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1. Aufgabenstellung

Im Rahmen des Forschungsprojektes MANGO (Marine Geowissenschaftliche
Untersuchungen zum In- und Output der Kermadec Subduktionszone) wurden marin-
geophysikalische Untersuchungen mit FS SONNE entlang der Kermadec Subduktionszone,
zwischen der Nordinsel Neuseelands und Raoul Island durchgefiihrt. Wahrend der Fahrt SO
192-1 wurden - neben bathymetrischen und Magnetfeldmessungen — refraktionsseismische
und reflexionsseismische Daten mit dem Ziel gewonnen, strukturelle Wechselwirkungen
zwischen Unter- und Oberplatte zu untersuchen.

2. Voraussetzungen

Die SONNE-Fahrt SO192-1 wurde im Zeitraum vom 24.03. bis zum 22.04.2007 planmafig
und erfolgreich durchgefihrt. Erganzend zur Expedition des FS SONNE wurden von den
neuseelandischen Projektpartnern ein paar Monate spater hochaufldsende
reflexionsseismische Daten deckungsgleich mit dem stdlichsten MANGO-Profil akquiriert.
Ein regelmafiger Austausch zwischen den Arbeitsgruppen in Kiel (IFM-GEOMAR) und den
neuseelandischen Projektpartnern in Wellington (GNS Science) bildete die Grundlage fur
den erfolgreichen Abschluss der wissenschaftlichen Arbeiten, die in den unten aufgefuhrten
Publikationen detailliert dargestellt sind. Die parallel ablaufenden Arbeiten der
Datenbearbeitung und Dateninterpretationen auf die beiden Standorte Wellington und Kiel
setzte einen koordinierten wissenschaftlichen Austausch voraus, der aufgrund der guten
Kooperation der Arbeitsgruppen erfolgreich und effektiv umgesetzt werden konnte.

3. Planung und Ablauf
Der vorgelegte Zeitplan wurde eingehalten.

4. Wissenschaftlich-technischer Stand
Der wissenschaftlich-technische Stand ist im Antrag ausfuhrlich dargelegt.

5. Zusammenarbeit mit anderen Stellen

Neben den Projektmitarbeitern des Verbundprojektes MANGO waren weitere
Wissenschaftler aus Kiel (Christian-Albrechts-Universitat) und Neuseeland (GNS Science
und Victoria University of Wellington) an der Ausfahrt beteiligt.

Die Arbeiten des Vorhabens profitierten mafigeblich von einem Austausch mit laufenden

sowie abgeschlossenen Projekten basierend auf FS SONNE-Fahrten entlang des gesamten
Hikurangi-Kermadec-Tonga-Bogens (SO191, SO194 und SO195), so dass die Ergebnisse
nicht nur im Hinblick auf das Untersuchungsgebiet, sondern im Rahmen des
plattentektonischen Systems einzuordnen sind.

Die im MANGO Projekt aufgezeichneten magnetischen Daten sind in die neuseeléndische



Datenbank samtlicher aeromagnetischen und von Schiffen gesammelten Daten
aufgenommen, welche wiederum auch dem MANGO Projekt zur Verfugung gestellt wurden.

6. Eingehende Darstellung der wissenschaftlichen Ergebnisse

Geophysikalische Untersuchungen der nérdlichen Hikurangi Subduktionszone nordéstlich
von Neuseeland mit den MANGO-Daten bilden den Forearc und die umgebenden
lithospharischen Strukturen ab. Ein seismisches Geschwindigkeitsfeld (Vp) wurde mit
seismischen Weitwinkeldaten bestimmt, und die strukturelle Interpretation wurde unterstutzt
von seismischer Mehrkanal-Reflexionsstratigraphie sowie Schwere- und Magnetik-
Modellierungen. Dabei stellte sich heraus, dass das subduzierende Hikurangi Plateau eine 2-
km méachtige Sedimentschicht Uber einer 2-km machtigen Schicht aus vulkanischen Klasten,
losem Kalkstein und Kies tragt. Die obere Plateaukruste hat eine seismische
Geschwindigkeit von 4.9-6.7 km/s Uber eine unteren Kruste mit Vp>7.1 km/s. Die
Schweremodellierung ergibt eine Plateau-Machtighkeit von ca. 10 km. Das reaktivierte
Raukumara-Forearc-Becken ist Uber 10 km tief auf einer 5-10 km machtigen australischen
Kruste. Der Forearc-Mantel, mit Vp>8 km/s, erscheint unbeeinflusst durch Subduktions-
Hydrierungs-Prozesse. Unter dem East Cape Riicken (Forearc-Hoch) liegt bei 3.5 km Tiefe
eine stark magnetische Hochgeschwindigkeitszone, die als Teil des an Land befindlichen
vulkanischen Matakaoa-Allochthon und/oder als aufgeschobenes Raukumarabecken-
Grundgebirge von wahrscheinlich ozeanischen Krustenursprungs interpretiert wurde. Unter
der Tiefseegrabensteigung befindet sich Material mit langsamen seismischen
Geschwindigkeiten, hoher Wellenddmpfung und niedriger Dichte, was als akkretiertes und
recyceltes Material interpretiert wurde und andeutet, dass Underplating und Hebung den
East Cape Ricken destabilisieren und Hangrutschungen nach zwei Seiten ausldst. Eine
Massenbilanz zeigt, dass das akkretierte und recycelte Material 25-100% des gesamten
reinkommenden Sediments ausmacht, wovon der Rest durch Erosion von alterem
akkretierten Material in die umliegenden Becken erklart werden kann. Dadurch wirde sich
ergeben, dass der Abtrag von kontinentalem Material in den Mantel an Subduktionszonen
erheblich Gberschatzt wurde, weil Underplating unter Forearc-Hochs bislang nicht
angemessen berlcksichtigt wurde. Eine detaillierte Darstellung der Ergebnisse ist im
Manuskript von Scherwath et al., 2009, JGR zusammengefasst.

Die seismischen Refraktionsdaten des MANGO Projekts sind zusammen mit seismischen
Reflexionsdaten genutzt worden, um Krustenstrukturen zu bestimmen, ein Forearc-Becken
mit 12 km méachtigen Sedimenten zu kartieren, und einen Subduktions-Thrust bis in 35 km
Tiefe abzubilden. Seismische Reflexionsmegasequenzen innerhalb des Beckens korrelieren
mit der Geologie an Land: Megasequenz X, marine passive Kontinentalrandsedimente der
spaten Kreide und des Paldogen; Megasequenz Y, eine 10000 kubic-km
Meeresbodenrutschung wahrend der Initiierung der Subduktion vor 22 Ma; und
Megasequenz Z, eine Subduktionszonenrandsequenz aus dem Neogen. Die Moho liegt bei
17 km Tiefe unter dem Zentralbecken und bei 35 km Tiefe am sidlichen Rand. Unterhalb
des westlichen Beckenrandes liegen vermutlich reflektive Einheiten der Gondwana-Forearc-
Sedimente, die wahrend der Kreide Uber die 7-km méachtige ozeanische Kruste geschoben
wurden. Das Raukumara Becken zeigt Abschiebungen am westlichen Rand und ist entlang
seines ostlichen und sudlichen Randes gehoben. Das Raukumara Becken stellt einen rigiden
Forearc-Block von >150 km Lange dar, der den weit verbreiteten Stérungen und Rotationen
des Neogen im Siden entgegensteht. Die Feinstrukturen der allochthonen Megasequenz Y
entsprechen eher einer westwarts oder nordwestwarts gerichteten Ablagerung, und
widersprechen damit der vorgeschlagen Studwestwartsbewegung des entspechenden
Allochthons an Land. Die raumliche Korrelation zwischen den Gesteinshebungen der
ostlichen und sudlichen Beckenrander und dem Schnittpunkt von Moho und der
subduzierten Lithospharenplatte deutet darauf hin, dass krustales Underplating durch die
Forearc-Krustenmachtigkeit angepasst wird. Die Tiefseegrabenhang hat viele kleine
Dehungsstérungen und keine koharenten internen Reflektoren, was auf Abbrechen von
verharteten Gestein hinweist, an Stelle einer Akkretion von >1 km machtigen Sedimenten der
reinkommenden Platte. Fehlende vulkanische Einschlisse 6stlich des aktiven Arcs und der



stratigraphische Nachweis der Erweiterung des Forearcs mit der Zeit deuten auf Forearc-
Akkretion seit 22 Ma hin. Es wird ein Kreislauf der Forearc-Kinematik vorgeschlagen, in dem
das Gestein durch den Subduktionskanal in die Nahe der Krustenbasis transportiert wird, wo
Underplating zu Gesteinhebung flihrt, der Tiefseegrabenhang zu steil wird und Richtung
Graben und Subduktionskanal kollabiert. Dieser Gesteinspartikelkreislauf fuhrt zu stetiger
Senkung des Tiefseegrabenhanges wahrend der Akkretion. Globale Schatzungen von
Forarc-Verlust sind systematisch zu hoch, da sie nur von vertikalen Partikelbewegungen
ausgehen. Weitere Details sind in der Veroéffentlichung Sutherland et al., 2009, Tectonics,
aufgeflhrt.

Seismische Weitwinkeldaten von der zentralen Tonga-Kermadec-Subduktionszone
bestimmen die Strukturen der reinkommenden pazifischen Platte und dem Uberliegenden
australischen Arc in der Nahe des aktiven Arc-Vulkans Raoul Island bei 29° Sid. Die
subduzierende pazifische Platte ist 5-6 km machtig mit Geschwindigkeiten von 5.2-6.9 km/s
sowie isolierten Zonen verringerter Geschwindigkeiten und ist bedeckt mit bis zu 100 m
machtigen Sedimentpaketen. Der darunter liegende pazifische Mantel hat eine seismische
Geschwindigkeit von 7.4 km/s. Diese allgemein niedrigen Geschwindigkeiten in Kruste und
Mantel zeigen eine erhebliche Veranderung der rauen und gebrochenen reinkommenden
Platte, welche somit wahrscheinlich einen héheren Anteil von freiem Wasser in die
Subduktionszone einbringt. Die Arc-Kruste ist ungefahr 12 km méchtig mit
Geschwindigkeiten von 4.2-7.0 km/s und einer 40-km weiten Region verringerter
Geschwindigkeiten direkt iber der Kontaktzone mit der subduzierten Kruste. Die Sedimente
auf dem Arc sind durchschnittlich ca. 1 km méachtig und bilden ein bis zu 3 km tiefes und 90
km breites Forearc-Becken. Der Mantelkeil hat eine seismische Geschwindigkeit von 7.5-7.7
km/s, was niedriger als typischer Arc-Mantel ist. Diese niedrigen Geschwindigkeiten werden
als Ergebnis von Serpentinisierung des vorderen Arc-Mantels angesehen, verursacht durch
die hohe Menge an reinkommendem freien Wasser. Diese Ergebnisse demonstrieren die
Méglichkeit, dass auch in Regionen ohne viel subduzierendes Sediment relativ viel freies
Wasser in Subduktionszonen eingefuhrt werden kann. Eine detaillierte Darstellung der
Ergebnisse ist im Manuskript von Scherwath et al., 2009, EPSL zusammengefasst.

Um 34.5° und um 33° Sud befinden sich zwei weitere Datenprofile des MANGO Projekts.
Diese beiden Profile der zentralen Kermadec-Subduktionszone decken den australischen
Arc zu beiden Seiten des Kermadec-Rilckens ab. Trotz der relativen Nahe dieser beiden
Profile zeigen die Ergebnisse einige Unterschiede auf. Im Back-Arc-Bereich ist die Kruste am
noérdlichen Profil deutlich verdiinnt, was auf eine durch Rifting gestreckte Kruste schlielen
I&sst. Auch die Wassertiefen sind grof3er als beim sudlichen Profil, wo auch die Back-Arc-
Kruste deutlich machtiger ist. Dieser sudlichere Teil weist auch verringerte seismische
Geschwindigkeiten im oberen Mantel auf (7.6 km/s statt 7.9 km/s wie im Fore-Arc-Bereich),
was eventuell auf thermische Streckung hinweist, die mit einer Veranderung des Arc-
Vulkanismus einhergeht. Details zu diesen Ergebnissen wurden in einem erweiterten
Abstrakt von Scherwath et al., 2009, beschrieben und werden in einem umfassenderen
Manuskript zur Publikation vorbereitet.

7. Fortschreibung des Verwertungsplans
¢ Es sind keine Erfindungen/Schutzrechtsanmeldungen gemacht oder Schutzrechte erteilt
worden.

» Wirtschaftliche Verwertungskonzepte sind derzeit nicht konkret.

» Wissenschaftliche Ergebnisse wurden in Publikationen und auf nationalen und
internationalen Tagungen mit Kurzfassungen von Postern und Vortradgen verwertet. Diese
sind Ansatzpunkte fiir zukiinftige Forschungsarbeiten und eréffnen bzw. vertiefen unsere
internationale wissenschaftliche Zusammenarbeit in der marinen Geophysik (aktive
Kontinentalrander). Bisher erschienene und eingereichte Publikationen sind im Anhang
gelistet. Publikationen mit peer-review Verfahren finden sich in Kopie im Anhang.



Wissenschaftliche Anschlussfahigkeit fur eine mogliche nachste Phase: Eine
weitergehende Untersuchung des Messgebietes, die Licken schlie3t und offene Fragen
angeht, soll in Form eines SONNE-Fahrtvorschlages im Marz 2010 beantragt werden.

8. Ergebnisse von dritter Seite mit Relevanz zum laufenden Projekt

Wir stehen in engem Austausch mit internationalen Gruppen, die sich mit der
Systemforschung an aktiven Kontinentrandern befassen und haben laufend Ergebnisse
von dritter Seite in unsere Arbeiten integriert (z.B. neue Untersuchungen der Hikurangi-
Zone des GNS Neuseeland (S. Henrys, R. Sutherland), die viele Korrelationen mit dem
AuReren Hoch im SINDBAD-Arbeitsgebiet (SO190) aufweisen.
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Abstract

Geophysical investigations of the northern Hikurangi subduction zone northeast of New Zealand,
image forearc and surrounding upper lithospheric structures. A seismic velocity (Vp) field is
determined from seismic wide-angle data, and our structural interpretation is supported by multi-
channel seismic reflection stratigraphy and gravity and magnetic modeling. We found that the
subducting Hikurangi Plateau carries about 2 km of sediments above a 2 km mixed layer of
volcaniclastics, limestone and chert. The upper plateau crust is characterized by Vp=4.9-6.7 km/s

overlying the lower crust with Vp>7.1 km/s. Gravity modeling yields a plateau thickness around 10
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km. The reactivated Raukumara forearc basin is >10 km deep, deposited on 5-10 km thick
Australian crust. The forearc mantle of Vp>8 km/s appears unaffected by subduction hydration
processes. The East Cape Ridge forearc high is underlain by a 3.5 km deep highly magnetic high-
velocity zone, interpreted as part of the onshore Matakaoa volcanic allochthon and/or uplifted
Raukumara Basin basement of probable oceanic crustal origin. Beneath the trench slope, we
interpret low-seismic-velocity, high-attenuation, low-density forearc material as accreted and
recycled, suggesting that underplating and uplift destabilizes East Cape Ridge, triggering two-sided
mass wastings. A mass balance calculation indicates that the proposed accreted and recycled
material represents 25-100% of all incoming sediment, and any remainder could be accounted for
through erosion of older accreted material into surrounding basins. We suggest that continental
mass flux into the mantle at subduction zones may be significantly overestimated because crustal

underplating beneath forearc highs have not properly been accounted for.

Index Terms: 8170 Subduction zone processes (1031, 3060, 3613, 8413); 3025 Marine seismics
(0935, 7294); 7218 Lithosphere (1236); 3040 Plate tectonics (8150, 8155, 8157, 8158); 8015 Local
crustal structure.

Keywords: subduction accretion and erosion; underplating; subduction mass balance; forearc basin;

Hikurangi Margin.

1. Introduction

Understanding and quantifying how mass transfer processes vary in space and time at subduction
zones is essential to address questions surrounding the long-term growth of continents [e.g. Rudnick
and Fountain, 1995]. The balance of sediment accretion, subduction erosion, and addition of

mantle-derived material in the magmatic arc determines if a convergent margin is a site of net
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crustal growth or destruction. The structure of accretionary wedges and erosional margins is now
well imaged in classic reflection seismic lines [e.g. Davey et al., 1986; Ye et al., 1997; Park et al.,
2002; Kopp and Kukowski, 2003; von Huene et al., 2004], and many analogue and numerical
simulations dedicated to convergent margin processes have focused on both the growth and erosion
of convergent margins [e.g. Davis et al., 1983; Gutscher et al., 1998; Upton et al., 2003; Litchfield
et al., 2007]. Based on such data and models, the global fluxes of subducted sediment and
continental material have been estimated [von Huene and Scholl, 1991; Clift and Vannucchi, 2004],
but large uncertainties remain. In this paper, we present new geophysical data from the northern
Hikurangi margin, New Zealand, and challenge some of the assumptions that underpin estimates of

global crustal fluxes in subduction zones.

