (Figure 1b), which extends across the southern Chatham Rise and northern margin of the Bounty
Trough. Our profile extends the MCS profile HKDC-1 southward, where the top of the underthrust
Hikurangi Plateau has been imaged up to 100 km south of the Chatham Rise accretionary wedge (Davy
et al., 2008). Our seismic source comprised eight G-Guns in 2 X 4 G-Gun clusters with a total volume of
68 1 (4,150 in.*) was fired at 205 bar every 60 s while towed 10 m below sea level. MCS reflection data
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were recorded using the same shots for seismic refraction profiling and a 3,000 m long digital solid streamer
with 240 channels (Sercel Sentinel™). All OBS/OBH instruments were recovered, but no data were recorded
at station st420 due to malfunction (Figure 1b). Overall, the data quality is good to excellent, and the hydro-
phone channels provided the best data quality throughout. Furthermore, gravity data along profile
AWI-20160400 were recorded by a LaCoste & Romberg S80/Ultrasys marine gravity meter.

The MCS data processing and modeling approach for the seismic refraction data and gravity follows Riefstahl
et al. (2020). Processing steps for the MCS reflection data included common depth point (CDP) sorting,
velocity-time profile analyses every 2.5 km (every 50th CDP on average), normal moveout corrections, stack-
ing, and time migration (Figure 2). A 5/15-150/200 Hz trapezoidal bandpass filter was applied for displaying
the time-migrated section. We relocated the OBS/OBH positions using the direct-wave arrivals. For interpre-
tation and picking of the different reflection and refraction phase arrivals, we applied a 4-14 Hz bandpass fil-
ter and a 1,000 ms length automatic gain control with the software ZP (Zelt, 2004). Calculated individual
picking uncertainties range between 25 and 200 ms depending on the signal-to-noise ratio.

3.2. P-Wave Velocity and Gravity Modeling Approach

P-wave velocity modeling was performed with the program Rayinvr (Zelt & Smith, 1992) and the graphical
user interface PRay (Fromm, 2016) by using a top-to-bottom approach. As a priori information the multi-
beam bathymetry data along the profile were used to define the depth of the seafloor. Sedimentary cover
and the basement structure of the Chatham Rise were incorporated from the MSC reflection data. We picked
wide-angle reflection phases to help to determine the layer boundaries of the model. P-wave velocities for
each layer were determined primarily from the refracted phases and subsequently refined to match all picks
within their uncertainty range.

After the first top-to-down P-wave modeling iteration, we used the shipborne gravity data to model the
density-depth distribution, which particularly helped to image zones that are sparsely resolved by refracted
and reflected wave phases. For gravity modeling we setup a 2.5-D density model using the IGMAS+ software
package (Schmidt et al., 2007) with the geometry and layer boundaries that were extracted from the P-wave
velocity model. We subdivided layers only in the case of distinct lateral P-wave velocity variations. For the
initial gravity model, average P-wave velocities for the resulting polygons were converted to densities using
the P-wave velocity-density relationships of Barton (1986) and Christensen and Mooney (1995). We tried to
fit the modeled free-air anomaly and the observed gravity data within a 5 mGal uncertainty range and took
care that the modeled densities were not out of the uncertainties for the P-wave velocity-density relation-
ships. After gravity modeling, we refined the P-wave velocity model and, thereafter, again the gravity model.
After four cycles, the resulting P-wave velocity and gravity models (Figure 3) consistently explain the wave
phase arrivals and gravity anomaly.

3.3. Uncertainty Estimation of the P-Wave Velocity Model

We estimated relative depth and velocity uncertainties of the P-wave velocity model according to
Schlindwein and Jokat (1999). For this, we systematically perturbed model velocity and boundary knots
until the calculated travel times were out of range of the assigned uncertainties of the observed data.
These perturbations were performed layer-wise and individually for velocities and depths. The estimated
relative uncertainties are listed in Table 1. Ray coverage and resolution plots are shown in Figures 4 and
S1 in the Supporting Information. The inversion results corresponding to the presented P-wave velocity
model (Figure 2a) are listed in Tables S1 and S2.

4. Modeling Results

In contrast with the area close to the Chatham Islands (e.g., Riefstahl et al., 2020; Wood et al., 1989; Wood &
Anderson, 1989), the basement of the Chatham Rise along AWI-20160400 is completely covered with sedi-
mentary strata. Along AWI-20160400, we find a series of 10-15 km broad half-grabens that are separated by
several near-seafloor basement highs between 0 to 130 km along profile (Figures 2a and 3). The two largest
and deepest graben structures are separated by two distinct basement highs at the southern slope of the
Chatham Rise, where the seafloor deepens from ~400 to 3,500 m.b.s.l. (Figure 2). Further south of the base-
ment high at ~200 km along profile, the upper surface of the basement is comparatively smooth, but some
smaller half-graben structures are evident from the OBS and MCS data (Figures 2 and 3).
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Figure 2. MCS reflection data and interpretation along seismic refraction profile AWI-20160400. The boundaries between syn-rift I and syn-rift IT units are

inferred from the OBS/OBH data.

Based on MCS data (Figure 2) and recorded wide-angle reflection/refraction phases (Figures 4a and 4b), we
subdivide the sedimentary strata into (i) uppermost, well-layered sediments (layer sed1) that represent a
post-rift deposit covering the Chatham Rise basement and underlying strata and (ii) syn-rift units (layers
sed2 and sed3) that fill and cover the graben and half-graben structures. Layers sed2 and sed3 merge into
a single layer along the top of the Chatham Rise (Figure 3a). The total sedimentary cover reaches a maxi-
mum thickness of 3.5 km within the largest graben at the southern slope of the Chatham Rise (between
130 to 170 km profile distance). Within the syn-rift sedimentary layers sed2 and sed3, P-wave velocities
mostly increase gradually up to 4.9 km/s. Distinct reflections (Pg.q,P phase, Figures 4a and S1), however,
indicate a stepwise increase of P-wave velocities between layers sed1 and sed2. Estimated uncertainties
range between +0.10 to +0.20 km for sedimentary layer depths, and +0.10 to +0.20 km/s for the P-wave velo-
cities within the layers (Table 1). Overall, the ray coverage is relatively low for the sedimentary layers
(Figures 4a, 4b, and S1), but, as the MCS and wide-angle reflection/refraction data are in good agreement,
we consider that the architecture of the sedimentary strata is well-resolved.

We divided the basement of the Chatham Rise and its southern slope into two upper crustal layers (Figure 3
and Table 1, layers ucl and uc2). Both layers are well-resolved by P, and Py, refraction phases (Figures 4b
and 5). P-wave velocities indicate a minor change in the velocity gradient. Since the boundary between layer
ucl and uc2 is not reflective, it does not necessarily reflect a geological boundary. Layer ucl is only present
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Table 1
Layer Parameters and Corresponding Uncertainties Along AWI-20160400

P-wave velocity Velocity Upper boundary Densities/density
Layer Type range (km/s) uncertainty (km/s) uncertainty (km) range (kg/ m3)
Water layer
0-260 km Water 1.5 +0.01 0.00 1,020
Sediment 1 (sed1)
0-170 km Post-rift sed. 1.6-3.3 +0.10 +0.10 1,900
170-260 km Post-rift sed. 1.7-2.8 +0.10 +0.10 1,900
Sediment 2 (sed2)
0-170 km Syn-rift sed. 3.1-4.2 +0.10 +0.10 2,250
170-260 km Post- or syn-rift sed. 2.7-3.3 +0.15 +0.15 2,250-2,275
Sediment 3 (sed3)
130-170 km Syn-rift sed. 4.0-4.9 +0.20 +0.20 2,430
170-260 km Syn-rift sed. 3.4-4.8 +0.20 +0.20 2,320
Upper crust 1 (ucl)
0-135 km Continental 4.6-5.8 +0.10 +0.10 to +0.20 2,490-2,620
Upper crust 2 (uc2)
0-120 km Continental 4.9-6.5 +0.15 +0.15 2,625-2,645
120-260 km Continental 5.4-6.5 +0.2 +0.20 2,780
Lower crust 1 (Ic1)
55-260 km Continental 6.3-6.8 +0.20 +0.30 2,840—2,885a
Lower crust 2 (Ic2)
0-100 km Oceanic plateau 6.3-7.2 +0.25 +0.30 2,970
100-215 km Oceanic crust 6.9-7.2 +0.25 +0.40 3,000
Mantle
0-100 km Mantle 7.9-8.0 +0.30 +0.40 3,240
100-260 km Mantle 8.0-8.1 +0.30 +0.40 3,310-3,315

Note. P-wave velocity and upper boundary uncertainties refer to relative uncertainties estimated from perturbation of the individual layers. P-wave velocities vary
within one respective lglyer due to different geological settings and burial depths.
“Density is 2,650 kg/m” at the basement high between 165-180 km along profile.

along the crest of the Chatham Rise, where the total thickness of the upper crustal layers is up to
14.5 + 0.2 km, between 0 and 135 km along profile (Figure 3). The thickness of layer uc2 continuously
decreases across the Chatham Rise slope, reaching 2 + 0.1 km at the border of the Bounty Trough. The
absence of any reflection at the base of layer ucl indicates that the P-wave velocities gradually increase
from layer ucl to uc2. Moreover, across the Chatham Rise, we find P-wave velocities and densities within
these two upper crustal layers gradually increase from north to south toward the large graben at 135 km
along profile (Figure 3).

We divided the lower crust of the Chatham Rise into two layers (Figure 3 and Table 1, layers Ic1 and 1c2)
based on several reflection observed in the deep crust (Figure 5). Layer Icl is present between ~60 and
260 km along profile (Figure 3a). Observed reflections (P\.;P) indicate an abrupt increase of P-wave velocities
along the upper boundary of layer Ic1 (separating it from uc2) between 160 and 220 km along profile. Layer
Ic1 reaches its maximum thickness (~14 km) between 150 and 180 km along profile. In this area, we modeled
the highest P-wave velocities (6.5-6.8 + 0.2 km/s) that were moderately resolved by the Py, refraction phase
(Figures 4b and 5). Layer Ic1 thins significantly between 190 and 260 km along profile, reaching less than
8 + 0.3 km by the southern slope of Chatham Rise (Figure 2a). While the P-wave velocities within layer
Ic1 decrease slightly toward the southern termination of the profile (6.3-6.8 km/s), gravity modeling suggests
a gentle southward increase of densities in layer Ic1 similar to the southward-increasing densities in the
overlying layers ucl and uc2 (Figure 2b). We find that the ranges of P-wave velocities and densities in layer
Ic1 are the same as those observed in the lower crust of the Chatham Rise along the seismic refraction
profiles east of the Chatham Islands (AWI-20160100 and AWI-20160200; Riefstahl et al., 2020). The base
of layer Icl is defined by continuous high-amplitude reflections (P,.,P; Figures 4 and 5) between 70 and
240 km along profile.

Later arrivals of another high-amplitude reflection (P,,P) and mantle refraction phase (P,) imply another
crustal layer 1c2 below layer Ic1 (Figure 2 and Table 1). Sparse refractions from layer lc2 recorded at one sta-
tion suggest P-wave velocities higher than 6.3 + 0.25 and 6.6 + 0.25 km/s (Figure 2a). We estimated the
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illustrated in Figure S1.

P-wave velocities at the base of layer 1c2 to be up to 7.2 + 0.25 km/s using normal move-outs of the P,,P
reflection phase. P-wave velocities higher than 7.0 km/s are in good agreement with densities of
~3,000 kg/m> as estimated from the gravity model (Figure 2b). The thickness of layer 1c2 (~10 km) is
approximately constant between 0 and 60 km along profile. Moreover, we find that the layer lc2 thins to
less than 6 km thickness between 60 and 120 km along profile before disappearing ~210 km along profile,
features which are well-resolved by continuously recorded PP and P,,P phases (Figures 4b and 5).