The processes of forearc crustal accretion or erosion are causally related to the behavior of the
subduction thrust and faults within both the footwall and hanging wall, so our results have
significance for understanding seismic hazard. Subduction zones typically show significant along-
strike variability and it is clear that deep forearc basins point to significant regional tectonic controls
on processes occurring at the plate interface, with implications for the nucleation and propagation of
large-magnitude subduction earthquakes [Song and Simons, 2003; Wells et al., 2003]. For most
subduction zones, the details of the spatial and temporal relationships between subduction
accretion, erosion processes, forearc basin subsidence, and regional uplift patterns remain largely
unresolved. However, it has been suggested that there is a correlation between the locations of large
earthquakes, forearc basins, and gravity lows; and permanent interseismic subsidence is inferred to
have been caused by plate coupling and long-term subduction erosion in those regions [Song and

Simons, 2003; Wells et al., 2003].

The northern Hikurangi margin and Raukumara Peninsula of New Zealand (Figure 1) provide an
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ideal setting to examine these along-strike processes, because a broad range of complimentary data
types are available and marked differences in morphology and geological structure along and across
the margin point to significant changes in subduction mechanics. The Hikurangi Plateau, a
Cretaceous Large Igneous Province of the Pacific Plate [Davy and Wood, 1994; Mortimer and
Parkinson, 1996], is subducting westward at c. 60 mm/yr relative to the forearc, causing active
uplift of Raukumara Peninsula [Litchfield et al., 2007; Wilson et al., 2007], but farther to the east
the outer trench slope is steep and subject to basal tectonic erosion [Collot et al. 1996; Davey et al.,
1997; Barker et al., 2009]. Along-strike towards the north, Raukumara Peninsula is replaced by a
deep (>12 km) sedimentary basin coincident with a prominent -140 mgal gravity low, and is

bounded to the east by a protuberant outer forearc high and a steep frontal margin wedge.

Recently, Sutherland et al. [2009] presented an overview of new seismic reflection and refraction
data where the large-scale structure and stratigraphy of Raukumara Basin were mapped out,
suggesting a new kinematic model of the forearc that involved frontal subduction erosion and basal
accretion of the eroded material into the lower crust of the hanging wall. In this paper, we present a
detailed analysis of seismic wide-angle reflection and refraction data collected along a dip profile
through the basin and across the subduction zone to the footwall. Our seismic velocity image is
combined with stratigraphy from multi-channel seismic reflection profiles and ship-born gravity
and magnetic data to yield structural constraints that allow us to more precisely identify and
quantify subduction processes within the upper 20 km, which in this case of relatively thin hanging-

wall crust includes the Moho, crust, and the accreted forearc material.

2. Tectonic Setting

The region immediately northeast of the North Island of New Zealand (Figure 1), marks a transition
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from the Tonga-Kermadec to the Hikurangi subduction zone. The region includes a north-to-south
transition on the downgoing Pacific plate from typical oceanic crust to anomalously-thick oceanic
crust of the Hikurangi Plateau (Rapuhia scarp, Figure 1) [Davy and Collot, 2000], and on the over-
riding plate from thin crust of possible oceanic type to continental crust of 30-40 km thickness
[Reyners et al., 1999; Reyners et al., 2006; Sutherland et al., 2009]. The Cretaceous Hikurangi
Plateau [Mortimer and Parkinson, 1996] has a crustal thickness of about 10-15 km to the east of
Raukumara Peninsula [Davy and Wood, 1994]. The anomalous nature of this subducting plateau is
implicated in models for uplift of the East Coast of the North Island and exposure of the forearc
[Litchfield et al., 2007]. Geodetic measurements and active faulting indicate that the eastern part of
the peninsula is currently extending normal to the plate margin [Thornley, 1996] and experienced

up to 6 km of extension since the Pliocene [Nicol et al., 2007].

In the region of the northern Hikurangi margin, the Pacific and Australian plates are converging
obliquely at about 45 mm/yr [DeMets et al. 1994] (Figure 1), but back-arc spreading in the Havre
Trough and central North Island result in almost orthogonal convergence across the subduction
thrust at c. 60 mm/yr in our study region [Wallace et al. 2004]. The general shape of the subducted
plate has been revealed by compilations of seismicity from the IRIS Data Management Center, the
New Zealand national seismograph network, and deployment of a dense network of portable
seismographs [Reyners et al., 1999]. The continental crust is ~20 km thick beneath the northern
Raukumara Peninsula and thickens to greater than 35 km to the south, as inferred from crustal
seismic P-wave velocity (Vp) estimates of 5.5-6.5 km/s [Reyners et al., 1999; Reyners et al., 2006;
Sutherland et al., 2009]. Earthquake hypocenters cluster within the upper part of the subducting
plate at 15 km depth, and in the crust between the east coast of Raukumara Peninsula and the
subduction front. The uppermost c¢. 10 km of the mantle of the subducted slab consistently has Vp

>8.5 km/s, and reduces to more normal mantle velocities of c. Vp=8.2 km/s beneath [Reyners et al.,
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1999]. Earthquake focal mechanisms indicate down-dip tensional strain within the subducting plate,
and NNW-SSE extensional strain within the shallow part of the upper plate [Reyners and McGinty,

1999], consistent with geological and geodetic observations [Arnadottir et al., 1999].

Onshore, Raukumara Peninsula can be divided into distinct geological units [Mazengarb and
Harris, 1994; Field et al., 1997, Mazengarb and Speden, 2000] (Figure 1) that can also be
recognized offshore as seismic-reflection megasequences [Sutherland et al., 2009]: (1) a western
unit of Early Cretaceous greywacke basement in the Raukumara Range; (2) Late Cretaceous and
Paleogene marine passive margin sediments (megasequence X); (3) the East Coast Allochthon
(megasequence Y), a belt of Late Cretaceous and Early Tertiary rocks that were thrust towards the
southwest over units 1 and 2 during the earliest Miocene. The East Coast allochthon, together with
the enigmatic Matakaoa volcanic rocks, are considered concomitant with the emplacement of the
Northland ophiolite terrane of northern New Zealand [Whattam et al., 2004] and emplacement at
about 25-22 Ma was immediately followed by the onset of arc volcanism in Northland [Raif et al.,
1991; Herzer, 1995]; (4) an eastern unit consisting of Neogene marine sedimentary rocks
(megasequence Z) that overlie the allochthon in the east and is faulted against it in the west. Along
the Raukumara Range broad Quaternary antiformal uplift up to 4 mm/yr [Litchfield et al., 2007,
Wilson et al., 2007] (Figure 1) has been interpreted as being due to sediment subduction and

underplating at the base of the crust of the Australian plate [ Walcott, 1987; Reyners et al., 1999].

It is clear from the geometry of the toe of the frontal wedge today that the subducting margin is
undergoing tectonic erosion and subduction of material from the front of the wedge. Multibeam
bathymetry, side-scan sonar and seismic reflection studies [Collot et al., 1996] indicate that the toe
of the margin is indented by 10-25 km to the east of Raukumara Peninsula, relative to regions to the

northeast and southwest. This is inferred to be the result of repeated impacts of the large seamounts
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that are abundant on the northern Hikurangi Plateau. The two most recent impacts have left the
major Ruatoria and Poverty indentations [Lewis et al., 1998; Collot et al., 2001] in the margin east
of Raukumara Peninsula (Figure 1). Also, immediately to the north of Raukumara Peninsula
additional northward traveling debris avalanches have been mapped (Matakaoa Submarine
Instability Complex, off Matakaoa Scarp, as part of the Raukumara Plain in Figure 1) where ~3200
km3 of sediment has accumulated in the last 5 Ma [Lamarche et al., 2008]. These mass-transport
deposits are likely to be the result of slope oversteepening associated with peninsula uplift and

Raukumara Basin subsidence.

3. Seismic Wide-angle Data and Modeling

In March 2007, seismic wide-angle data were acquired onboard R/V Sonne as part of the MANGO
(Marine Geoscientific Investigations on the Input and Output of the Kermadec Subduction Zone)
project [Flueh and Kopp, 2007]. A total of 29 Ocean Bottom Seismometers and Hydrophones
(hereinafter referred to as OBS/H) were deployed from about 40 km east of the subduction front on
the Hikurangi Plateau, across the deformation front and East Cape Ridge, and covering the eastern
part of the Raukumara forearc basin (MANGO-1 in Figure 1). Airgun shots from a 64 liter G-gun
cluster, spaced nominally at 150 m, covered the line of OBS/H stations and extended across the
entire Raukumara Basin and ending on the Kermadec Ridge near Whakatane volcano. Adverse
weather conditions led to the occasional interruption of the shooting when the ship had to leave
track to sail into the wind. The data quality generally is moderate, with signals recorded at offsets

up to 30-50 km, and to 70 km in Raukumara Basin.

The seismic wide-angle data were used to generate a two-dimensional (2D) P-wave velocity model

of the crust and uppermost mantle using the ray-tracing and traveltime inversion method of Zelt and
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Smith [1992]. This method calculates arrival times through forward ray-tracing in a model that
consists of nodes for layer depth and velocities at the top and bottom of each layer. The calculated
arrival times are compared to the observed ones and the misfit is reduced either by automatic least-
square inversion or by manually adjusting the model. A resolution matrix is calculated to assess the

model uncertainty [Zelt and Smith, 1992].

Bathymetry data and structure and interval velocities from the coincident seismic reflection profile
RAUO07-05 (see below) provide prior information and were used to determine the shallow structure
for a suitable starting model. The final model was determined from the top down, adding seismic
phases with longer offsets from deeper structures. This strategy prevents smearing effects of
possibly inaccurate shallow structures into deeper parts of the model. As our preferred final model
should only consist of structures derived from the data plus the prior information, the final model is
a "minimum-parameter/prior structure" model as defined by Zelt [1999]. Our modeling involved
both automatic inversion and manual model adjustments at complex model regions or limited data

coverage where inversion proved difficult.

Examples of the wide-angle data are shown in Figures 2a to f. Arrival times for several seismic
phases were picked: (1) refracted arrivals from the sediments (Psed) (e.g. Figure 2a), upper and
lower crust (Pg) (e.g. Figure 2b), and upper-most Australian mantle (Pn) (Figures 2e and f); and (2)
later arrivals corresponding to reflected waves from intermittent boundaries such as from the
presumed decollement (PdP) (Figure 2c¢), mid-sedimentary reflection from Raukumara Basin
(PsedP) (Figure 2f), and finally deeper reflections from Australian crust (PcP) and Moho (PmP)
(Figure 2f). We were unable to detect deeper phases from the incoming Pacific plate, and neither
could we pick reflections off the downgoing slab beneath Raukumara Basin as these arrivals were

masked by the water column multiple (Figure 2f). In total 4400 arrivals were picked and modeled.
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Figure 3 shows our preferred final model which consists of a water layer, up to five sedimentary
layers to accommodate the structures within Raukumara Basin, one intermediate velocity layer
above the Hikurangi Plateau crust and below the sediments, three crustal layers for the Hikurangi
Plateau of which the uppermost layer only marks a change in the velocity gradient of the shallow
crust, and finally two crustal and one mantle layer for the overriding Australian arc. Note that the
Moho shown below the Hikurangi Plateau is based on the gravity modeling (below) and is not

resolved by the seismic data. Details of the model features are discussed below.

The data examples in Figures 2a-f also show predicted arrival times from our preferred final model.
The central panels of Figures 2a-f show all predicted P-waves plotted on top of the recorded data,
whereas the bottom panel shows rays that correspond only to the picked arrivals to indicate model
coverage. The average RMS misfit of the predicted arrivals is 70 ms which, taking into account the
relatively large data uncertainty from the reduced data quality, corresponds to a normalized chi-

square value of just below 1.

Model resolution and coverage are shown in Figure 4, using only the seismic wide-angle reflection
and refraction data without taking into account available multi-channel seismic (MCS) data (see
below). Resolution values between 0.0 (small symbols) and 1.0 (large symbols) indicate how well
each model parameter is resolved with respect to the relative number of rays. Zelt and Smith [1992]
found that a node with a resolution value greater 0.5 is considered well resolved. Evaluating model
resolution together with the ray paths, Figure 4 shows that the shallow structures of the Hikurangi
Plateau are well resolved. In the central part, below East Cape Ridge, only few rays could be traced
and used for determining the deeper structure, yet the shallow structures again appear well resolved.

Raukumara Basin in the west is well resolved in its central part down to the arc mantle at 19 km
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depth, although its western part is increasingly less resolved by the wide-angle data. The structures
of the western Raukumara Basin are entirely based on the MCS data as shown below, and no
modeling emphasis has been placed to this region outside the OBS/H station distribution. The MCS
data are also the basis for modeling the shallow sedimentary structures and therefore the resolution
of the high number of model nodes is not shown here. Similarly, the subducting slab is manifest as a
clear reflector in the MCS data and was used to determine the slab dip below Raukumara Basin but

is not obviously apparent in the wide-angle data.

Considering model coverage, node resolution, data uncertainties and manually adjusting model
parameters to test alternative structures, the following model uncertainties are estimated (larger
estimates in brackets are for deeper or less resolved structures): Depth to sediments: +/- 80 (300) m;
depth to crust: +/- 100 (500) m, depth to mantle: +/- 500 (1000) m; velocity of sediments: +/- 100

(300) m/s; velocity of crust 80 (400) m/s; velocity of mantle: +/- 150 m/s.

4. Coincident Seismic Reflection Profile

The wide-angle reflection and refraction line MANGO-1 was co-located with the MCS line
RAUO07-05, which was recorded also in 2007 a few months after the MANGO-1 deployment
[Sutherland et al., 2009]. Data for RAUO7-05 were acquired using a 86.5 1 (5280 cu in) source and
7.3 km streamer, with 50 m shotpoint spacing and 15.3 s record length. Details of data processing

applied are given elsewhere [Fugro Seismic Imaging, 2007].

Line RAUO07-05 (Figure 5) provides a clear image of Raukumara Basin, the underlying Australian
crust, and a clear reflection band off the subducting slab down to 15 s two-way travel time (TWT).

Figure 5 shows the wide-angle model drawn as reflections in TWT on top.
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Following the interpretation of Sutherland et al. [2009], the reflection strata can be divided into
three sedimentary megasequences, X, Y and Z (Figure 5). Starting from the top, megasequence Z
comprises recent slumps and slides including the Matakaoa Submarine Instability Complex across
the Raukumara Plain [Lamarche et al., 2008] as well as the downslope collapse structures east of
East Cape Ridge. The bottom of megasequence Z is marked in our model as the bottom of the
second sedimentary layer, reaching down to 4.5 km depth (2.5 km below seafloor) around model-
km 185, the depocenter of the more recent arc volcanic input. The base consists of mostly

continuous reflectors.

Megasequence Y is a thin unit (0-1.6 km thick) extending between East Cape Ridge and the center
of Raukumara Basin where it pinches out. Due to its small size, however, we did not include a small
additional layer in our model (Figure 3) but combined this unit with our sedimentary layer 3.
Megasequence Y is interpreted to represent a single large Cenozoic allochthonous slope failure

originating from East Cape Ridge.

The underlying megasequence X is up to 8 km thick in the deepest part of Raukumara Basin. The
sedimentary strata is interpreted to be Cretaceous in age and appears to be remarkably little

deformed considering its age and the tectonic history of the region [Sutherland et al., 2009].

Below the sedimentary megasequences there appear clear reflections from the top of the Australian
crust and the Moho, indicating the thinning of the crust around model-km 110. The strong sub-
Moho reflection at 15 s TWT around model-km 130 is interpreted and modeled as the top of the

downgoing slab.
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In contrast to the relatively deep reflectivity within and beneath the Raukumara forearc basin, the
profile reveals a relatively unreflective outer forearc high (East Cape Ridge), indicating intensive
forearc deformation potentially destroying coherent reflectivity here. The interpreted decollement
reflection that appears on the seismic wide-angle data (PdP on Figure 2c) would be predicted on the
MCS data around model-km 25 at about 5.5 s TWT but does not appear as strong reflection here.
Furthermore, the incoming Hikurangi Plateau appears also relatively unreflective, probably due to
its rough, scattering crust or its weakly reflective internal composition. Further discussion is given

below.