We observe several P, mantle refractions below the Chatham Rise and underthrusted Phoenix Plate
(Figure 4b) and note a slight increase in their velocity from 7.9 km/s in the north to 8.1 km/s at the southern
slope (Figure 2a).

5. Discussion
5.1. Structure of the Ancient Chatham Rise Accretionary Wedge

The half-graben and graben structures, which are obvious along the profile (Figures 2 and 3), correspond to
regional free-air gravity anomalies along the Chatham Rise, which are mostly E-W oriented (Davy, 2014)
parallel to the northern margin of the Chatham Rise and the Bounty Trough. These half-grabens are prob-
ably associated with thrust faults in the Chatham Rise accretionary wedge that may have been reactivated as
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Figure 5. Ray tracing examples and OBS/OBH record for several stations demonstrating the presence of deep-crustal reflections along profile AWI-20160400.
Thick black layer boundaries in the P-wave velocity models indicate reflection observed at the shown station. Blue rays indicate refracted wave phases, and
green rays indicate reflected wave phases. Black lines in the seismograms are the modeled arrival times for all ray groups; vertical blue and green and green lines
indicate the assigned uncertainty for each pick based on the signal-to-noise ratio.
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normal faults after the onset of Zealandia rifting at around 105 Ma (Riefstahl et al., 2020; Tulloch et al., 2019).
The larger graben and half-graben structures to the south are more likely related to rifting and progressive
deepening of the Bounty Trough (Riefstahl et al., 2020). The oldest sediments within these graben structures
may have an age of up to 100 Ma, similar to those from the Chatham Islands (Campbell et al., 1993).

We observed a north to south lateral gradient of P-wave velocities and densities in the upper crustal layers
along our profile AWI-20160400 (Figure 3). A similar gradient has also been recognized along two
wide-angle reflection/refraction profiles further east of the Chatham Islands (Riefstahl et al., 2020). We sug-
gest that these N-S lateral P-wave velocity and density gradients are a result of regional metamorphism that
affected the forearc of the Mesozoic arc, that is, the Chatham Rise area. Such regional metamorphism would
be consistent with geological observations from the Chatham Islands (Mortimer, van den Bogaard,
et al., 2019). Accordingly, rock assemblages consistent with the modeled P-wave velocities and densities
range from sub- or lower greenschist facies (i.e., meta-graywackes to schists) in the north, to upper greens-
chist facies (mainly schist) in the southern part of profile AWI-20160400 (Figure 6a).

Furthermore, we observe model layer lcl up to 14 km thick at 150-180 km along profile and thins out in
southward toward the Bounty Trough, where it is less than 8 km thickness (Figure 3a). A lower crustal thick-
ness of up to 14 km and P-wave velocities of 6.3—-6.8 km/s are largely similar to the lower crust further east of
the Chatham Islands (Riefstahl et al., 2020). Accordingly, we interpret layer Ic1 as lower continental crust of
the ancient Chatham accretionary wedge, which most likely consists of amphibolite facies gneiss with
southward-increasing metamorphic grade (Figure 6a). This is also consistent with the southward-increasing meta-
morphic gradient of the overlying schists observed on the Chatham Islands (Mortimer, van den Bogaard,
et al., 2019).

5.2. Southern Extent and Thickness of the Hikurangi Plateau

The lower crustal layer 1c2, which is 10 km thick between 0 and 60 km along profile (Figure 3a), thins to 6 km
thickness by ~100 km along profile. Gravity modeling suggests higher densities of 2,970 kg/m? (Figure 3b).
Close to our profile, the top of the Hikurangi Plateau has been observed along the MCS reflection profile
HKDC-1 at 6-7 s two-way traveltime (Davy et al., 2008). In contrast, we found no evidence for any reflections
separating layers Ic2 and ucl between 0 and 60 km along our profile due to poor seismic penetration in that
area. Assuming an average velocity of 5,500 km/s, we would expect the top of the Hikurangi Plateau
observed along line HKDC-1 to be at a depth of 16.5-19.25 km. This is close to the modeled the top of our
layer 1c2 at 16 km depth. Further to the east, higher densities have been also observed along two profiles
where the underthrusted Hikurangi Plateau is expected (Riefstahl et al., 2020). Accordingly, we interpret this
part of layer 1c2 between 0 and 100 km profile as the underthrusted Hikurangi Plateau beneath the Chatham
Rise accretionary wedge.

We compare the results of our P-wave velocity-depth and gravity models with other observations of the
extent of the Hikurangi Plateau and adjacent oceanic crust beneath the Chatham Rise and southern
Zealandia region (Figure 6). The 10 km thickness of the Hikurangi Plateau underlying the Chatham Rise
implied by our P-wave velocity-depth model along profile AWI-20160400 is in very good agreement with
thicknesses between 10 and 12 km derived from (i) gravity models along HKDC-1 line (Figure 7; Davy
et al., 2008); (ii) the AWI-20160100 seismic refraction profile east of the Chatham Islands (Figure 6c;
Riefstahl et al., 2020); and (iii) seismic refraction profiles from the northern Hikurangi margin east of the
North Island (Figure 7; Henrys et al., 2013; Herath et al., 2020; Mochizuki et al., 2019, Scherwath et al., 2010;
Tozer et al., 2017). The available data from the Hikurangi Plateau do not suggest large variations in thickness
along the Chatham Rise between 175°E to 176°W. In contrast, further to the east, at the eastern margin of the
Plateau, seismic reflection data and gravity models crossing the WWR (Figure 7; Barrett et al., 2018), as well
as seismic refraction profile AWI-20160200 at the southward extension of the WWR on the Chatham Rise
(Figure 6b; Riefstahl et al., 2020), indicate that the Hikurangi Plateau thickens to 12-16 km. This thickening
of the Hikurangi Plateau along its eastern margin is likely due to either complex dextral strike-slip move-
ments along the WWR, where compressional and extensional features are in close proximity to each other
(Barrett et al., 2018); massive volcanic activity during stretching and rifting from the conjugate Manihiki
Plateau (Hochmuth et al., 2015); or reflect natural variations in the crustal thickness of oceanic plateaux
(e.g., Hochmuth et al., 2019).
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Figure 6. Geological interpretation along seismic refraction profile (a) AWI-20160400 as well as the northern parts of profiles (b) AWI-20160200 (Riefstahl
et al., 2020) and (c) AWI-20160100 (Riefstahl et al., 2020) indicating the extent of the underthrusted Hikurangi Plateau beneath the western Chatham Rise.
The locations of the presented profiles are shown in Figure 7.
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Figure 7. Map showing the extent of the Hikurangi Plateau (transparent blue) and subducted Phoenix Plate oceanic crust (transparent hatched grayish-blue) with
estimated thicknesses (in km) beneath Zealandia. High thickness estimates of 30-35 km for the Hikurangi Plateau are from seismological Vj, and V;,/Vg models of
Reyners et al. (2011) and Reyners et al. (2017). Thicker and orange colored profiles (09-11) are shown in Figure 6. The mid-Cretaceous STEP faults, which
became active in response to subduction jamming are represented by the dextral West Wishbone Ridge (WWR) and the sinistral proto-Alpine Fault.

CI = Chatham Islands, ECR = eastern Chatham Rise, StI = Steward Island, WCR = Western Chatham Rise.

The extent of the subducted Hikurangi Plateau beneath the North Island and South Island was previously
illustrated using seismological V,, and V,/Vs models (Reyners et al.,, 2011, 2017). Beneath the eastern
South Island, the Hikurangi Plateau has been inferred to dip steeply westward to a depth of 65-100 km,
where it eventually collides with the eastward down-dipping slab of the Australian Plate along the southwest
side of the South Island (Reyners et al., 2017). Here, the Hikurangi Plateau is interpreted to be 30-35 km
thick (Figures 6a-6¢; Reyners, 2013; Reyners et al., 2017). However, how the base of the Hikurangi
Plateau is defined is important. Reyners et al. (2017) considered P-wave velocities around 8.5 km/s or higher
(=eclogitization?) observed from a seismological network as a proxy for the subducted Hikurangi Plateau.
This approach is based on observation from seismic refraction studies, which noted similar high or even
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higher P-wave velocities observed below the 40 km thick Ontong Java Plateau (Furumoto et al., 1976). On
the basis of a seismic refraction experiment crossing the northern Hikurangi margin (seismic profiles
PEGASUS23 & 25, Figure 7), Herath et al. (2020) argued this high thickness of the Hikurangi Plateau
beneath both the North and South Islands. In their study, they identified a double seismic zone in the mantle
beneath the Hikurangi Plateau, with an increase of P-wave velocities in the mantle from normal mantle
velocities of 8.0-8.3 km/s to ~8.7 km/s in 50-60 km depth—around 25 km below the Hikurangi Plateau of
10-12 km thickness. This high P-wave velocity may be related to aggregates of olivine related to the plume
below the Ontong Java Nui super-plateau (Stern et al., 2020). However, Herath et al. (2020) suggested that
Reyners (2013) and Reyners et al. (2017) had included the mantle with normal mantle velocities of 8.0-
8.3 km/s above this high-velocity zone in their crustal thickness estimates of the Hikurangi Plateau.

In this study, we define P-wave velocities higher than 7.9-8.0 km/s as the mantle, which is clearly separated
from the Hikurangi Plateau and Chatham Rise crust by a distinct P,,,P (Moho) reflection. This is similar to
the eastern and thinner Chatham Rise (Figure 6), where only the Phoenix Plate, and not Hikurangi Plateau,
was not subducted (Barrett et al., 2018; Riefstahl et al., 2020). We do not rule out that the Hikurangi Plateau
may be thicker below the North and South Islands than beneath the Chatham Rise, as the western part of the
Hikurangi Plateau was closer to the Ontong Java Nui eruption center (Hochmuth et al., 2015). The Ontong
Java Plateau constitutes the Earth's thickest known oceanic plateau crust (Furumoto et al., 1976). In con-
trast, the Manihiki Plateau at a greater distance from the Ontong Java Nui eruption center is not thicker than
20 km (Hochmuth et al., 2019). Moreover, large parts of the western Manihiki Plateau are between 9 and 17
thick (Hochmuth et al., 2019), which correlates with the thickness of the Hikurangi Plateau beneath the
Chatham Rise (this study; Mochizuki et al., 2019; Riefstahl et al., 2020). Accordingly, we consider our mod-
eled thickness of 10 km for the Hikurangi Plateau below the Chatham Rise as very meaningful.

5.3. Extent and Age of the Phoenix Plate

Based on the observed deep-crustal reflection (Figure 5), our P-wave velocity-depth model suggests that layer
Ic2 thins between 60 and 120 km along profile from 10 km to only ~6 km thickness. We interpret this as the
transition from the Hikurangi Plateau to normal, ~6 km thick oceanic crust: the ancient Phoenix Plate
(Figure 6a). An alternative explanation would be that the southern part of layer Ic2 is part of the
Hikurangi Plateau that was stretched prior to slab detachment. We suggest that this is unlikely as the thick-
ness of layer Ic2 is approximately constant (~6 km) between 120 and 180 km along profile. P-wave velocities
and densities are also in the range of magmatic mafic underplating. Mafic underplating of much less thick-
ness (only 2 km) has been interpreted further west along AWI-20160200 at the eastern Chatham Rise
(Figure 6b; Riefstahl et al., 2020). The location crosses the central part of the Chatham Rise, and we would
only expect magmatic underplating in areas where the crust is much thinner.