5. Gravity and Magnetic Data and Modeling

Potential field data from ship measurements along our profile were used to verify and improve the
seismically derived structural model as well as to constrain seismically unresolved sections of the
model. In particular, gravity data helped to estimate the thickness of the incoming Hikurangi
Plateau, where no deep mantle phases could be identified in the seismic data. The magnetic

anomalies yielded information on the occurrence of volcanic rock type and origin.

For an overview, Figure 6 shows a 3D view of gravity and magnetic anomalies draped over the
bathymetry. The 3D gravity anomalies stem from satellite data [Sandwell and Smith, 1997]. The
magnetic grid is a compilation of aecromagnetic data [Malahoff et al., 1982] and all available ship
data from the region, including newly collected data from the seismic cruises in 2007, leveled to a

common surface.

The most notable feature in the gravity data is the -140 mgal gravity low at the southern part of

Raukumara Basin. This gravity low is associated with both the deep basin as well as the southward
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thickening of the Australian Plate during its transition from island arc to continental character.

The magnetic field exhibits distinct positive (>150 nT) anomalies extending from the Matakaoa
volcanic anomaly onshore northeastward along East Cape Ridge (Figure 6). This corroborates the
suggestion by Davey et al. [1997] that the magnetic anomalies along East Cape Ridge are

associated with the same allochthonous material as observed onshore.

Gravity and magnetic data were also acquired along with the seismic reflection data of line RAUQ7-
05. The potential field data were modeled in a 2.5D sense using our previously derived velocity
structures to provide layer depths and to estimate densities and magnetizations. The result of our

forward model is shown in Figure 7.

Note that the lateral extent in and out of the model plane of the deeper parts of Raukumara Basin
were limited to 50 km on either side in accordance with the seismic reflection data [Sutherland et
al., 2009]. Furthermore, below the base of the reference lithosphere (at 70 km depth) a density

anomaly was inserted to model the subducting plate lithosphere sinking into the asthenosphere.

The density model produces anomalies that are in good agreement with the observed data. The
densities used here are also consistent with previous models [Gillies, 1984; Davey et al., 1997,
Davy et al., 2008], though compared with Sutheriand et al. [2009] they are about 5-10% denser in
the lower parts (except the mantle) but up to 5% lighter in the shallower parts of the model. The
latter discrepancy can readily be explained by the simplicity of Sutherland et al.'s [2009] density
model which only aimed at indicating a consistency between the general structural interpretation
and the observed densities without taking into account the accuracy of our new seismically derived

crustal model.

13



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

The magnetic anomalies proved more difficult to be modeled in 2D and we expect much of the
existing misfit to be due to 3D effects. Our main aim here was to determine the cause of the two
major positive anomalies; one at the western edge of the model, coincident with the Whakatane
volcano, and the second being the East Cape Ridge anomaly at model-km 65. Both can be modeled
by highly magnetized uppermost crust. The highest magnetic susceptibilities used were 0.085 to 0.1
and convert to magnetizations of 3.3 to 3.9 A/m. These values are larger than the largest
magnetizations of up to 3.3 A/m used by Davey et al. [1997], but in the range of magnetizations
(1.0 to 4.5 A/m) used by Gillies [1984], who had a more localized distribution of magnetic sources.
By placing smaller magnetizations into the remaining layers (magnetic susceptibility 0.002-0.05,
magnetization 0.1-2.0), magnetic anomalies of similar magnitudes and wavelength as the observed
anomalies are produced, but they do not exactly match the observed locations. A more localized
distribution of magnetic sources [Gillies, 1984; Davey et al., 1997] and, moreover, 3D modeling

may be attempted but would go beyond the purpose of our interpretation as discussed below.

A second magnetic model was produced using 2D Euler deconvolution [Durrheim and Cooper,
1998; Cooper, 2002; Cooper, 2004]. Figure 8 shows the most likely distribution of magnetic
sources along the model. The result matches the East Cape Ridge anomaly relatively well but fails
to focus magnetic sources at the western model edge (Whakatane volcano) where the deconvolution
window cannot capture the full wavelength of the associated magnetic anomaly. Another interesting
area of magnetic sources occurs around model-km 100, at about 3.5 km depth. The source coincides
with the thinned frontal edge of part of the offshore allochthon (Megasequence Y) as interpreted by

Sutherland et al. [2009]. The implications are discussed below.

6. Discussion
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6.1 Structure and Sediment Cover of the Subducting Hikurangi Plateau

When plateaus enter subduction zones, their role in the subduction processes is manifold. Plateaus
such as the Hikurangi Plateau carry a significant amount of water into the subduction zone,
potentially leading to voluminous arc volcanism [de Ronde et al., 2007]. Furthermore, plateau crust
is usually more buoyant than normal oceanic crust and may therefore cause either subduction
erosion [von Huene and Scholl, 1991] or enhanced uplift of the forearc [Collot and Davy, 1998;
Kopp et al., 2006]. If its thickness is too buoyant for subduction it may halt volcanism [McGeary et
al., 1985] or actually stall subduction entirely [Cloos, 1993; Mann and Taira, 2004; Davy et al.,
2008]. Our results place some new constraints on the geometry of the subducting Hikurangi

Plateau.

The northern Hikurangi Plateau is modeled as a 10 (+/-1) km thick crust (Vp >4.9 km/s) that is
overlain by up to 4 km of seismically slow (< 4.0 km/s) material (Figure 3). We interpret the
topmost 2.2 (+/-0.1) km of sediments with seismic velocities increasing from 1.6 to 3.5 km/s to
consist of predominantly coarse debris sourced by the collapsing frontal slope (e.g. Ruatoria Slide,
Figure 1). Below that lies a 2 (+/-0.2) km thick layer with seismic velocities of 3.8-4.0 km/s which,
following the recent description of the Hikurangi Plateau by Davy et al. [2008], is a mixed layer of
volcaniclastics, limestone, and chert (Figures 5 and 9). This interpretation is based on the seismic
velocities (too slow for basaltic or gabbroic crust) which are near the faster limit of volcaniclastics,
dredged from adjacent to the survey area [Hoernle et al., 2004], and limestone and chert as sampled

by drill cores from similar oceanic plateaus in the southwest Pacific [Davy et al., 2008].

Where the plateau enters the forearc, strong reflections are observed on OBS 12 around 4.5 s
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(Figure 2c), and these also appear on the two surrounding OBS. Strong reflections above the
downgoing plate typically stem from the decollement with elevated pore fluid pressures in the
subduction channel below [von Huene et al., 2004]. Our model predicts a suitable reflection off a
simple continuation of the mixed layer of volcaniclastics, limestone, and chert that produced clear
first arrival refractions on the seismic record from the Hikurangi Plateau (Figures 2a and b).
However, we cannot exclude the possibility that some of the overlying sediments are carried within
this subduction channel. In any case, if our interpretation for these strong reflections is correct, we
can infer a subduction thrust at about 20-40 km from the deformation front occurs at about 7-8 km

depth, below a 5-7 km thick hanging wall (Figure 9).

The underlying plateau crust is divided into two layers. The upper 4-5 km thick layer displays
seismic velocities of 4.9-6.7 km/s, around the typical average of 5.5 km/s for flood basalts normal
for the upper plateau crust [Coffin and Eldholm, 1994]. The lower crust could only be detected by a
few refractions of a velocity >7.1 km/s, again typical for lower plateau crust that presumably
consists of gabrroic to ultramafic material [Coffin ad Eldholm, 1994]. As no refractions could be
detected from the bottom of the plateau, its thickness could only be estimated using gravity data. In
our model, the depth of the Moho increases from 16 km in the east to 22 km below East Cape
Ridge, yielding a plateau thickness of roughly 10 km. This value appears to be a relatively thin
compared internationally to other Large Igneous Provinces (LIPs) with typical thicknesses of 20-40
km [Coffin and Eldholm, 1994]. Even compared to previous Hikurangi Plateau estimates of up 23
km thickness for the southern area [Davy et al., 2008] it seems relatively thin, but is in good
agreement with other estimates from the central and northern part of the plateau [Henrys et al.,

2006; Davy and Wood, 1994], and is sufficiently thin to subduct [Cloos, 1993].

Subduction of the Hikurangi Plateau occurs at a relatively shallow dip angle of a few degrees up to
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East Cape Ridge and then appears to steepen downdip. Reflections off the slab as recorded on MCS
line RAUO07-05 (Figure 5) suggest that the slab dips at around 20 degrees below Raukumara Basin,
about 120 km from the deformation front, and deep seismicity indicates an angle of almost 50

degrees further downdip toward the arc.

No direct evidence has been found for the down-dip extent of the Hikurangi Plateau, below which
the Pacific Plate subducts as normal oceanic crust. Our gravity model (Figure 7) requires less
negative density anomalies below the well-imaged Raukumara Basin; as a result we reduced the
thickness of the downgoing Pacific plate in this region. This complies with previous notions from
tomographic results from Raukumara Peninsula [Reyners et al., 2006] or geometrical considerations
regarding the possible common history of the Hikurangi and the Manihiki and Ontong-Java

Plateaus [Davy et al., 2008].

6.2 Arc and Forearc Raukumara Basin

The basin stratigraphy of line RAU07-05 has been described briefly above and in length by
Sutherland et al. [2009] and is shown in Figures 5 and 9. We generally note a good correlation
between what has been interpreted as Cretaceous sedimentary units and relatively fast (3.7-4.9
km/s) seismic velocities at depths between 6.0 km and 12.5 km. With an assigned density optimum
of 2.6 g/cm3 these basal sediments are considered to be highly consolidated and weakly
metamorphosed. Whakatane volcano of the active Kermadec arc is imaged at model 220 km

(Figures 1, 3, 5,7, 8, and 9), at the western margin of Raukumara Basin.

With a sedimentary infill of more than 10 km, Raukumara Basin is one of the deepest known

forearc basins at an active margin. A comparable forearc basin is found at the Middle American
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subduction zone, Sandino Basin offshore Nicaragua with an infill of up to 16 km [Ranero et al.,
2000; MclIntosh et al., 2007]. For Sandino Basin it has been suggested that it was created when a
new subduction zone developed seaward of the previous (Jurassic/Cretaceous) subduction zone
[Walther et al., 2000]. This is strikingly similar to the interpretation in our study area [Sutherland et
al., 2009], and perhaps the only mechanism that allows for the development of such super-deep

forearc basins.

A correlation exists between the thickest and deepest part of Raukumara Basin and the thinnest part
of the underlying crust. Below Raukumara Basin, the crustal thickness varies between up to 10 km
in the west and as thin as 5 km toward the central and eastern part of the basin (Figure 3). Isostacy
would have caused a natural depression at the thinnest part of the crust where sedimentation
commenced at the Gondwana margin. With the eastern margin of the basin tilted upwards at East
Cape Ridge, it is unclear what the eastern basin geometry was like before the onset of Neogene

distortion.

We speculate that the initiation of subduction in this location at 25-22 Ma was near the thinnest part
of the crust, based upon the correlation between the thickness of the upper plate and the location of

the plate edge near East Cape Ridge (Figures 3 and 9).

Below the forearc crust, we measured an upper mantle Vp of 8.05+/-0.15 km which is typical for
normal, unaltered mantle without serperntinization induced by hydration [Carison and Miller,
2003]. Bostock et al. [2002] speculate that all mantle wedges would be serpentinized, and this
would inhibit subduction zone thrust earthquakes to rupture below the Moho interception [Tichelaar
and Ruff, 1993]. Our measurements, however, imply a non-serpentinized mantle wedge at the Moho

interception, and so the northern Hikurangi margin may have a different mega-thrust earthquake
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potential than otherwise assumed.

6.3 East Cape Ridge Volcanics

We detected relatively high seismic velocities (about 5.8 km/s) at 3.5 km depth below the seafloor
at East Cape Ridge (Figure 3). We also model a source region for the observed magnetic anomaly
that approximately coincides with this seismic anomaly (Figures 7 and 8). We interpret the high-
velocity magnetic material to be volcanic and consider possibilities that the source material is: a
seamount that was subducted and accreted; or part of allochthonous unit Y within the basin
[Sutherland et al. 2009] and a correlative to the Matakaoa Volcanic unit mapped onshore
[Mazengarb and Speden, 2000]; or that it represents basement to Raukumara Basin that has been

uplifted.

Forearc accretion of seamounts from the Hikurangi Plateau may be likely in this region [Davey et
al., 1997; Henrys et al., 2006; Pecher et al., 2005], because the subducting Hikurangi Plateau has
numerous seamounts visible in the bathymetry (Figure 1) [Wood and Davy, 1994]. It has been
speculated that in the vicinity of our study area subducted seamounts are required to explain
localized uplift, erosion and basin evolution [Collot et al., 2001; Lewis et al., 2004]. Consideration
of the model location and dimension of the specific anomaly, which lies 10 km above the
subduction interface at East Cape Ridge, requires a detached and uplifted seamount. If a seamount
of 1-2 km elevation, which is the average for the Hikurangi Plateau, was subducted and detached
from the downgoing plate, then it has experienced an uplift of 8-9 km from the subduction interface
and has attained that height against its negative buoyancy. The large rock uplift value suggests that
it was accreted from the downgoing plate and has since undergone a long history of further

subduction and basal accretion. Although this scenario would explain the lack of any detectable scar
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at the trench, we consider it unlikely that such a scenario is mechanically feasible. However, we

have not made any mechanical model to simulate this process and retain it as a hypothesis.

There are several magnetic anomalies associated with East Cape Ridge that have similar amplitude
and wavelength and are aligned parallel to the ridge (Figure 6). The most southwestern anomaly
corresponds to where the Matakaoa Volcanics unit is mapped onshore as part of an allochthonous
unit emplaced at 25-22 Ma [Mazengarb and Speden, 2000]. Based upon our Euler deconvolution
analysis (Figure 8), we note a correlation between seismic-reflection megasequence Y (Figure 9),
which is a correlative of the onshore allochthon [Sutherland et al., 2009], and model sources of
magnetization (Figure 8). As this unit is supposed to represent a slump from the southeast, now the
region of East Cape Ridge, the magnetization indicates that the highly magnetic high velocity
anomaly below East Cape Ridge could either be a correlative of the unit, or could be the slump
source (large dashed arrow in Figure 9). Therefore, we conclude that we have very likely detected
an offshore part of the Matakaoa volcanics within allochthonous megasequence Y, and our results
support the conclusion by Davey et al. [1997] that the onshore allochthon volcanic geology extends

further northeast along East Cape Ridge.

The seismic velocity of the anomaly beneath East Cape Ridge (c. 5.8 km/s) is relatively similar to
that of the adjacent upper Australian crust beneath Raukumara Basin (5.4-5.8 km/s) and faster than
that of the upper Hikurangi Plateau crust (4.9 km/s). Thus, the origin of the seismic and magnetic
anomaly beneath East Cape Ridge could be from uplifted basement of Raukumara Basin, which in
turn may be the source of allochthonous material that was emplaced into the basin during
subduction initiation as the Matakaoa Volcanics and seismic-reflection megasequence Y. Cassidy
[1993] reports magnetizations of up to 5.5 A/m from similar allochthonous units in Northland that

were also emplaced at 25-22 Ma, so our estimate of 3.3-3.9 A/m seems reasonable and may imply a
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common origin of the material.

6.4 Tectonic Erosion and Accretion Between East Cape Ridge and the Trench

We interpret the region from East Cape Ridge to the Hikurangi Trench as the dynamic frontal 100
km of the forearc that is actively deforming. Our structural model (Figures 3 and 5) has a frontal
zone of relatively slow seismic velocities and high attenuation to the east of the high-velocity
anomaly that lies beneath East Cape Ridge (above). Figure 9 shows our structural interpretation of

the dip-profile from trench to forearc basin.

The slope of the seafloor near the deformation front is relatively steep at ~11 degrees over a
distance of 13 km in water depths of 3600 to 1100 m. High-resolution bathymetry and seismic data
reveal a highly-faulted slope of acoustically-reflective indurated material, apparently indicative of
collapse and subduction erosion [Collot and Davy, 1998]. Oversteepening of trench slopes by
subduction erosion can lead to dramatic, possibly tsunamogenic avalanches, highlighting the

importance of these observations [von Huene et al., 1989].