Based on seismological studies of the South Island, Reyners et al. (2011) suggested that the whole Chatham
Rise is underlain by the Hikurangi Plateau. However, the results of modeling along our combined MCS,
gravity, and wide-angle seismic reflection/refraction profile AWI-20160400 (Figures 2 and 3a)—together
with interpreted MCS and wide-angle seismic reflection/refraction profiles east of the Chatham Islands
(Riefstahl et al., 2020) (Figures 6b and 6¢c)—show that the underthrusted Hikurangi Plateau reaches only
approximately half the full N-S lateral extent of the Chatham Rise. Moreover, we find evidence along
AWI-20160400 that the oceanic crust of the leading Phoenix Plate is still attached to the Hikurangi
Plateau beneath the central Chatham Rise (Figure 6a); this oceanic crust, however, is detached further east
(Figures 6b and 6c; Riefstahl et al., 2020).

Seismological studies of the southeastern South Island highlight the presence of westward-dipping oceanic
crust in the mantle (Reyners et al., 2017). We suggest that this oceanic crust beneath the South Island
(Figure 7) is the continuation of the Phoenix Plate oceanic crust that we observe beneath the Chatham
Rise (Figure 6a). Oceanic crust has also been identified beneath the highly extended continental crust under-
lying the Cretaceous sedimentary basins east of the South Island and west of our profile AWI-20160400
(Figure 7; SIGHT-I/II/IIT; Godfrey et al., 2001; Scherwath et al., 2003; Van Avendonk et al., 2004) but also
potentially below the continental crust of the South Island (Smith et al., 1995). Godfrey et al. (2001) sug-
gested that this is the crust on which the forearc terranes accumulated. In contrast, we suggest that this ocea-
nic crust is part of the Phoenix Plate, which we interpret from our profile.
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East of these basins, gravity anomalies within the inner Bounty Trough have been interpreted to reflect the
southern extent of the Hikurangi Plateau and/or oceanic crust (Davy, 2014). Our model derived from the
combined refraction seismic and gravity data along profile AWI-20160400 does not directly indicate the pre-
sence of oceanic crust in the inner Bounty Trough. Between our profile and the inner Bounty Trough,
neither subducted oceanic crust nor remnants of Hikurangi Plateau have been recognized below the 21-
km-thick Chatham Rise by the only seismic refraction line crossing the Bounty Trough (Figure 7; Grobys
et al., 2007). However, the northern termination of seismic line AWI-20030002 has very limited ray coverage
at the southern Chatham Rise margin (Grobys et al., 2007). Accordingly, the presence of oceanic crust at the
northern limit of the Bounty Trough west of our profile AWI-20160400 cannot be ruled out. If oceanic crust
is present in that area, it implies that a piece of the ancient Phoenix Plate extending ~1,200 km from east to
west is still attached to the southern edge of the Hikurangi Plateau (Figure 7).

Determining the southward extent of the Phoenix Plate beneath southern Zealandia is challenging. V,,
and V/Vg models of the South Island indicate that eclogitized oceanic crust is present until or even below
the Median Batholith (Reyners et al., 2017)—the ancient volcanic arc of the former East Gondwana sub-
duction zone that is located beneath the southernmost South Island and Stewart Island (Figure 7).
However, interpretations of the seismic refraction line SIGHT-III that runs east of and parallel to the
South Island (Godfrey et al., 2001) suggest that “old” oceanic crust is limited to the area north of the
Median Batholith. This provides a possible southern limit to the extent of the Phoenix Plate oceanic crust
in the vicinity of the South Island and explains why oceanic crust has not been observed along the seismic
refraction line AWI-20030001, located southeast of the South Island (Figure 7; Grobys et al., 2009). As the
widely rifted continental Bounty Trough is apparently not underlain by oceanic crust (Grobys et al., 2007),
we suggest that the southern limit of the Phoenix Plate corresponds with the southern margin of the
Chatham Rise, as inferred by Davy (2014) from variations in gravity gradient fabrics in the inner
Bounty Trough. With this constraint, we find that the N-S extent of the Phoenix Plate attached to the
Hikurangi Plateau varies between 100 and 200 km but probably does not exceed more than 200 km south
of the underthrusted Hikurangi Plateau.

Because most of its oceanic crust was subsequently subducted during the mid-Cretaceous, the age and much
of the spreading history of the Phoenix Plate are unknown (Seton et al., 2012). It is thought that the Ontong
Java Plateau, northwest of the Hikurangi Plateau, was emplaced on or beside oceanic crust that formed
between M29 (~156 Ma) and MO (~120 Ma) along the Pacific-Phoenix spreading ridge (e.g., Hochmuth
et al., 2015; Seton et al., 2012). Accordingly, the piece of subducted Phoenix Plate that we have identified
below the Chatham Rise is most likely older than the emplacement of Ontong Java Nui at 125-120 Ma
(Hoernle et al., 2010; Taylor, 2006). Considering recent plate tectonic reconstructions and spreading anoma-
lies (Hochmuth & Gohl, 2017; Hochmuth et al., 2015; Matthews et al., 2012; Seton et al., 2012), the piece of
the Phoenix Plate south of the Hikurangi Plateau is likely not, or not much, older than the M29 spreading
anomaly (~156 Ma).