To classify margin types, however, wavelengths above 50 km need to be examined, and the frontal
forearc slope of our profile is around 3 degrees from East Cape Ridge to the trench. This is steeper
than observed globally at accretive margins and could, therefore, be considered as evidence for an
erosive subduction margin [Clift and Vannucchi, 2004]. However, allowing for the shallow
subduction angle of the plateau crust (~4 degrees within 70 km of the deformation front), the taper
angle is relatively shallow (7 degrees). In global comparison, this low taper angle is not clearly
erosive, and taking into account the trench sediment supply of about 2 km and the orthogonal plate

convergence rate of 60 km/Myr, the northern Hikurangi margin exhibits characteristics more
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consistent with an accretive margin setting [Clift and Vannucchi, 2004].

Another argument against net subduction erosion at the margin is given by Sutherland et al. [2009].
They argue that tectonic erosion of the forearc would lead to trench retreat over geologic time and
hence the Hikurangi volcanic arc would have moved westward with time, relative to Raukumara
Basin, to preserve the distance between the deformation front and the arc volcanoes [Lallemand,
1995]. However, they present evidence that extinct arc volcanoes are not present within the basin

and hence suggest little or no net tectonic erosion of the forearc since 22 Ma.

An alternative mechanism to consider is that of lower-crustal underplating and hence forearc uplift
caused by continuity of volume. Rather than being accreted at the toe of the forearc wedge,
incoming sedimentary material enters a subduction channel and then, because it is too buoyant and
weak to penetrate beneath the overriding mantle wedge, it is transferred across the subduction thrust
and is underplated to the forearc crust to form the root of the outer forearc high. This mechanism
was first suggested for Raukumara Peninsula by Walcott [1987], and was developed by Sutherland
et al. [2009] to include both subducted sediment and material derived from frontal subduction

erosion to explain the geometry and uplift of East Cape Ridge.

We are able to test and quantify the forearc kinematic model of Sutherland et al. [2009]. The region
between the trench and East Cape Ridge consists of material of relatively low seismic velocities
(3.3 km/s at 6 km below the seafloor) and low sedimentary densities (<2.3 g/ccm), as indicated by
the depression of the sedimentary bodies at model-km 40 in Figures 3 and 7. In addition, we infer
high seismic attenuation east of model-km 100 based upon weak refracted signals and the
incoherent seismic-reflection character of MCS data (Figures 2b-e and 5). We attribute these

seismic and density characteristics to the considerable internal deformation of the accreted and
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recycled forearc. Similar observations were made at the forearc high of the Sunda-Banda arc
transition [Shulgin et al., 2009], where the source of the material is attributed to basal accretion

based on numerical modeling [Selzer et al., 2008].

Our identification in cross-section of the material that is being recycled or actively accreted to the
forearc allows us to perform simplified calculations of mass fluxes at the subduction zone since 22
Ma. The total convergence at the subduction zone at this location since 22 Ma is assumed to be the
sum of the plate motion of 880 km, as computed from the rotations of Cande and Stock [2004], and
the back-arc opening in the Havre Trough of c. 120 km. The input of the subduction zone that is
available for accretion is the sediment thickness on the downgoing plate, and any volcanics (e.g.
seamounts) that could detach, integrated over the 22 Myr history of convergence. We identify 4 km
of material currently entering the subduction system on our cross-section, of which 2.2 km is
inferred to have collapsed off the adjacent trench slope, and some basal volcaniclastics may be
classified as part of the oceanic crust. The proximity of our profile to the Ruatoria Debris Avalanche
[Collot et al., 2001] results in an overestimation of how much material is added on average from
outside the system. About 1 km less trench fill is observed today on seismic lines north and south of
the Ruatoria Debris Avalanche. In general, the sediment thickness found on the Hikurangi Plateau
away from the active trench is <1 km [Davy et al., 2008], and so we estimate the total input to be
1000+/-500 km?2. The total volume of accreted and recycled forearc material beneath the trench
slope is estimated from our cross-section to be 500+/-50 km2, so our best estimate is that half of the
incoming material has been accreted to the margin, though the possible range is 25-100%. Crustal
material may leave the forearc through erosion into sedimentary basins to the east or west, or may
be subducted into the mantle. The volumes of Neogene basins surrounding East Cape Ridge are
large, but the sedimentary fill is mostly composed of clasts transported from onshore New Zealand

and minor volcaniclastic input. Therefore, we cannot determine the proportion that is eroded from

23



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

East Cape Ridge, but we can identify a large enough reservoir to potentially account for all of the

remaining deficit in mass flux.

A similar suggestion of close to zero net-balance of subduction zone material transfer is made for
the eastern Sunda Arc region [Lueschen et al., submitted manuscript] that may extend as far as east
of Sumba Island in the east [Shulgin et al., 2009] and Java Island in the west [Kopp et al., 2006].
Another recycling system is described for the paleao-accretionary wedge in south-central Chile
[Glodny et al., 2004] though only an upift and erosion balance is estimated without considering the
total mass budget. And another area of pronounced uplift of the outer forearc high but subsidence
and collapse of the trench slope is reported at the Tonga trench [Clift et al., 1998], where we
propose that underplating of the forearc crust may have been partly overlooked due to a lack of
data. The steep slopes in these regions indicate a relatively high basal friction and may have higher

input than output to form a pronounced outer forearc high [Gutscher et al., 1998].

Of particular interest for global models of crustal growth is the flux of material with a continental
chemistry that is transported back into the mantle at subduction zones, because it is widely believed
that this must be in approximate balance with the rate of production of new continental crust at
volcanic arcs [e.g. von Huene and Scholl, 1991; Clift and Vannucchi, 2004; Hawkesworth and
Kemp, 2006]. It has been widely assumed that margins with evidence for subsidence and collapse of
the trench slope are regions of trench retreat and long-term recycling of forearc crust into the mantle
[e.g. Clift and Vannucchi, 2004], but we challenge the underlying assumption used to estimate
these rates. According to the model suggested by Sutherland et al. [2009] and our determination of
the volume of accreted material at East Cape Ridge, past estimates of the rate of crustal recycling
into the mantle could be much greater than the true value because the significance of underplating at

the base of the crust may not have been fully recognized. Our observations may go a long way
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towards explaining the discrepancy between independent estimates of crustal growth at arcs
[Reymer and Schubert, 1984] and crustal destruction at subduction zones [Clift and Vannucchi,

2004].

7. Conclusions

Seismic wide-angle and vertical reflection data together with gravity and magnetic anomalies have
been used to determine lithospheric structures of the northern Hikurangi margin, where the
Hikurangi Plateau subducts beneath the Raukumara forearc basin. A combination of seismic ray-
tracing modeling, seismic stratigraphy, gravity and magnetic modeling reveal the structure and

deformation of the subduction zone as well as the origin and possible age of certain rock units.

The shallow structure of the Hikurangi Plateau as determined by seismic wide-angle data consists at
the Hikurangi trench of up to 2 km sediments with seismic velocities up to 3.5 km/s above a unit of
about 2 km of seismically faster (>3.8 km/s) volcaniclastic, limestone and chert material. The
underlying crust is composed of an upper, 4 km thick layer with velocities of 4.9-6.7 km/s above the
lower crust which is characterized by velocities >7.1 km/s. The Moho depth was estimated by
gravity modeling and could not be verified by the seismic data. The thickness of the plateau is

appoximately 10 km.

The Raukumara forearc basin represents one of the deepest known (> 10 km thick) forearc basins,
and formed initially during the Mesozoic Gondwana subduction episode, but was reactivated during
the Neogene Hikurangi subduction [Sutherland et al. 2009]. This reactivation process may the only
mechanism that creates such super-deep forearc basins. Raukumara Basin developed on a 5-10 km

thick crust. Up to 6 km of Cretaceous and Paleogene sediment was deposited over the thinnest part
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of the crust, which was then overlain by an allochthon that was emplaced at 25-22 Ma. We infer
sourced Matakaoa volcanic material from uplifted basement exposed on a precursor to East Cape
Ridge, where a high velocity, highly magnetized anomaly point to Matakaoa volcanics exposed
onshore. Neogene sediments up to 3 km thick were then deposited on top of this allochthon
[Sutherland et al., 2009]. Refractions from the forearc mantle indicate seismic velocities above 8
km/s, implying that outside the region of arc volcanism the mantle material appears unaltered.
Below Raukumara Basin, seismic reflections off the subducting slab indicate that the inclination of
the initially low-angled slab dip steepens to over 10 degrees, and, according to seismicity, steepens

further to almost 50 degrees below the arc.

The East Cape Ridge to the trench is a 100 km wide region that is experiencing uplift due to
underplating of relatively low-seismic-velocity and low density crust from a subduction channel.
The limited depth penetration of seismic data indicates high seismic attenuation attributed to
significant internal deformation related to material recycling within the hanging-wall wedge. Uplift
of the forearc causes over-steepening of the frontal taper, and material collapses and enters into the

subduction channel from which it can become underplated and uplifted again.

A mass balance calculation indicates that the low-seismic-velocity, high-attenuation, low-density
forearc crust that we image beneath the trench slope and interpret to be accreted and recycled
material represents 25-100% of the incoming sediment from the downgoing plate, and that the
remainder could be accounted for through erosion of older accreted material into surrounding
sedimentary basins. We suggest that previous estimates of continental mass flux into the mantle at
subduction zones may be overestimated because they have not properly accounted for crustal

underplating beneath forearc highs.
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Figure Captions

Figure 1. Regional basemap, southwest Pacific, northeast of North Island, New Zealand. The Data
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Profile corresponds to the seismic wide-angle data transect MANGO-1, seismic reflection line
RAUO07-05 and available ship-born gravity and magnetic profiles. Yellow triangles mark locations
of mapped volcanoes, orange circles represent earthquakes larger magnitude 4.0 since 1990, scaled
according to size. Plate motion of the Pacific relative to the Australian plate after DeMets et al.
[1994). Bottom panel shows onshore Raukumara Peninsula simplified geology (after Mazengarb
and Speden [2000]) and uplift (after Lichtfieldt et al. [2007]), and offshore locations of the ocean

bottom seismic receivers with those stations annotated whose data are shown in Figure 3.

Figure 2. Data examples and predicted arrivals of every 5th OBS/H. Locations of these example
stations are marked in Figure 2. Central panels show all predicted P-wave arrivals drawn on top of
the seismic data, bottom panels show, however, rays only for picked arrivals. Note the contrast in
data quality and offset range between western stations on Raukumara Basin (model distance >100
km) and the eastern station on the East Cape Ridge and the Hikurangi Plateau. Annotated seismic
phases correspond to: Psed(fast/slow)=refraction through (fast/slow) sediments; Pg(u/l)=refraction
through (upper/lower) crust; Pn=refraction through mantle; Pmv=refraction through shallow high-
velocity anomaly (interpretacd as Matakaoa WVolcanics); PdP=reflection from decollement;

PsP=reflection from sediments; PcP=reflection from mid-crust; PmP=reflection from Moho.

Figure 3. Final proposed velocity model derived from ray-tracing of the seismic wide-angle data.
Masked areas represent parts of the model without ray coverage, though seismic reflection data
from line RAUOQ7-05 as well as gravity data were used to place some constraints on this model as
explained in the text. Also shown are earthquakes, circles from the global database with magnitudes
larger than 4 from within 50 km of either side of the model, and crosses are from the Raukumara
Peninsula network from Reyners et al. [1999] from up to 100 km to the south of our profile. Note

the increased concentration of hypocenters around the location where the incoming plate bends
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most below the forearc.

Figure 4. (a) Model resolution, with depth nodes (squares) and velocity nodes (circles) drawn to
scale indicating node resolution; values larger than 0.5 are considered well resolved. (b) Model
coverage, demonstrating the shallow coverage of the incoming Hikurangi Plateau and comparably
good coverage of the Raukumara Basin structures. The gap in the center is due to relatively weak
seismic signals recorded to relatively narrow offsets, probably caused by high seismic attenuation

within the margin wedge of the fore-arc.

Figure 5. Seismic reflection data from line RAUO07-05 with velocity model structures and
interpretation [Sutherland et al., 2009] overlain. Triangles on seafloor mark OBS/H stations. West
of the stations, the velocity model does not predict the reflections well, as no modeling emphasis

was placed outside the region of wide-angle data coverage.

Figure 6. Gravity and magnetic data around the northern Hikurangi Margin, viewed from northeast.
Top: Gravity data reveal a prominent -140 mgal anomaly associated with Raukumara Basin.
Bottom: East Cape Ridge exhibits several large magnetic positive anomalies that can be traced

towards land to link up with the Matakaoa volcanics.

Figure 7. Gravity and magnetic model from 2.5D modeling. Model layers extend practically
indefinitely in all directions except the deep sedimentary layer in Raukumara Basin which was
limited to 50 km in and out of the model plain. Densities are given for all layers, magnetic

susceptibility (dimensionless number behind density) is given only for magnetized layers.

Figure 8. Magnetic Euler deconvolution, indicating regions for likely magnetic sources: Red color
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marks most likely location, green likely, and blue unlikely locations for magnetic sources. Note the
reasonably good correlation of the East Cape Ridge anomaly of the seismic velocity structure
(drawn on top). Also remarkable are the shallow anomalies at the eastern edge of Raukumara Basin,
which are associated with the large slump called Megasequence Y [Sutherland et al., 2009],

originating from the East Cape Ridge anomaly.

Figure 9. Summary of structural interpretation, with concepts of material recycling within the
subduction wedge (top right), uplift and mass wasting focused at the shallow East Cape Ridge near
our data profile (bottom). Here, we also detected a strong shallow high velocity and strong magnetic
anomalous rock (marked as "MV" in top panel) which is also interpreted as the source region for

Megasequence Y, indicated by dashed arrow (center in top panel).
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[1] We use seismic reflection and refraction data to
determine crustal structure, to map a fore-arc basin
containing 12 km of sediment, and to image the
subduction thrust at 35 km depth. Seismic reflection
megasequences within the basin are correlated with
onshore geology: megasequence X, Late Cretaceous
and Paleogene marine passive margin sediments;
megasequence Y, a ~10,000 km? submarine landslide
emplaced during subduction initiation at 22 Ma; and
megasequence Z, a Neogene subduction margin
megasequence. The Moho lies at 17 km beneath the
basin center and at 35 km at the southern margin.
Beneath the western basin margin, we interpret
reflective units as deformed Gondwana fore-arc
sediment that was thrust in Cretaceous time over
oceanic crust 7 km thick. Raukumara Basin has normal
faults at its western margin and is uplifted along its
eastern and southern margins. Raukumara Basin
represents a rigid fore-arc block >150 km long,
which contrasts with widespread faulting and large
Neogene vertical axis rotations farther south. Taper
of the western edge of allochthonous unit Y and
westward thickening and downlap of immediately
overlying strata suggest westward or northwestward
paleoslope and emplacement direction rather than
southwestward, as proposed for the correlative
onshore allochthon. Spatial correlation between rock
uplift of the eastern and southern basin margins
with the intersection between Moho and subduction
thrust leads us to suggest that crustal underplating is
modulated by fore-arc crustal thickness. The trench
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slope has many small extensional faults and lacks
coherent internal reflections, suggesting collapse
of indurated rock, rather than accretion of >1 km of
sediment from the downgoing plate. The lack of
volcanic intrusion east of the active arc, and
stratigraphic evidence for the broadening of East
Cape Ridge with time, suggests net fore-arc accretion
since 22 Ma. We propose a cyclical fore-arc kinematic:
rock moves down a subduction channel to near the
base of the crust, where underplating drives rock
uplift, oversteepens the trench slope, and causes
collapse toward the trench and subduction channel.
Cyclical rock particle paths led to persistent trench
slope subsidence during net accretion. Existing
global estimates of fore-arc loss are systematically
too high because they assume vertical particle paths.
Citation: Sutherland, R., et al. (2009), Reactivation of tectonics,
crustal underplating, and uplift after 60 Myr of passive subsidence,
Raukumara Basin, Hikurangi-Kermadec fore arc, New Zealand:

Implications for global growth and recycling of continents,
Tectonics, 28, TC5017, doi:10.1029/2008 TC002356.

1. Introduction

[2] The Raukumara Plain lies adjacent to northeast North
Island, New Zealand, and is part of the fore-arc region of the
Hikurangi-Kermadec subduction zone (Figure 1). Marine
geophysical surveys carried out during the 1970s and 1980s
revealed sediment cover, but it was not until a multichannel
seismic reflection (MCS) line was acquired in 1990 (line
0OGS90) that a thick sedimentary fill reaching ~13 km
thickness was identified in one location [Davey et al., 1997;
Gillies and Davey, 1986]. During the period 2005 to 2007,
three new seismic reflection-refraction surveys were acquired
and these data have allowed us to map out and describe what
we now refer to as Raukumara Basin (Figure 1). We develop
a seismic stratigraphy for the basin, discuss stratigraphic
correlations between onshore and offshore, and we analyze
the architecture of the basin and consider its genesis and
evolution. Our detailed images and analyses of Raukumara
Basin are in the context of its well understood tectonic
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Figure 1. Location of the Raukumara Basin between the Hikurangi Trough subduction front and the

Havre Trough back-arc spreading center. Also labeled are the Raukumara Peninsula (RP) and
Coromandel Peninsula (CP) and Taupo Volcanic Zone (TVZ). Arrows show long-term motion of the
Pacific plate [DeMets et al., 1994] and short-term (GPS) motion of the fore arc [Wallace et al., 2004]
relative to a fixed Australian plate. Diamonds show known locations of significant Holocene volcanic
centers [de Ronde et al., 2001, 2007; Wright et al., 1996, 2006]. Onshore active faults are shown in dark
red (http://data.gns.cri.nz/af/). Offshore seismic lines are colored OGS90 (orange); 05CM (magenta); and
RAUO07 (black). Bathymetric contours are at 1000 m interval. The Rapuhia Scarp is the boundary
between the Hikurangi Plateau large igneous province and Mesozoic ocean crust [Davy and Collot, 2000;

Wood and Davy, 1994].

setting and hence provide insights into active tectonic and
basin processes, and may provide a useful analogy for other
fore-arc basins.

[3] The Raukumara Basin fore arc and its along-strike
transition is of particular relevance to understanding pro-
cesses and rates of sediment subduction, subduction ero-
sion, and hence the global growth of continental crust.
Based upon characterization of the seabed and sedimentary

basins at many different subduction margins, it has been
suggested that net removal of fore-arc crustal material into
the mantle is prevalent globally, and that a significant
proportion of incoming sediment may be subducted into
the mantle, even at rapidly accreting margins [Clift and
Vannucchi, 2004; VonHuene and Scholl, 1991]. On the basis
of similar arguments, the region of Raukumara Basin has
previously been inferred to be one of net crustal loss
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through sediment subduction and subduction erosion [Clift
and Vannucchi, 2004; Collot and Davy, 1998; VonHuene
and Scholl, 1991]. On the basis of our new data and
analysis, we challenge this view and suggest an alternate
hypothesis that fore-arc accretion through lower crustal
underplating of subducted material is significant. We are
able to conclude this because we have well-mapped and
dated stratigraphy in the context of known plate motions,
and we have a profound change in crustal structure along
strike within the fore arc that provides us with controlled
experimental conditions. If we are correct that a significant
volume of material is moved to the lower crust of the fore
arc, rather than moved into the mantle by subduction, and
our results can be generalized to other subduction margins,
then the global flux of crustal materials into the mantle at
subduction margins is significantly lower than previously
thought and new estimates of global crustal growth fluxes
are required.

[4] Our new discovery and mapping of the basin is also
of substantial regional significance. Raukumara Basin pre-
serves Cretaceous and Paleogene strata, structures, and
environmental records in a region that in most other places
have been highly deformed during the Cenozoic; and we
tentatively identify a fragment of the Mesozoic Gondwana
trench slope preserved beneath the western margin of the
basin. Raukumara Basin stratigraphy and structure provide
constraints on the processes of initiation of Tonga-Kermadec-
Hikurangi subduction, and on subsequent fore-arc rotations.
The very deep fore-arc basin and associated negative gravity
anomaly, by analogy with other subduction zones [Song and
Simons, 2003; Wells et al., 2003], may have mechanical
significance for the nucleation and propagation of great
subduction earthquakes, and is hence also of social and
economic interest. Furthermore, it is possible that this newly
discovered basin may host significant petroleum resources.

2. Present Tectonic Setting

[5] Relative plate motion between the Australian and
Pacific plates, according to the NUVEL-1A model [DeMets
et al., 1994], is 47 mm/yr near the Raukumara Plain, but
back-arc extension of 13—16 mm/yr in the Taupo Volcanic
Zone and Havre Trough [Lamarche et al., 2006; Wallace et
al., 2004; Wright et al., 1996] causes the fore arc to move
independently of the Australian plate and increases the
subduction rate to ~60 mm/yr (Figure 1). Numerous vol-
canoes, caldera, and active hot vent sites are located near to
the axis of back-arc extension [de Ronde et al., 2001, 2007,
Wright et al., 2006].

[6] The subduction interface and crustal structure on-
shore, beneath Raukumara Peninsula (Figure 1), has previ-
ously been imaged using natural earthquake sources and a
dense array of seismomometers [Reyners et al., 1999]. The
maximum thickness of continental crust is 30—40 km
beneath western Raukumara Peninsula, as inferred from
crustal V, estimates of 5.5-6.5 km s~' [Reyners et al.,
1999]. Earthquake hypocenters cluster within the upper part
of the subducting plate, and in the crust between the east
coast of Raukumara Peninsula and the subduction front.
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Earthquake focal mechanisms indicate downdip tensional
strain within the subducting plate, and NNW—SSE exten-
sional strain within the shallow part of the upper plate
[Reyners and McGinty, 1999], consistent with geological
and geodetic observations [Arnadottir et al., 1999]. The
uppermost ~10 km of the mantle of the subducted slab
consistently has V, > 8.5 km s~!, and reduces to more
normal mantle velocities of approximately V, = 8.2 km s !
beneath [Reyners et al., 1999].

3. Lithostratigraphy and Structure of
Raukumara Peninsula

3.1. Jurassic and Cretaceous Gondwana Fore Arc

[7] The oldest rocks on Raukumara Peninsula are Jurassic
and Cretaceous mudstones, sandstones, conglomerate with
clasts of silicic igneous rock, and mélange that includes
blocks of chert, spilitic basalt and limestone (Figure 2).
Indurated, heavily faulted, and isoclinally folded rocks of
probable Late Jurassic and Early Cretaceous age contain
metamorphic pumpellyite, prehnite, epidote, laumontite
(common), datolite, heulandite and stilbite and are locally
referred to as the Waioeka terrane of the Torlesse Super-
group (Figure 3) [Coombs et al., 1976; Mazengarb and
Speden, 2000; Mortimer, 1994].

3.2. Cretaceous Syntectonic Sedimentation

[8] Mudstones, sandstones and conglomerates of the
Matawai Group are mostly less indurated than Torlesse
Supergroup rocks, but are otherwise similar and overlie
Torlesse beds with local angular unconformity [Mazengarb
and Harris, 1994; Mazengarb and Speden, 2000]. The
entire sequence is interpreted to have been deposited in a
tectonically active marine fore-arc shelf basin and trench
slope [Crampton, 1996; Mazengarb and Harris, 1994;
Mazengarb and Speden, 2000; Speden, 1975; Wellman,
1959]. There is probably no regional unconformity that
separates the Torlesse and Matawai groups, and an overlap
in age between the two groups is indicated by the occur-
rence of index fossils with ages 108.4—117.5 Ma in both
groups [Crampton et al., 2004] and confirmed by SHRIMP
U/Pb and fission track ages as young as circa 100 Ma from
Torlesse zircons [Cawood et al., 1999; Kamp, 1999].

[v] Ruatoria Group sediments are correlative in age to the
Matawai Group, but are only exposed in the eastern part of
the region, where they are thought to be allochthonous (see
below and Figures 2 and 3). The Matawai and Ruatoria
groups (circa 118—84 Ma) show a general trend from shelf
or upper slope depositional environments in the west to
deeper and more distal deep-water fans (trench settings) in
the east [Mazengarb and Harris, 1994; Moore, 1988Db].
Eastern domains apparently do not record the older (118—
100 Ma) deformation events seen farther west, where
successive deformation events are associated with a pro-
gressive shallowing of inferred depositional environments
from deep-water fans to upper slope facies with time
[Mazengarb and Harris, 1994]. Silicic tuffs are present
within the Matawai Group [Mazengarb and Speden, 2000].

3 of 23



TCS5017

SUTHERLAND ET AL.: RAUKUMARA BASIN, NZ

TC5017

Orete Point

Gisborne
O

4

Z

</ Waipiro Bay

Tokomaru Bay

o~ -
N !/
B North
0 10 20 30 40 km
L I

[@ ] Quaternary subduction (0-2 Ma)
[N_] Neogene subduction (25-2 Ma)
[B Passive margin (85-25 Ma)
Cretaceous syntectonic (115-85 Ma)
Bl Gondwana forearc (160-100 Ma)

Allochthon sediments (85-25 Ma)
A Allochthon sediments (115-85 Ma)
I Allochthon melange

BB Allochthon basaltic volcanics
e Allochthon transport direction

Figure 2. Geology of onshore Raukumara Peninsula [Mazengarb and Speden, 2000] showing
autochthonous units: Torlesse Supergoup (Gondwana fore-arc sediments); Matawai Group (Cretaceous
syntectonic megasequence); amalgamated Tinui and Mangatu Groups (passive margin megasequence);
and amalgamated Tolaga and Mangaheia groups and Quaternary sediments (Neogene megasequence).
The East Coast Allochthon is differentiated into Matakaoa volcanics; melange; Ruatoria Group sediments
(115-85; correlatives of the Matawai Group); and amalgamated Tinui and Mangatu groups (85—25 Ma).
Allochthon transport direction is shown for southern and central exposures, where detailed structural
analysis has been completed [Rait et al., 1991; Stoneley, 1968]. See Figure 3.

Stratigraphic relationships above and below the unconformity
that defines the top of the Matawai Group demonstrate that
Cretaceous folding locally continued until at least 84—86 Ma
[Crampton et al., 2004; Mazengarb and Harris, 1994,
Mazengarb and Speden, 2000].

3.3. Late Cretaceous and Paleogene Passive Margin

[10] Marine mudstones with subordinate siltstones and
sandstones were deposited in shelf and slope environments

between circa 85 Ma and circa 25 Ma and these strata are
generally concordant and only gently deformed, with an
inferred Neogene age of deformation, suggesting a passive
margin setting for the depositional interval [Field and Uruski,
1997; Mazengarb and Speden, 2000; Moore et al., 1986].
[11] The oldest sediments within this megasequence
(basal Tinui Group e.g., Tahora Formation) contain fine-
grained sandstone facies with a typical thickness of ~100 m,
though the thickness may reach 500 m in western Raukumara

4 of 23



TC5017 SUTHERLAND ET AL.: RAUKUMARA BASIN, NZ TC5017
Age | Raukumara Basin | Onshore Tectonic
(Ma) | Seismic strat. Lithostratigraphy Setting

0_ Mangaheia Gp.

Hikurangi
10+ Megasequence Z Tolaga Gp. subduction
20 —

{ Megasequence Y | East Coast Allochthon Subduct. init.
_ 1
304 !
| I
I
40 I | Mangatu Gp. Mangatu Gp.
n I
50 | Passi
— Megasequence X : ———————— ma:_;\rl]e
60— :
- I
70 V| Tinui Gp. Tinui Gp.
I
n 1
80 :
N T Eiea 8
. . | . : o
904 Undifferentiated : Matawai Gp. Ruatoria Gp. § Gondwana
— " ;’ breakup
100 ? o
i o)
% Active
110 = | Gondwana
— Torl S = | margin
120 orlesse Gp.

Figure 3. Correlation of seismic stratigraphy with onshore lithostratigraphy.

Peninsula (e.g., coastal and inner shelf facies of Maungataniwha
Member) and is transitional with interbedded siltstones
farther east (outer shelf or slope facies of Mutuera Member)
[Crampton and Moore, 1990; Field and Uruski, 1997; Isaac
et al., 1991]. This sandy basal unit is overlain by 300—600 m
of siliceous mudstone (Whangai Formation) that is inferred
to thicken and become more calcareous in the east (within
the East Coast Allochthon — see below); the mudstone is
mostly inferred to have been deposited in deep water
(>200—400 m) and contains rare debris flows [Field and
Uruski, 1997; Lillie, 1953; Moore, 1988a]. The uppermost
part of the Tinui Group is a thin (~20 m) black shale
(Waipawa Formation) of late Paleocene age that has high
(typically 2—6%) total organic carbon [Hollis et al., 2005;
Killops et al., 2000; Moore, 1989].

[12] A further 600 m thickness of mud-rich sediments
(Mangatu Group) were deposited at midbathyal depths
(>400 m) during Eocene and Oligocene time [Field and
Uruski, 1997]. Eocene mudstones (Wanstead Formation)
are commonly calcareous and glauconitic, and locally con-
tain a relatively high proportion of smectite; glauconitic
Eocene sandstones are also locally present. Oligocene sedi-
ments (Weber Formation) are calcareous, alternating, glau-
conitic sandstone and mudstone, and bioturbated calcareous
massive mudstone [Field and Uruski, 1997; Mazengarb and
Speden, 2000; Moore et al., 1986].

3.4. East Coast Allochthon

[13] Rocks older than Miocene in the north and east of
Raukumara Peninsula are inferred from structural mapping to
be allochthonous [Mazengarb and Speden, 2000; Rait et al.,
1991; Stoneley, 1968]. Fault-bounded rock slices of what is
referred to as the East Coast Allochthon are imbricated and
internally deformed, and it is thought they were emplaced
southwestward by tens or even hundreds of kilometers of
displacement along low-angle detachment faults [Raif et al.,
1991].

[14] Correlative rock types for most of the in-place
(autochthonous) sedimentary units (described above) can
be found within the allochthon, along with some additional
rock types (Figures 2 and 3). Of particular note are the
Matakaoa Volcanics, which are primarily subalkaline and
tholeitic basaltic eruptive facies that are exposed near the
northern tip of Raukumara Peninsula (Figure 2). Attempts
to K/Ar date Matakaoa Volcanics have so far produced ages
that are younger than the ages of intercalated sediment,
which is inferred from foraminifera and radiolaria to have late
Early Cretaceous (Albian; 112—100 Ma), Late Cretaceous
and Paleocene ages; and so it is inferred that radiometric ages
were partially reset during deformation [Aita and Sporli,
1992; Brothers and Delaloye, 1982; Sporli and Aita, 1994;
Strong, 1976; Strong, 1980]. It has been postulated, based
upon geochemical comparisons, that the Matakaoa Vol-
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Figure 4. Histogram of sedimentary dip angles from onshore Raukumara Peninsula autochthonous (in
place) Neogene (N = 1223), Tinui Group (N = 365), Matawai Group (N = 1813), and Torlesse
Supergroup (N = 1389) sedimentary rocks; and allochthonous Tinui Group (N = 627) and Ruatoria Group
(N = 94) sediments [Mazengarb and Speden, 2000]. Proportion of localities with overturned or
transposed beds are 2%, 11%, and 10% for autochthonous Tinui, Matawai, and Torlesse groups,
respectively; and 10% and 36% for allochthonous Tinui and Ruatoria groups, respectively. See Figures 2

and 3.

canics are fragments of the Hikurangi Plateau that have
been accreted to the fore arc by subduction processes. The
Hikurangi Plateau probably formed at circa 122 Ma, but has
numerous younger seamounts erupted on to it [Mortimer
and Parkinson, 1996; Wood and Davy, 1994].

[15] The timing and environment of allochthon emplace-
ment are constrained by stratigraphic observations. The
youngest preemplacement sediments (Weber Formation)
are biostratigraphically dated as 25-22 Ma (Waitakian
stage); the oldest sediments deposited in “‘piggyback”
basins above the allochthon (e.g., Whakai Formation) are
biostratigraphically dated as 22—16 Ma (Otaian to Altonian
stages); and sediments dated at 25—19 Ma (Waitakian to
Otaian stages) are tuffaceous in places and commonly contain
coarse blocks of older sediment, rounded pebbles of basalt
and gabbro, and hence some are inferred to be synemplace-
ment deposits [Field and Uruski, 1997; Mazengarb and
Speden, 2000].

3.5. Neogene Subduction Margin

[16] There was a profound change in depositional envi-
ronment during and after emplacement of the East Coast
Allochthon. Oligocene sediments that predate allochthon
emplacement are predominantly clay-rich pelagic mudstone
and limestone (above), whereas the Miocene (Tolaga Group)
and Pliocene (Mangaheia Group) sedimentary sequence is
much thicker and composed of marine sandstone, siltstone,
and mudstone with minor conglomerate, limestone and
reworked tuffaceous deposits [Field and Uruski, 1997,
Mazengarb and Speden, 2000]. The Neogene sequence

represents a range of marine shelf and trench slope deposi-
tional environments and is characterized by abundant ter-
rigenous clastic and minor volcaniclastic sediment input,
consistent with the onset of significant Australia-Pacific
plate displacement through central New Zealand and the
local establishment of a subduction plate boundary with a
volcanic arc [Cande and Stock, 2004; Herzer, 1995; Rait et
al., 1991].