5.4. Plateau Collision/Underthrusting, Slab Flattening, and Onset of Extension

In our conceptual model (Figure 8), we envisage the subducting oceanic Phoenix Plate as a shallow slab in
the pre-collisional setting before 105 Ma. This is based on changing geochemical/isotopical compositions of
subduction-related granitoids within the Median Batholith onshore South Island, which indicate shallow
mantle wedge melting, and thermochronological data, which suggest a continent-ward migration of the
arc after 125 Ma (Tulloch & Kimbrough, 2003). This may be related to younger oceanic slab entering the
trench (van Hunen et al., 2002) and would be in agreement with a young age for the Phoenix Plate during
the evolution of the OJP (Hochmuth et al., 2015) that was then subducted along the East Gondwana margin.
Another explanation for shallow subduction after 125 Ma would be that seafloor spreading between
Manihiki and Hikurangi Plateau was very fast (~190 mm/year, Zhang & Li, 2016). In modern subduction
zones, the distance between arc and trench (width of the accretionary wedge and forearc area) is mainly
within 100-300 km (Dickinson, 1973). Along the East Gondwana margin the arc-trench distance most likely
exceeded the modern 300 km, which is consistent with geological observations from the South Island (e.g.,
Jacob et al., 2017).

A dramatic change of tectonic forces affected Zealandia during the mid-Cretaceous, with the previous com-
pressional regime being replaced by widespread extension (Bradshaw, 1989; Laird & Bradshaw, 2004). The
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Figure 8. Conceptual model of the Hikurangi Plateau underthrusting and subsequent slab processes along the Chatham Rise between the initial Hikurangi
Plateau collision and subduction at ~110 Ma and the final separation of southern Zealandia and West Antarctica at ~80 Ma. See text for further explanations.

end of long-lived subduction along the East Gondwana margin was initiated when the Hikurangi Plateau
entered the subduction zone between 110 and 100 Ma (Davy, 2014; Davy et al., 2008). Our conceptual
model is consistent with earlier tectonic models inferring that the Hikurangi Plateau started to collide and
subduct from the NNW beneath the South Island and western Chatham Rise at 110 Ma and beneath the
eastern Chatham Rise at 105-100 Ma (Figure 8b; Davy, 2014; Reyners et al., 2017).

The part of the Hikurangi Plateau that first entered the trench was most likely the part that is now located in
the mantle beneath the southernmost South Island (Reyners et al., 2017). In contrast with normal oceanic
crust, over-thickened volcanic oceanic plateaux like the Hikurangi Plateau have insufficient negative buoy-
ancy to be subducted without consequences for margin deformation and convergence rate (Cloos, 1993;
Espurt et al., 2008; van Hunen et al., 2002). An oceanic plateau of even 12 km thick remains positively buoy-
ant until an age of around 80 Myr, and thicker plateaux are positively buoyant for even longer (van Hunen
et al., 2002). In response to the onset of subduction of the thicker part of the Hikurangi Plateau in the area of
the South Island at 110 Ma, the convergence rate in this region slowed down. Further east, beneath the
Chatham Rise, subduction of the oceanic Phoenix Plate continued at least until 105 Ma, and the convergence
rate in this region was, therefore, higher. This asymmetry likely led to the proposed clockwise rotation of the
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East Gondwana margin in the Chatham Rise region (Davy, 2014; Reyners et al., 2017). In response, the direc-
tion of seafloor spreading north of the Hikurangi Plateau rotated from NNW-SSE to approximately N-S
(Davy, 2014; Davy et al., 2008; Downey et al., 2007). Initial subduction of the eastern, thinner (~10-km thick)
part of the Hikurangi Plateau led to progressive southward uplift of the accretionary wedge, that is, the
northern Chatham Rise margin (Figure 8b). We speculate that the positive buoyancy of the thicker
Hikurangi Plateau, which subducted far more southward below the South Island, may have initiated further
flattening of the attached Phoenix Plate slab to the east after the onset of subduction and underthrusting of
the Hikurangi Plateau. Both the slab flattening and decreasing convergence velocity may explain the abrupt
cessation of arc construction processes, and the onset of metamorphic doming and extensional collapse
between 108 and 106 Ma (Figure 8b; Schwartz et al., 2016). Crustal extension in the forearc area of the
East Gondwana margin—the “Zealandia Rift Phase”—then began after ca. 105 Ma, as evidenced by the evo-
lution of mid-Cretaceous graben-controlled rift basins around New Zealand (Strogen et al., 2017). On the
Chatham Islands, low-temperature thermochronological data indicate rapid cooling from at least
108 + 11 Ma (four ZHe ages) to 80 + 14 Ma (only one AFT age) (Mortimer et al., 2016). This illustrates that
several kilometers of rock denudation—leading to exhumation of schists on the Chatham Islands—was
most likely already ongoing or initiated after the Hikurangi Plateau subduction. Flattening of the Phoenix
Plate slab (Figure 8b) may have led to uplift in the accretionary wedge and forearc area (Espurt et al., 2008),
that is, the Chatham Rise. We speculate that the slab flattening was triggered by the progressing subduction
of the Hikurangi Plateau in the area of the South Island since 110 Ma. This may have also initiated extension
in the forearc area. A second factor, which eventually produced extension along the Chatham Rise, may be
the counter-clockwise rotation of the East Gondwana margin (Davy, 2014; Reyners et al., 2017).
Additionally, transfer of dextral motions along the WWR and divergence of these dextral motions through
smaller fault system may have also played a role in facilitating extension along the eastern part of the
Chatham Rise (Barrett et al., 2018; Davy, 2014).