3.6. Onshore Structure

[17] Neogene sediments are gently or moderately dipping
(Figure 4) and folded about NNE—-SSW axes that are
subparallel to the modern plate boundary [Mazengarb and
Speden, 2000]. Neogene shortening of the fore arc repre-
sents only a very small proportion of the total plate
shortening, which is mostly accommodated near to the
subduction interface [Nicol et al., 2007; Nicol and Wallace,
2007]. Uplift of the Raukumara ranges is inferred to have
been primarily driven by crustal underplating near the
subduction interface or changes in the type of lithosphere
being subducted, rather than through widespread faulting
and crustal thickening associated with large-scale pure shear
of the overriding plate [Eberhart-Phillips and Reyners,
1999; Reyners et al., 1999; Uruski et al., 2006; Walcott,
1987; Wilson et al., 2007].

[18] The Matawai Group (115-85 Ma) was deposited
during a phase of Cretaceous deformation and beds were
progressively tilted as further deposition occurred [Mazen-
garb and Harris, 1994]. This has resulted in a broad range
of observed dips (Figure 4) that depend upon stratigraphic
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Figure 5. Location of RAUO7 (black), 05CM (purple), and OGS90 (orange) surveys; labels indicate
line numbers. Yellow squares show locations of onshore and ocean bottom recording stations.
Bathymetric contours are at 100 m increments [CANZ, 2008].

age and location. In contrast, Torlesse Supergroup sedi-
ments (160—100 Ma) are predominantly steeply dipping
(Figure 4). This may partially be the result of deformation
that predates deposition of the Matawai Group, but it could
also be that the distribution of Torlesse bedding orientations
represents an end point for the deformation style that
occurred during Matawai Group deposition, i.e., the earlier
deformation was completely overprinted.

[19] Emplacement of the East Coast Allochthon in latest
Oligocene and earliest Miocene times (25—19 Ma) was
associated with large displacements of weakly lithified
sediments along low-angle faults and internal shortening
of nappes along thrust faults and folds [Mazengarb and
Speden, 2000; Rait et al., 1991; Stoneley, 1968]. Despite
large inferred displacements, most beds within the allochthon
have gentle or moderate dips (typically 15—45°; Figure 4).
The deformation event caused an increase in average dip
of the previously undeformed Tinui Group, and a reduc-
tion in average dip of Ruatoria Group beds (correlative to
the Matawai Group), which were also deformed during
Cretaceous time. The event also produced overturned nappes
and isoclinal folds: 10% of Tinui Group and 36% of Ruatoria
Group localities have overturned bedding.

[20] The allochthon is inferred to have been emplaced
toward the southwest in the southern and central areas,

where its structure has been studied in detail (Figure 2)
[Kenny, 1984; Rait et al., 1991; Stoneley, 1968]. Melange
was formed during emplacement of the East Coast Allochthon
and appears best developed near the top of the allochthon
(Figure 2). Local structural mapping demonstrates that
allochthonous material, particularly melange and Wanstead
Formation mudstone, is weak and associated with Neogene
diapiric deformation and Quaternary slope failure [Mazengarb
and Speden, 2000].

4. Seismic Reflection Data

[21] We have used results from three MCS surveys
(Figure 5), supplemented by older data, to map and under-
stand Raukumara Basin. The RAUO7 survey was acquired
in 2007 using a 86.5 1 (5280 cu in) source and 7.3 km
streamer, with 37.5 m shotpoint spacing and 13.3 s record
length for all lines except RAUO07-05, which had 50 m
shotpoint spacing and 15.3 s record length. Details of
data processing are given elsewhere (Fugro Seismic Imag-
ing, Raukumara Basin 2D Seismic Survey—RAUO07, New
Zealand unpublished open file petroleum report 3743,
2007). The 05CM data set was acquired in 2005 using a
67.8 1 (4140 cu in) source and streamer that varied between
12 km and 4 km (due to shark attacks), with 37.5 m
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shotpoint spacing and 8 s or 12 s record length (G. Maslen,
Fast track seismic processing of selected data from the
05CM Survey offshore east coast New Zealand, unpub-
lished open file petroleum report 3182, 2005; Multiwave,
05CM 2D seismic survey, offshore east coast—North Island,
New Zealand, unpublished open file petroleum report,
3136, 2005). The OGS90 line was acquired in 1990 using
a45.21(2756 cu in) source and 3 km streamer, with 50 m
shotpoint spacing and 16 s record length [Davey et al.,
1997], and was reprocessed with the RAU(O7 data (Fugro
Seismic Imaging, unpublished report, 2007).

5. Seismic Reflection Stratigraphy
5.1. Megasequence Z

[22] The upper surface of megasequence Z is the seabed,
and the lower surface is defined in central parts of the basin
as being the lowermost reflector within a unit of continuous
or semicontinuous reflectors that becomes thicker toward
the northwest; elsewhere the base is correlated geometrically
to where it is defined in central or eastern parts of the basin
(Figure 6). Reflectors near to the base of the unit are mostly
continuous and northwest dipping, have high amplitude, and
have a geometry that fans and thickens toward the center of
the basin. Onlap and downlap relationships within the unit
are interpreted as slope and basin floor fans. Toward the top
of the megasequence there are several units characterized by
discontinuous reflectors or that have no coherent internal
acoustic structure, and in some places have a reverse polarity
reflection at the base; we interpret these as internally chaotic
mass transport deposits. The uppermost units of this type in
central and southern parts of the basin are interpreted to be
associated with the Matakaoa Submarine Instability Com-
plex, which was active from circa 600 ka to 40 ka and has
left notable erosional scarps and stranded blocks of debris at
the seabed [Lamarche et al., 2008].

[23] The eastern limb of the basin underlies East Cape
Ridge, which is adjacent to the Hikurangi trench slope and
active plate boundary (Figure 7). Strata of the eastern basin
limb dip WNW toward the center of the basin, as does the
submarine topographic slope, where several modern and
ancient submarine slope failures and associated deposits are
identified. A complex and faulted stratigraphy of angular
unconformities is identified within megasequence Z on East
Cape Ridge. The trench slope is highly faulted and poorly
imaged, and we agree with previous workers that normal
faulting is widespread on the upper part of the slope and
across some parts of East Cape Ridge [Collot and Davy,
1998; Collot et al., 1996]. On the basis of improved seismic
reflection coverage and a detailed bathymetric grid [CANZ,
2008], we have not been able to confirm the presence of
major linear strike-slip faults on the upper part of East Cape
Ridge, as have been previously postulated [Collot and
Davy, 1998; Davey et al., 1997], though significant faults
(with curved geometry) are imaged near the crest of the
ridge and we have not made a detailed study of the trench
slope.

[24] Reflectors in the upper half of megasequence Z have
higher amplitude and frequency content at the western basin
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margin than is typical for the central basin, and are semi-
continuous and variable in character. Sequences thin and
downlap toward the basin center, and we interpret these
sequences as being associated with arc volcaniclastic input.
Megasequence Z becomes indistinct at some places along
the northwestern edge of the basin, where there is topo-
graphic and geothermal-geochemical evidence for active
volcanism [de Ronde et al., 2001, 2007; Wright et al.,
2006]. We interpret the loss of coherent reflectors within
megasequence Z at the northwestern edge of the basin to be
locally associated with volcanic and hydrothermally altered
rocks adjacent to active volcanic centers.

[25] At the southern margin of the basin, megasequence
Z has been uplifted and strata dip northward toward the
basin center (Figure 8). Repeated slope failures associated
with this uplift are responsible for the Matakaoa Erosional
Complex, which is the source of debris avalanche deposits
that are mapped in central parts of the basin [Lamarche et
al., 2008].

[26] The thickness of megasequence Z increases toward
the north from ~1 s two-way traveltime (twt) near the shelf
edge to >2.5 s twt (2—3 km thickness) in northern parts of
the basin (Figure 9). The southern margin has reduced
thickness due to both a smaller accommodation space and
erosion because of late Neogene uplift. The base of mega-
sequence Z rises gently to the south and to the east, and is
offset by normal faults at its western margin in the Havre
Trough (Figures 7 and 10). The Tokata Anticline [Lamarche
et al., 2008] deforms megasequence Z and is mapped along
the base of the western edge of East Cape Ridge (Figure 10),
where it is locally faulted (Figure 7). An array of minor
tensional faults are mapped in the northeastern part of the
basin, and several significant normal faults are mapped near
to the crest of East Cape Ridge (Figure 10).

5.2. Megasequence Y

[27] Megasequence Y is only present between East Cape
Ridge and the center of the basin. It is defined as a unit of
chaotic and variably dipping discontinuous reflections
(Figure 6) with a typical thickness of ~1 s twt, and pinching
out toward the center of the basin (Figures 6, 7, and 9).
Coherent blocks of dipping reflectors within the unit
are interpreted as large blocks of sedimentary material.
Numerous small faults are interpreted that bound these
blocks and in other places the unit appears acoustically
chaotic or transparent, which we interpret to be highly
deformed sedimentary or volcanic material. The top of the
unit has numerous small “piggyback” basins with contin-
uous high-amplitude reflections that typically dip toward the
center of each depression. We interpret megasequence Y as
a single very large submarine slope failure with depressions
on its top being filled with synemplacement reworked
sediment.

[28] Megasequence Y dips northwestward beneath the
flank of East Cape Ridge (Figure 10) and is subparallel to
the seabed, dropping ~2 km beneath the ridge and central
basin. Numerous small faults within megasequence Z,
mostly normal faults, appear to root into megasequence Y.
We also speculate that the Tokata Anticline, visible at the
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Figure 6. Seismic stratigraphy (megasequences X, Y, Z labeled) illustrated on seismic reflection section
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inferred to be the Cretaceous Gondwana fore-arc trench slope (see main text).
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Figure 8. Seismic reflection line RAU07-09 showing along-strike structure of Raukumara Basin. Small
arrows show downlap relationships discussed in text. Matakaoa Volcanics are exposed on the coast and
are considered allochthonous, but it is not known if the allochthon offshore is precisely the same
stratigraphic age. An alternate correlation with the base of the Matakaoa Volcanics is the marked
sequence boundary with northward downlapping relationships above it.

base of the slope (Figures 6, 7, and 10), and the faulted
anticline on line RAU07-05 may be part of a large Quaternary
slope failure detaching through megasequence Y and driven
by the topography of East Cape Ridge.

[29] Megasequence Y also dips northward away from the
coast, but thins and is not present offshore near to the coast.
However, there is a significant downlapping sequence
boundary within the upper part of megasequence X directly
beneath (Figure 8). This is discussed further when offshore-
onshore correlations are considered.

5.3. Megasequence X

[30] The top of megasequence X is defined as the first
continuous or semicontinuous reflector below megase-
quence Y, or by the equivalent stratigraphic level at which
megasequence Y was emplaced (Figure 6). This corre-
sponds in the center of the basin to the deepest in a packet
of high-amplitude reflections at the base of megasequence
Z; a packet that we interpret as being the sedimentary unit
that was deposited at the time megasequence Y was
emplaced.

[31] Megasequence X is characterized in central and
western parts of the basin by continuous or semicontinuous
reflectors that dip and fan toward the east, causing the unit
to increase in thickness from <1 s twt near the margin of the

Harve Trough to 3—4 s twt (~5—8 km) in the center of the
basin (Figure 9). There are at least five sequences within
megasequence X that can be distinguished on the basis of
reflection amplitude, onlap, and sequence geometry. The
base of megasequence X is defined by the deepest contin-
uous or semicontinuous reflector with the unit.

[32] Megasequence X is less well imaged beneath East
Cape Ridge, on the east flank of the basin, where west
dipping high-amplitude discontinuous reflectors are proba-
bly continuous with megasequence X in the central basin
and suggest the unit has a similar or slightly lower thickness
(Figure 9). The lower part of megasequence X has been
deformed into northeast trending open folds along the
western basin margin, suggesting minor convergent defor-
mation before emplacement of megasequence Y.

5.4. Acoustic Basement

[33] Acoustic basement is defined as everything below
megasequences X-Z (Figure 6). In eastern parts of the basin
there are continuous high-amplitude reflectors and packets
of coherent reflectors that we interpret as faults and tilted or
fault-bounded sediment packages. In the central basin, most
units show several high-amplitude semicontinuous reflec-
tions at 8—9 s twt that we infer to be a significant acoustic
impedance contrast at the base of the sedimentary section
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(acoustic basement). We identify individual high-amplitude
semicontinuous reflections or packets of discontinuous
reflections at 10—11 s twt beneath the center of the basin
(e.g., Figure 6), that we associate with the Moho; and we
show this with refraction data (below). West dipping reflec-
tions between 13 and 15 s twt are identified beneath the
central basin on line RAU07-05 (Figure 7), which appear
geometrically continuous and aligned with zones of en-
hanced reflectivity (coherent reflections) beneath East Cape
Ridge, that are in turn aligned with the top of the subducted
slab where it is imaged at the Hikurangi Trough. Hence, we
interpret the reflections at 13—15 s twt as the top of the
subducted slab.

6. Active Source Seismic Refraction
Constraints on Crustal Structure
[34] In a survey by R/V Sonne in 2007 (MANGO; cruise

S0O192) shots from a 64 1 (3905 cu in) air gun source were
recorded using ocean bottom seismometers (OBS) and ocean

bottom hydrophones (OBH). The shots were fired along a
line coincident with RAUQ07-05, but ocean bottom instru-
mentation was restricted to central and eastern parts of the
line (Figure 5). We present here a preliminary interpretation
from the most western instrument, OBH29 (Figures 5 and 11).

[35] A velocity forward model was constructed for
OBH29 (Figure 11) on the basis that significant boundaries
(reflections) and units of distinct seismic reflection character
are identified from MCS data (above), and units with a
similar geometry have previously been suggested from a
combined interpretation of gravity data and line OGS90
[Davey et al., 1997]. Our results show that our hypotheses
for the geometry of the base of the basin and crust inferred
from normal incidence reflections on line RAUO07-05,
combined with fairly typical velocities for sediment, lower
crust, and mantle are consistent with observed refracted
arrivals. We identify lower crust and mantle refracted
arrivals; and obtain crustal velocities of 6.5—7.5 km/s and
an uppermost mantle velocity of 8.0—8.2 km/s. The model
Moho depth is 17 km beneath sea level and the subducted
slab is located at 30—40 km (Figure 11).
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[36] In addition, shots from survey RAUO7 were recorded
at 7 onshore locations (Figure 5) and we present a prelim-
inary interpretation in this paper of data from two inland
stations along the projection of line RAU07-09 (Figure 12).
We construct a velocity forward model for these data on the
basis that: 1, the velocity of the crust beneath the stations is
known from earthquake 3-D V|, tomography [Reyners et al.,
1999]; and 2, our models should be consistent at the inter-
section between lines RAU07-09 and RAUO07-05 (Figure 11).
Using these assumptions it is possible to successfully model
the refracted onshore arrivals from shots of line RAU07-09
(Figure 12).

[37] The results imply changes in crustal structure north-
eastward along the line: water and sediment thickness
increases by ~10 km; crustal (basement rock) thickness
decreases by ~20 km; and there is an incoming mantle
wedge beneath line RAUO07-09 that reaches a thickness
~10 km above the subducted slab at the intersection with
line RAU07-05.

7. Offshore-Onshore Lithostratigraphic
Correlation

[38] Megasequence Y is interpreted as a large allochtho-
nous sheet within the basin and is hence a key unit when

(ticks show dip direction); anticlines; and locations

considering offshore-onshore correlations. This is because a
large allochthonous and internally disrupted sheet of similar
thickness and scale, the East Coast Allochthon, has been
described and studied in detail onshore and is an obvious
correlative. In addition, we can interpolate directly between
the mapped position of megasequence Y and the mapped
onshore allochthon using lines RAU07-09 and RAU07-10.
From this we infer that megasequence Y was emplaced at
about the same time as the East Coast Allochthon in latest
Oligocene or/and earliest Miocene time (25—-19 Ma), and
we infer that megasequence Y has similar composition and
internal structural style to the East Coast Allochthon.

[39] While it is not our preferred interpretation, we cannot
rule out the possibility that onshore and offshore allochthons
were emplaced as separate entities at slightly different times.
If this were the case, then we speculate that the onshore
allochthon was emplaced slightly earlier. This is based upon
the identification of reflectors downlapping northward onto
a sequence boundary directly beneath megasequence Y
(Figure 8) that could be interpreted as a synemplacement
deposit associated with allochthonous rocks exposed on-
shore at Matakaoa Point. Such a correlation would make it
geometrically easier to explain the extensive area of
allochthonous material (Matakaoa Volcanics) exposed near
the coast, because the base of the rock unit would be deeper
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within the dipping stratigraphic sequence if it were emplaced
earlier.

[40] It follows from our correlation of megasequence Y
with the East Coast Allochthon that megasequence Z is
correlative with Neogene fore-arc marine sandstones, silt-
stones, and mudstones (Tolaga and Mangaheia groups). It
similarly follows that the upper part of megasequence X
correlates with clay-rich and calcareous Paleogene mud-
stones (Mangatu Group). We infer a thicker Neogene se-
quence than a previous interpretation of line OGS90 [Davey
et al., 1997]; we reinterpret strata overlying a prominent
angular unconformity on East Cape Ridge on line OGS90 as
being within the Neogene sequence.

[41] We suggest that the angular unconformity mapped
onshore that separates Cretaceous syntectonic fore arc and
trench slope sediments (Matawai Group) from passive margin
fine-grained sandstones and organic-rich mudstones (Tinui
Group) correlates with the base of megasequence X. Our
analysis of sedimentary dips measured onshore (Figure 4)
supports the proposal that Matawai Group sediments are
only likely to be discontinuously imaged, whereas Tinui
Group sediments have a similar degree of deformation to

Neogene sediments and should, therefore, be comparably
imaged. We cannot rule out a possibility that the unconfor-
mity that separates these two groups onshore may be
significantly diachronous and that the base of megasequence
X may be significantly older or younger than 85 Ma.

8. Gravity Model

[42] We have mapped the offshore distribution of signif-
icant sedimentary units and propose that there is a dramatic
change in crustal structure within the overlying plate of the
Hikurangi subduction zone north of Raukumara Peninsula.
We present a 2-D gravity model along line RAU07-05
(Figure 13), to demonstrate that this independent observa-
tion is consistent with: observed topography; sedimentary
architecture and the depth to the base of the crust that we
have determined; the structure of the subducting Hikurangi
Plateau [Davy and Wood, 1994]; and reasonable assump-
tions of densities for different rock types. While we ac-
knowledge that this is a simplified consideration of the
gravity field and ignores 3-D effects or complexity associ-
ated with the subducted slab, the size of modeled anomalies

14 of 23



TC5017 SUTHERLAND ET AL.: RAUKUMARA BASIN, NZ TC5017
Distance (km) 20 30 40 50 60 70 80 90 100 110
> !
©
=
3
=
o
[}
E
©
— O
o
|_
2
©
=
3
=
o
®
E
°
>
o - 3
= B. Rewetu
Southwes! ' | Shots from line RAU07-09 Northeast
— W = i [/ 1.5 Water
= = - 2.76 7IN—L_2.45 Sedimen
() I 1
s 8 S s e :
o : N~ 420 71 415 4,06 4.10 / sediment
10 L e 1 )
i 5.65 | 5.46 5,50 5.50 Crust
15 oT 5.72 +
'8: ,// ! 6.86 Lower crust
1S 7
[ 20 §1'- 4677 4 7.88 8.05 8.05 .
1 7 7
Qi T
o5 + JI. 8.25 Mantle |
1 1
1 1
30 ¥ + E
€ r Subduction interface gl: Subduction interface
4 1 T 1
- = T 'ST -
‘% 1 2
Nl + oL C. Velocity model
0 km 10 20 30 40 50 60 70 80 90 100 110

Figure 12. Onshore record of shots from line RAU07-09 and crustal structure model showing seismic

velocities (km s~ ') and raypaths.

associated with seafloor topography, sediment thickness, and
Moho topography in Raukumara Basin are large (>100 mGal),
and yet it is clear from Figure 13 that it is straightforward to
construct a realistic density model from our crustal model that
is consistent with gravity observations. Therefore, we con-
clude that our crustal model is consistent with the observed
gravity field.

9. Origin and Evolution of Raukumara Basin

9.1. Cretaceous Gondwana Convergent Margin (160—
85 Ma)

[43] On the basis of seismic character, we identify fault-
bounded sedimentary units along the western margin of

Raukumara Basin beneath megasequence X; and we correlate
these with Cretaceous Matawai and Ruatoria Group marine
clastic sediments that are mapped onshore [Mazengarb and
Harris, 1994; Mazengarb and Speden, 2000]. In central and
eastern parts of the basin, high-amplitude reflections at the
top of acoustic basement are inferred as a boundary with
crystalline basement rock, and in central parts of the basin,
we constrain the underlying crust to have a thickness of just
6—8 km. Hence, we agree with a previous suggestion that
crust in the central part of the basin has oceanic or large
igneous province character and is possibly correlative to the
Hikurangi Plateau [Davey et al., 1997]. We, therefore,
interpret the observed geometry as an east verging thrust
wedge in the western basin that was emplaced above
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subducting oceanic crust in the central and eastern basin.
The timing of cessation of Cretaceous deformation has been
determined onshore to be at circa 85 Ma [Mazengarb and
Harris, 1994].

[44] The tectonic history inferred by us and others
[Mazengarb and Harris, 1994; Mazengarb and Speden,
2000] for Raukumara Basin and Peninsula is in marked
contrast to that inferred for elsewhere in the New Zealand,
eastern Australia, and Antarctic regions. The cessation of
Gondwana arc-related volcanism in the New Zealand sector
of Gondwana was complete by circa 105 Ma and during the
interval 105—85 Ma there was widespread rift basin devel-
opment (e.g., Taranaki, Great South, and Gippsland basins;
Figure 14) [Cook et al., 1999; King and Thrasher, 1996;
Laird, 1993; Mortimer et al., 1999; Waight et al., 1998]. By
83—-79 Ma, rifts along the southern margin of New Zealand
had progressed to seafloor spreading and an isolated conti-
nent was created [Gaina et al., 1998; Sutherland, 1999]. We
suggest that eastern parts of Raukumara Basin preserve the
Cretaceous Gondwana trench slope (Figure 14), and that
this geological setting was unlike the adjacent rifted conti-
nent and was a proximal cause for the basin’s atypical
Cretaceous tectonic history and lack of normal-faulted
basins.

9.2. Cretaceous and Paleogene Passive Margin (85—
25 Ma)

[45] After cessation of Cretaceous tectonics and separa-
tion from Gondwana, most of New Zealand subsided
passively, while restricted areas still underwent minor exten-
sional faulting [Cook et al., 1999; King and Thrasher, 1996;
Laird, 1993]. 1t is likely that the regional physiography of

New Zealand during this interval was primarily inherited
from the previous Cretaceous tectonic phase, with broad
subsidence leading to progressive flooding of the land area.
Raukumara Basin lay on the northern marine margin of
New Zealand throughout this interval of northward drift
(Figure 14).

[46] We correlate megasequence X with this phase of
passive margin deposition. It is clear from the isopach map
(Figure 9) that Raukumara Basin was a significant depo-
center during this interval, and this was probably a conse-
quence of its anomalous Cretaceous tectonic history. The
total sediment thickness for this interval (~5-8 km) is one
of the greatest known from the New Zealand region. This
observation is significant for interpretations of past envi-
ronment and sedimentary facies: it may be that there was an
indentation in the margin and inherited structural control of
onshore sediment pathways toward the depocenter.

[47] Although megasequence X was continuously depos-
ited in a passive setting until circa 25 Ma, activity at the
Australia-Pacific boundary started north and south of New
Zealand at circa 45 Ma [Sutherland, 1995]. Rift basins of
southern New Zealand were the manifestation of an exten-
sional plate boundary that increased in extension rate farther
south, where seafloor spreading was developed [Lamarche
et al., 1997; Sutherland, 1995; Wood et al., 1996]. The
occurrence of smectite-rich clays in Eocene-Oligocene sedi-
ments of Raukumara Peninsula may reflect the distal onset
of arc volcanism and subduction to the north. It may be that
open folding of the lower part of megasequence X along the
western basin margin is related to reactivation of Cretaceous
thrust faults during the Eocene onset of subduction north of
New Zealand.
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Figure 14. Tectonic evolution of Raukumara Basin. (a) Present tectonic setting with plate boundary
shown in orange and the active volcanic chain marked (v). (b) Immediately after emplacement of
allochthonous material into Raukumara Basin (megasequence Y) and the establishment of the modern
Kermadec subduction system. (c) Passive margin deposition corresponding to megasequence X. (d) The
end of Gondwana margin tectonics and establishment of the architecture of western Raukumara Basin.

9.3. Subduction Initiation and Allochthon Emplacement
(25-19 Ma)

[48] There was a significant change in Australia-Pacific
plate motions during the interval 30—20 Ma [Cande and
Stock, 2004] that led to the onset of subduction beneath
northern New Zealand. The oldest arc-related calc-alkaline
volcanoes are dated at circa 24—22 Ma [Herzer, 1995], and
the onset of subduction was accompanied by emplacement
of large-scale allochthonous sheets [Brothers and Delaloye,

1982; Field and Uruski, 1997; Isaac et al., 1994; Mazengarb
and Speden, 2000; Rait et al., 1991; Stoneley, 1968]. We
identify and map an allochthonous unit within Raukumara
Basin (megasequence Y) that correlates in character, strati-
graphic position, and is approximately geometrically contin-
uous with the East Coast Allochthon.

[49] We interpret the wedge-shaped unit within acoustic
basement beneath the western limb of the basin (labeled W
in Figure 6) to be the Cretaceous Gondwana fore arc, but we
see no evidence for Cenozoic reactivation of the Cretaceous
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subduction thrust. We suggest that this is a key observation
and implies that Cenozoic subduction thrust evolution and
linkage did not require reactivation of the structure. This
resulted in the unique preservation of Raukumara Basin, but
it is not possible to more fully understand the reasons
for basin preservation without a regional consideration of
Tonga-Kermadec-Hikurangi subduction zone evolution,
which is outside the scope of this paper.

9.4. Neogene Fore Arc Basin (22-0 Ma)

[s0] Megasequence Z represents the fore-arc basin fill
associated with Neogene development of the modern
Hikurangi-Kermadec subduction system. Multiple sequence
boundaries can be recognized within the basin and it is
outside the scope of this work to describe those in more
detail, but we speculate briefly below on some of the
processes and regional events that may ultimately be the
cause of significant sequence boundaries within the basin.

[5s1] Regional changes in subduction geometry may re-
flect evolution of slab and back-arc geometries at scales
>100 km. It has been suggested that at circa 12 Ma the
current Kermadec trend of arc volcanoes propagated south-
ward into central North Island [Herzer, 1995]. In Coromandel
Peninsula, andesitic volcanism of similar chemistry was
erupted from circa 18—9 Ma, with a bimodal rhyolite-basalt
suite being developed during 9—7 Ma [Adams et al., 1994].
During circa 6—4 Ma, there was a transition to basaltic
eruptions at Coromandel Peninsula and then abandonment
of those volcanic centers [Adams et al., 1994]; this transition
coincides with when it is thought that spreading initiated in
the southern Havre Trough, though the spreading center may
have progressively stepped eastward to maintain some opti-
mal position with respect to the subduction zone [Wright et
al., 1996]. It is likely that key sequence boundaries within the
basin may relate to these tectonic and volcanic changes,
convolved with regional sea level and oceanographic change.

[52] The most obvious manifestations of subduction-
related deformation are restricted to the eastern margin of
Raukumara Basin, near East Cape Ridge (Figures 7 and 10).
The width of the zone of uplift, faulting and slope failures is
50-100 km. Therefore, given that subduction rates during
Neogene time in this region have been 40—60 km/Myr, it
is expected that responses within the overriding plate will
be significant at timescales of ~1-2 Myr, as the nature
and geometry of the slab is replaced. We observe a com-
plex stratigraphy of unknown age along the eastern margin
of the basin and infer that subduction zone processes are
responsible.

10. Cenozoic Plate Boundary Kinematics

[53] The seismic reflection data set indicates that
Raukumara Basin has suffered little internal deformation,
except at its eastern and western edges, and has no major
deep-seated faults that offset latest Cretaceous and Paleo-
gene strata. Therefore, the basin represents a relatively rigid
block within an active plate boundary system that otherwise
contains extensive distributed deformation [Beavan and
Haines, 2001; Walcott, 1986].
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[s4] Onshore, paleomagnetic declination anomalies indi-
cate that northern Raukumara Peninsula has rotated, relative
to mean magnetic north (and hence the spin axis of Earth),
at a rate similar to that predicted by Australian plate motion
[Mumme et al., 1989; Rowan and Roberts, 2005, 2008]. At
the southern margin of Raukumara Basin, strata are gently
tilted upward toward the land but are not offset by major
faults (Figure 8). Therefore, we suggest that Raukumara
Basin is part of the northern Raukumara fore-arc block that
has moved with the Australian plate, and has been translated
away from it by extension in the Havre Trough; but this
block has not undergone any significant relative rotation
about a local rotation pole since 22—19 Ma, as is observed
farther south in eastern North Island [Mumme et al., 1989;
Roberts, 1992; Rowan and Roberts, 2005, 2008; Thornley,
1997; Walcott et al., 1981].

11. Allochthon Emplacement Direction

[s5s] It was previously proposed, on the basis of observa-
tions in southern and central onshore regions of the East
Coast Allochthon [Kenny, 1984; Rait et al., 1991; Stoneley,
1968], that emplacement direction was toward the south-
west. However, we have mapped the thinned frontal edge
and tip line of the offshore allochthon (megasequence Y)
and find that it trends northeast-southwest over a distance of
100—150 km (Figure 9). Sediments at the base of the
overlying megasequence Z downlap and thicken toward
the west or northwest. Therefore, we conclude that, al-
though the local emplacement direction near the southern
edge of the East Coast Allochthon may have been toward
the southwest, the regional direction of allochthon emplace-
ment was toward the west or northwest.

12. Local Tectonic Erosion and Underplating
of the Crust

[s6] The geometry of reflectors within Raukumara Basin
constrains mass balance at the fore arc over the past 22 Myr
of subduction. If there had been net tectonic erosion at the
subduction interface that had moved and mixed fore-arc
crust into the mantle then ancient arc volcanoes should be
preserved in the western part of Raukumara Basin, because
the entire fore arc would be advected trenchward if the
volcano-trench distance remained approximately constant.
We have no reason to believe that the type of crust being
subducted or the angle of subduction has changed signifi-
cantly during Neogene time, and hence no reason to believe
that the trench-arc distance has changed. We observe no
fossil volcanoes east of the active arc but are able to image
strata of Cretaceous-Paleogene age. Our observations are
not consistent with a previous suggestion of trench retreat
rate of 1.5 km Myr~ ' (33 km since 22 Ma), which was used
as input to compute global subduction fluxes [Clift and
Vannucchi, 2004]. We conclude that large-scale removal of
fore-arc material into the mantle by tectonic erosion has not
occurred at any time since 22 Ma adjacent to Raukumara
Basin.
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[57] Alternatively, if there had been net addition to the
fore arc, possibly through crustal accretion of sediment from
the downgoing plate, then the volume of the trench slope
wedge has increased with time. This would result in
progressive broadening of the zone of uplift at the eastern
basin margin throughout Neogene time. We see Neogene
stratal relationships that are consistent with this hypothesis
at both the eastern and southern basin margins, and hence
we conclude that this is a possibility. We reconcile the
observation that the trench slope consists of highly faulted
and indurated rock [Collot and Davy, 1998], rather than
accreted sediment, by suggesting that accretion of the >1 km
thickness of incoming sediment and crustal debris is occur-
ring by underplating of the middle and lower crust after
transport downward via a subduction channel.

[s8] It has previously been suggested that the relatively
high topography of Raukumara Peninsula is the result of
Neogene crustal underplating caused by subduction pro-
cesses [Walcott, 1987]. This view is supported by earthquake
tomographic studies that image a deep (~40 km) crustal
root beneath Raukumara Peninsula that is associated with
low Q, and high V/V [Eberhart-Phillips and Chadwick,
2002; Reyners et al., 1999]. The plate interface beneath
Raukumara Peninsula is shown from converted seismic
waves to be characterized by a 1-2 km thick layer with
anomalously low V,, of 5.0-5.4 km s~ ! and high V,/Vs of
2.0; this weak layer is inferred to be a channel of actively
subducting or underplating sediment [Eberhart-Phillips and
Reyners, 1999]. The continuing long-wavelength uplift of
Raukumara Peninsula, combined with other observations, is
shown by numerical models to be consistent with the
underplating hypothesis, rather than crustal thickening by
shortening across faults [Litchfield et al., 2007; Upton et al.,
2003].