5.5. Development of STEP Faults and Slab Rollback

Subduction presumably continued both east and west of the Hikurangi Plateau (Mortimer et al., 2019), lead-
ing to the development of Subduction-Transform Edge Propagator (STEP) faults (Govers & Wortel, 2005).
The last remnants of oceanic crust west of the Hikurangi Plateau were completely subducted at the
Australian-Pacific plate boundary in the Eocene (Reyners, 2013). However, the presence of alkaline intra-
plate magmatism in Marlborough and Westland onshore of the South Island shortly after 100 Ma implies
that a slab window or tear opened along the sinistral STEP fault at the western edge of the Hikurangi
Plateau (Hoernle et al., 2020; van der Meer et al., 2016, 2017). Since this STEP is close to the present-day
Alpine fault, we also refer it as proto-Alpine Fault (Figure 7) according to van der Meer et al. (2016). East
of the Hikurangi Plateau, subduction continued and was compensated by another STEP fault that has
remained as the prominent dextral WWR (Figures 1a and 7; Barrett et al., 2018; Davy, 2014; Davy et al., 2008;
Riefstahl et al., 2020), which is inferred to have first become active after 105 Ma (Barrett et al., 2018). Along
the northeastern Chatham Rise margin east of the WWR, oceanic crust of the Phoenix Plate continued to
subduct until at least 100 Ma (Riefstahl et al., 2020). We suggest that the slab of the Phoenix Plate south
of the Hikurangi Plateau became decoupled from the Phoenix Plate slabs to the east and to the west after
both STEP faults became active. Although subduction slowed and finally ceased due to blockage by the
buoyant Hikurangi Plateau, eclogitization and associated densification of the steeper, arc-ward Phoenix
Plate slab are likely to have continued (Duesterhoeft et al., 2014; Huangfu et al., 2016; Li et al., 2013). The
additional negative buoyancy of progressive eclogitization will have continued to pull down the Phoenix
Plate slab and led to slab rollback along the Hikurangi Plateau segment of the Phoenix Plate. This would
have triggered further rifting and focused extension, which is expressed by graben formation and successive
deepening of the forearc in the area that later formed the Bounty Trough (Figure 8c). Moreover, this enabled
the lower lithosphere to heat up to granulite facies conditions, as evidenced by granulite xenoliths with peak
metamorphic ages of 91.7 + 2.0 Ma that were collected in Otago in the South Island (Jacob et al., 2017). We
suggest that a ca. 97 Ma A-type granite from the Chatham Rise (Mortimer et al., 2006) is also related to this
event. Synchronously with the cessation of subduction at the Chatham Rise, seafloor spreading north of the
Hikurangi Plateau either ceased (Davy, 2014), or continued at a slower rate until 79 Ma (Mortimer,
Campbell, & Moerhuis, 2019).
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5.6. Slab Detachment and Focus of Rifting in the Bounty Trough

Seismic studies of northern and southern Zealandia's basement indicate multi-directional normal faulting
(NE-SW, E-W, NW-SW), which was active between at least 105 to 85 Ma (Barrier et al., 2020). In southern
Zealandia, the major direction of extension likely rotated by ~60° from NE-SW (orthogonal to the
then-active East Gondwana margin; Davy, 2014) to NW-SE (approximately orthogonal to the
Pacific-Antarctic ridge active after ~85 Ma) at around 90 Ma as indicated (Tulloch et al., 2019). This is con-
sistent with the timing of onset of rifting in the Bounty Trough (Figure 8) inferred by most plate tectonic
reconstructions (Eagles et al., 2004; Larter et al., 2002; Wobbe et al., 2012). This second stage of the
“Zealandia Rift Phase” resulted in the formation of oceanic crust between the eastern Chatham Rise and
eastern Marie Byrd Land of West Antarctica (Eagles et al., 2004; Larter et al., 2002; Riefstahl et al., 2020;
Wobbe et al., 2012). We suggest that the observed change in the direction of extension may have been trig-
gered by detachment of large proportions of the subducted Phoenix Plate slab at ~90 Ma, approximately 15—
20 Myr after the initial collision and onset of underthrusting of the Hikurangi Plateau beneath the Chatham
Rise. This probably initiated the final stage of the development of Bounty Trough. The delay time between
the initial collision and subsequent slab detachment depends mostly on the strength of the previously sub-
ducted oceanic plate. 3-D numerical models indicate that typical delay times range from more than 20 Myr
for old and strong slabs, to 10 Myr for very young and weak slabs (van Hunen & Allen, 2011).
Correspondingly, slab detachment 15-20 Myr after the collision of the Hikurangi Plateau with the
Chatham Rise is not unreasonable.

Numerical models suggest that significant asymmetry in a collisional setting leads to slab detachment that
preferentially begins near one edge of the slab (van Hunen & Allen, 2011). We suggest that slab tearing
beneath the Chatham Rise began at the southwestern leading edge of the Hikurangi Plateau close to the
already evolved western STEP fault, which is linked to alkaline intraplate magmatism that affected parts
of the northern and western South Island shortly after 100 Ma (Figure 8; Hoernle et al., 2020). Here, the tran-
sition between the thicker, more buoyant crust of the Hikurangi Plateau and the thinner oceanic crust of the
Phoenix Plate would mechanically favor slab necking and detachment (Baumann et al., 2010). Low conver-
gence rates after the Hikurangi Plateau collision would have led to a shallower depth (%3C100 km) for the
slab detachment (Huangfu et al., 2016). The slab tear presumably migrated eastward into the interior of the
Phoenix Plate where we infer the Phoenix Plate segment to be present on profile AWI-20160400 (Figure 6a).

As for the delay time between collision and slab detachment, propagation of slab tears also depends on the
strength and age of the oceanic crust (van Hunen & Allen, 2011). Assuming that this part of the Phoenix
Plate was already ~60 Myr old, the tear propagation speed would be ~300 km/Myr (van Hunen &
Allen, 2011). This implies that the Phoenix Plate slab south of the Hikurangi Plateau was fully detached
within 5 Myr of the onset of slab tearing. The loss of the deeper, steeply dipping, and presumably largely eclo-
gitized slab of the Phoenix Plate—and the corresponding loss of negative buoyancy—would have caused the
shallower Phoenix Plate slab and the buoyant Hikurangi Plateau crust to rebound (Duretz et al., 2011;
Edwards et al., 2015; Gerya et al., 2004) and “underplate” the thin Chatham Rise continental accretionary
wedge and forearc crust (Figure 8d). Moreover, the loss of a large segment of the oceanic Phoenix Plate by
slab detachment, together with rebound of the remaining slab, will have triggered a regional dynamic topo-
graphic response along the East Gondwana margin (Duretz et al., 2011; Wortel & Spakman, 2000). A slab
detachment can also cause crustal extension as proposed for the India-Eurasia collision (Magni et al., 2017).
The margin uplifted and extension focused in the forearc area, which most likely intensified rifting and led to
the formation of the Bounty Trough by ca. 80 Ma, when westward-propagating seafloor spreading finally
separated southern Zealandia from West Antarctica (Figure 8d; Riefstahl et al., 2020).

Slab tearing created a pathway for mantle upwelling, which affected the evolving southern Zealandia rifted
margin around 85 Ma (Hoernle et al., 2020; Riefstahl et al., 2020; Tulloch et al., 2019). Alkaline magmatism
occurred on the Chatham Islands between 86 and 79 Ma (Panter et al., 2006) and at several seamounts
further to the south and west of the Chatham Islands (Hoernle et al., 2020; Homrighausen et al., 2018;
Mortimer, Campbell, & Moerhuis, 2019). Isotopic constraints of this intraplate volcanic event indicate a
common HIMU end-member across multiple volcanic provinces in southern Zealandia (Hoernle et al., 2020)
and suggest that the same deep-mantle source was involved in the evolution of the alkaline volcanic pro-
vinces located on the South Islands Marlborough (98-69 Ma; McCoy-West et al., 2010; Mortimer,
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Campbell, & Moerhuis, 2019; van der Meer et al., 2016, 2017) and seamounts on the Hikurangi Plateau (99—
86 Ma; Hoernle et al., 2010). If the mantle was already upwelling beneath the Hikurangi Plateau and the
Phoenix Plate at or before 100 Ma, this could have also contributed to shallow subduction and flattening
of the Phoenix Plate slab before 100 Ma (Figure 8b). This may be comparable with the central Andes, where
a plume is suggested to have resulted in shallow and flat subduction (Gianni et al., 2017). A low-velocity zone
in the mantle has also been identified in the Peruvian Andes below its prominent flat slab segment (Bishop
et al., 2017). Although alkaline volcanism in southern Zealandia was apparently spatially limited and of low
volume, magnetic anomalies in the region suggest that it affected larger areas (Tulloch et al., 2019).

5.7. Plate Tectonic Implications

A global-scale plate reorganization event, inferred to have occurred between 105 and 100 Ma, is thought to
be the cause for fracture zone bendings and terminations preserved in all ocean basins, as well as the trigger
for changes in the tectonic regimes like thrusting initiation, transpression and basin inversions (Matthews
et al., 2012). Following Bradshaw (1989) and Luyendyk et al. (2001), Matthews et al. (2012) argued that
the subduction of a spreading ridge along the East Gondwana margin initiated this event and the changing
tectonic regime in the region of the Zealandia continent. Contrastingly, Davy (2014) and Reyners et al.
(2017) proposed that the cessation of subduction along the East Gondwana margin in response to jamming
by the Hikurangi Plateau initiated the plate reorganization and the transformation from subduction to
extension. Recent research suggests that this mid-Cretaceous global plate reorganization event already com-
menced at ~111 Ma following to a slab detachment in the Mesotethys Ocean (Olierook et al., 2020).

Geodynamic modeling suggests that the slab width has significant first-order effects on plate kinematic
processes (Schellart et al., 2007). Cessation of subduction in response to underthrusting of the Hikurangi
Plateau would have split the ultra-wide subduction zone—which, at that time, extended across New
Guinea, Australia, Zealandia, West Antarctica, and South America (e.g., Matthews et al., 2016)—into two
narrower subduction zones east and west of the Hikurangi Plateau. We suggest that this fragmentation of
the East Gondwana subduction zone and Phoenix Plate—the major consequence of the cessation of subduc-
tion of the Hikurangi Plateau—significantly contributed to and prolonged the ongoing global plate reorga-
nization event between 105 and 100 Ma. Our study highlights that oceanic plateau subduction,
underthrusting and subduction zone jamming can result in various local, regional, and global effects with
significant consequences.

6. Conclusions

In this study, we present newly acquired seismic refraction/wide-angle reflection, MCS reflection, and
potential field data along a profile across the submarine Chatham Rise, offshore New Zealand. Our
P-wave velocity and gravity modeling reveal the crustal structure of the Chatham Rise west of the
Chatham Islands. The models provide new insights into the former East Gondwana subduction zone, which
was blocked by subduction and underthrusting of the Hikurangi Plateau in the mid-Cretaceous.

P-wave velocities for the continental part of the Chatham Rise accretionary wedge suggest a composition
similar to that observed elsewhere on the Chatham Rise: mainly meta-graywackes, schist, and
high-metamorphic equivalents. Our P-wave velocity and density models indicate that the southernmost
extent of the underthrusted Hikurangi Plateau is less than 200 km from the northern border of the
Chatham Rise. Moreover, a piece of the ancient Phoenix Plate is still attached south of the Hikurangi
Plateau. Linking our observations with published geophysical data, we suggest that this piece of oceanic
crust extends from east of the Chatham Islands to the South Island of New Zealand (up to 1,000 X 250 km).

On the basis of our observations, we propose a multi-stage evolution of the East Gondwana subduction zone
prior to the onset of seafloor spreading between southern Zealandia and West Antarctica, as follows: The
110-100 Ma subduction of the buoyant Hikurangi Plateau decreased convergence velocities and triggered
flattening of the Phoenix Plate slab. Together with the proposed rotation of the East Gondwana margin, this
eventually led to extension initiation on the Chatham Rise. Synchronously, STEP faults both east and west of
the Hikurangi Plateau became active. After cessation of subduction activity, slab rollback intensified exten-
sion in the Bounty Trough area. At 90 Ma, detachment of large proportions of the Phoenix Plate slab created
a pathway for upwelling mantle.
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the effects that the subduction of an oceanic plateau can have on regional and global plate tectonics.
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