[59] Our study allows us to compare Raukumara Peninsula
with the region farther north, where fore-arc crustal thick-
ness is much less. We infer a long-lived depocenter in
Raukumara Basin from the geometry of megasequence X
and hence the crustal thickness beneath Raukumara Basin
has been less than that of Raukumara Peninsula since Late
Cretaceous time. This is consistent with the oceanic crust
type inferred from seismic reflection character, thickness
and p wave refraction velocities. The character of the trench
slope and fill is similar in both regions, so it is reasonable to
infer that similar processes are occurring on the shallow
subduction interface and that the trench slope materials and
processes are similar. We determine a depth to the Moho
beneath Raukumara Basin of ~17 km and observe that the
subduction interface has a depth of ~10—15 km beneath
East Cape Ridge. In contrast, the crustal thickness of
Raukumara Peninsula is ~35-40 km and the subduction
interface has a depth of ~30—40 km beneath the Raukumara
Range. The intersection between the Moho and the subduc-
tion thrust correlates spatially with where crustal underplat-
ing occurs (Figure 15). Therefore, it appears that existing
crustal thickness plays a key role in determining the depth to
which crustal material can be transported down a subduction
channel.
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[60] Based upon the observed crustal character and geom-
etry (above), we suggest a cyclical process of: sediment and
crust are faulted into a “subduction channel” at the subduc-
tion thrust; material within the subduction channel is trans-
ported arcward and downward; this material is then
underplated near the base of the crust where it is thermally
weakened and of much lower density than the deeper mantle
wedge; crustal underplating drives local rock uplift; which
causes steepening of the trench slope above its critical angle
of stability and results in collapse of material back toward
the subduction front (Figure 15).

[61] If the underplating rate was the same beneath East
Cape Ridge and Raukumara Peninsula, then more rapid
collapse of the trench slope adjacent to East Cape Ridge
would be expected, because East Cape Ridge is closer to the
subduction front than Raukumara Peninsula so the slope
angle would be increased more rapidly by the same uplift
rate. This is consistent with general observations of the
intensity of faulting of the trench slope adjacent to East
Cape Ridge, but we have insufficient data to quantify along-
strike variation in rock uplift rate and geometry.

13. Implications for Growth and Recycling of
Continental Crust

[62] Subduction margins play a key role in generating
new continental crust through igneous activity at arcs,
recycling crust by accretion of continent-derived sediment,
and they are the most obvious locations where continental
crust could be mixed back into the mantle. It is, therefore,
important but extremely difficult to directly quantify these
fluxes through the direct measurement of observable prod-
ucts: arcs, accretionary wedges, and trench slope subsidence
histories.

[63] A highly cited study of seismic profiles through arcs
of known (estimated) Phanerozoic activity led to a global
arc growth rate estimate of 1.65 km® yr~' [Reymer and
Schubert, 1984]. Uncertainties in this study are unquanti-
fied: material may have escaped measurement because it
was not identified (e.g., it was eroded or erupted to form
sediment); or may have been incorrectly included in the
calculation even though it was older than the time period
being explicitly considered. The study is significant for our
discussion because geochemical and freeboard arguments
require that the rate of crustal growth and remixing of
crustal material back into the mantle have been approxi-
mately similar during Phanerozoic time, with a slight net
growth of continents implied [Clift and Vannucchi, 2004;
Dewey and Windley, 1981; Reymer and Schubert, 1984,
VonHuene and Scholl, 1991].

[64] Estimates of the flux of subducted sediment and
continental material have increased as additional data have
become available from 0.6 to 1.0 km® yr~' [Dewey and
Windley, 1981], to 1.3—1.8 km® yrfl [VonHuene and Scholl,
19911, to 3.9 km® yr~' [Clift and Vannucchi, 2004]. The
primary reason for the progressive increase in this estimate
arises from the recognition of trench slope regions that are
not composed of young accreted sediment and that have
subsided rapidly during subduction activity. Trench slope
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Figure 15. Cartoon showing rock uplift causing oversteepening and collapse of the trench slope; then
collapsed material and incoming sediment is translated down a “subduction channel” and underplated to
the lower crust, causing further uplift. The locus of uplift is closer to the subduction front (a) in
Raukumara Basin than (b) at Raukumara Peninsula, where the crust is thicker; leading us to suggest that
the Moho is a fundamental control on underplating processes.

subsidence values are typically converted to tectonic ero-
sion values assuming constant average wedge taper through
time and vertical rock trajectories as the base of the wedge
is removed by subduction erosion [Clift and Vannucchi,
2004].

[65] Previous global subduction budgets have included
our study region as one of net subduction erosion [Clift and
Vannucchi, 2004; VonHuene and Scholl, 1991], based upon
evidence for frontal tectonic erosion, subsidence and col-
lapse of the trench slope. We agree with the observations
that were used, but propose an alternative interpretation that
involves no net loss in volume of the fore arc.

[66] To satisfy all of our observations, we propose a
cyclical crustal kinematic within the fore arc: material is
tectonically eroded at the toe of the trench slope; it is moved
down a subduction channel to near the base of the crust;
underplating near the Moho causes rock uplift and steepen-
ing of the trench slope; which in turn causes extension,
subsidence, and collapse of the slope toward the trench; and
material falls back into the subduction channel and com-
pletes the cycle. Material may be added from the incoming
plate or lost into the mantle, but it is also possible for the
fore arc to establish a geometrical dynamic equilibrium

where there is no net change in volume or shape of the
fore arc, but the cyclical rock particle paths lead to persis-
tent collapse and subsidence of the trench slope. Hence,
estimates of fore-arc loss based upon trench slope subsi-
dence may systematically overestimate the rate that crustal
material is mixed into the mantle.

[67] Our hypothesis is supported by numerical and analog
models. Previous theoretical considerations of subduction
erosion have shown that it is straightforward to reproduce a
subduction channel moving with the subducted plate within
the crust [Lallemand et al., 1994], but density contrasts
between crust and mantle can result in underplating at the
base of the crust [Ellis et al., 1999], or a return flow of
crustal material from greater depths within the subduction
system back upward to the crust [Gerya et al., 2002]. Our
hypothesis is also supported by geochemical data. For
example, the flux of young subducted sediment into Tongan
lavas [George et al., 2005] is much less than predicted by
simple models of trench slope subsidence [Clift and
MacLeod, 1999].

[68] Our conclusion that subsidence rates measured on
trench slopes systematically overestimate the rate of removal
of crustal material into the mantle implies that aggregate
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global estimates are too high. We submit that the true
uncertainties involved in making estimates of crustal growth
and loss based upon direct measurement of arc and fore-arc
volumes through time remain sufficiently large that it is still
difficult to use these data to draw robust conclusions about
the net growth and recycling rate of continental crust during
Phanerozoic time.

14. Conclusions

[69] New seismic reflection and refraction data allow us
to identify and map Raukumara Basin (Figures 1, 4, and 9)
and determine the crustal architecture of part of the Hikurangi
fore-arc region. Raukumara Basin has a maximum of ~12 km
sediment thickness and we recognize three seismic reflection
megasequences (Figures 6, 7, and 8) that we correlate with
onshore lithostratigraphic units (Figures 2 and 3): X, a Late
Cretaceous and Paleogene marine passive margin mega-
sequence; Y, a sheet of allochthonous material that we
interpret as a large submarine landslide emplaced during
the onset of subduction beneath East Cape Ridge at circa
21 Ma; and Z, a Neogene subduction margin marine mega-
sequence (Figure 14).

[70] The base of the crust is shown to lie at ~17 km
beneath the center of the basin, but the crust thickens
southward and the base of the crust lies at ~35 km beneath
Raukumara Peninsula (Figures 11, 12, and 13). Beneath the
western basin margin, we recognize reflective units that we
interpret to be deformed sediment of the Gondwana fore arc
that was thrust in Cretaceous time over oceanic crust with a
thickness of ~7 km. West dipping reflection events at 13—
15 s twt are interpreted as the active subduction thrust lying
at ~35 km beneath the basin center (Figures 7 and 11).

[71] Raukumara Basin has normal faults at its western
margin and is broadly uplifted along its eastern and southern
margin, but is only weakly deformed over most of its area
(Figure 10). Hence, we infer that Raukumara Peninsula and
Basin have behaved as a large (>150 km long) and rela-
tively rigid fore-arc block that has been translated from the
Australian plate by spreading in the Havre Trough; this
conclusion is in contrast to large Neogene vertical axis
rotations that have been inferred on the basis of paleomag-
netic data from the Hikurangi fore arc farther south [Mumme
etal., 1989; Roberts, 1992; Rowan and Roberts, 2005, 2008;
Thornley, 1997; Walcott et al., 1981].

[72] We infer that initial uplift of East Cape Ridge was
associated with subduction initiation in latest Oligocene or
early Miocene time and resulted in the emplacement of a
large (~10,000 km®) submarine landslide westward or
northwestward into the basin (megasequence Y). Kinematic
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Abstract

Seismic wide-angle data from the central Tonga-Kermadec subduction zone determine the structures of the
incoming Pacific plate and the overriding Australian arc near the active arc volcano Raoul Island at 29
degrees South. The subducting Pacific plate is around 5-6 km thick with seismic P-wave velocities (Vp) of
5.2-6.9 km/s, with isolated pockets of lowered Vp and covered with up to 100 m thick patches of sediments.
The underlying Pacific mantle has a Vp of 7.4 km/s. These relatively low seismic velocities in crust and
mantle indicate a considerable alteration of the rough and broken incoming plate which is likely to transport
a significant amount of access water into the subduction zone. The arc crust is about 12 km thick with a Vp
of 4.2-7.0 km/s and a 40 km wide low velocity region directly above the contact area with the subducting
crust. The sediments on the arc crust are on average about 1 km thick and form an up to 3 km thick and 90
km wide forearc basin. The mantle wedge has a Vp of 7.5-7.7 km/s which is lower than typical arc mantle.
We interpret these low Vp to be a result of serpentinisation caused by the large amount incoming water
released directly at the frontal mantle wedge. Our results demonstrate the possibility that even in regions
without significant amounts of subducting sediment relatively large amounts of free water can enter

subduction zones.

Introduction

Migration of water through sudbuction zones plays an important role in subduction zone processes as water
influences directly the arc volcanism, seismicity, and also causes the alteration of incoming and overriding
structures and rock units (e.g. Peacock, 1990, 1993). One of the fundamental questions in this context is on
the input and output of water, from the incoming plate to the overriding plate, and yet this has been a difficult
measure to quantify. This paper illustrates one of the deeper, subsedimentary pathways of water, through the

incoming crust and mantle into the shallow part of the overriding mantle wedge, as illuminated by the upper



mantle P-wave velocities of both plates involved. Seismic wide-angle data from the central Tonga-Kermadec
subduction zone near Raoul Island, in the western Pacific at 29 degrees South (Fig. 1), determine the upper
lithospheric structures and in addition are investigated to infer some of the connections between the input

and output in subduction zones.

Generally, most of the incoming fluids in subduction zones are supplied by the incoming sediments (where
present) and the shallow oceanic crust. Trench sediments are usually saturated by the ocean. The crust below
can contain both remnant water from its creation from mid-oceanic ridges as well as additional water that
enters cracks and fissures during plate bending prior to subduction. Overlying sediments can cap the oceanic
crust and thus reduce water percolation into the crust below. However, in the case of outcropping basement,
where the sediments are either sparse or perturbed by the crust, larger volumes of water can still enter the
crust. The underlying oceanic mantle can also become enriched with water and hence serpentinised, as
indicated by greatly reduced seismic velocities measured at incoming upper mantles. Thus, greatly reduced
upper mantle velocities of the incoming plate can indicate greater volumes of water entering the subduction,
even in the case of thin sediments at the trench. We show that the central Tonga-Kermadec subduction zone
is an example where the incoming, sparsely sedimented lithosphere supplies a significant amount of water
through subduction to the overriding lithosphere, as the overlying mantle also exhibits reduced seismic

velocities indicative of a surplus of water.

This paper focuses on the central Tonga-Kermadec subduction zone which is one of the lesser studied
subduction zone systems. In previous studies, the main focus in this region has been the arc volcanism (de
Ronde et al., 2007), and structural information comes mainly from bathymetry and gravity studies (e.g.
Collot and Davy, 1997). For the first time, deep seismic wide-angle data were collected in 2007 as part of the
MANGO (Marine Geoscientific Investigations on the Input and Output of the Kermadec Subduction Zone)

project (Flueh and Kopp, 2007) in this area, and the results for northern Kermadec area are shown in this

paper.

Tectonically, the seismic profile is located adjacent to the highly active arc volcano Raoul Island, which is
the northernmost of the Kermadec islands of the Kermadec arc (LLloyd and Nathan, 1981). Here, the Pacific
plate has been continuously subducting beneath the Australian plate since 45 Ma (Sutherland, 1995),
currently at a convergence rate of 55 mm/a (DeMets et al., 1994) approximately oblique to the arc (Fig. 1).
The entire Tonga-Kermadec arc zone stretches for about 2500 km between the northern Tonga Ridge and the
Taupo Volcanic Zone of New Zealand. The Australian backarc is characterised by the Havre-Trough where
backarc rifting or spreading has been active since 4-5 Ma, separating the now inactive Colville Ridge from
the active Kermadec Ridge. The incoming Pacific plate has formed at approximatley 100 Ma at the now

inactive Osbourne Trough that lies about 450 km to the north (Bradshaw, 1989; Downey et al., 2007).



Seismic Data and Modelling

Seismic wide-angle reflection and refraction were acquired in April 2007 along a 475 km long profile
oriented NNW-SSE, perpendicular to the northern Kermadec Trench, at the latitude of Raoul Island around
29 degrees South. The profile was covered with a total of 56 ocean bottom seismometer and hydrophone
(OBS/H) stations successfully deployed at a spacing of 5.5 km. The seismic source consisted of a 64 litre

(4230 cu inch) G-gun array that was fired at a nominal spacing of 150 m.

Because the OBS/H could not withstand water depth greater than 6000 m while the Kermadec Trench
reaches depth of up to 10 km, a station gap of about 80 km had to be left within the profile. First, 29 OBS/H
were deployed along the eastern half of the profile and then the profile was covered with airgun shots up to
45 km beyond the westernmost OBS 119 (Fig. 1). This station was then left on the seafloor and the
remaining 28 stations were re-deployed along the western part of the profile which was covered with airgun
shots up to 20 km east of OBS119 (Fig. 1). One station was irretrievable. In general, the data quality is good,

with mantle refractions measured at offsets up to 200 km.

Multibeam bathymetry and shallow seismic reflection data from 100 m streamer deployed during the seismic
wide-angle data acquisition provide a-priori information for seafloor and sedimentary structures along the

data profile. These data were incorporated into the starting model for the seismic wide-angle analysis.

The seismic wide-angle analysis was carried out by measuring seismic P-wave phases from sediments, crust
and upper mantle. Our goal was to derive a preferred model of seismic velocity distributions that satisfies the
a-priori information and the seismic wide-angle data with the least number of model nodes and thus is a

"minimum-parameter/prior structure" model (Zelt, 1999).

We used the ray-tracing method from Zelt and Smith (1992) to determine subsurface structures. The velocity
model consists of layers that are assigned by variably spaced depth nodes along each model interface and
velocity nodes at the top and bottom of each model layer. Forward ray-tracing through this model predicts
arrival times that were compared to the measured arrivals, and the model was changed to minimise the misfit
between observed and calculated times. Model changes were calculated automatically during several
inversion and adjusted manually in cases of unrealistic inversion results caused by sparse data coerage or

limitations of the ray-tracing method.
The velocity model consists of a 2-layer subducting crust above the mantle, covered by a thin layer of
sedimentary debris. The overriding plate has two, thicker sedimentary layers, as well as a 2-layer crust and

an underlaying mantle.

Our final, preferred model (Fig. 2) exhibits that the incoming Pacific plate is relatively rough, between 5-6



km thick with seismic P-wave velocities (Vp) between 5.2 and 6.9 km/s, covered by relatively little, in
patches up to 100 m thick sediments. The seismic velocity of the mantle around 7.4 km/s is relatively slow.
The roughness of the Pacific plate in addition to some isolated pockets of slower Vp in the crust and a
generally low upper mantle Vp indicate that the incoming plate appear strongly affected by plate bending as

discussed below.

The overriding Australian arc crust with 12 km thickness appears relatively thin, reaching depth of just over
14 km (Fig. 2). Its seismic velocities vary between 4.2 km/s in the shallow parts to up to 7.0 km/s in the
lower crust. The sediments on top are, on average, about 1 km thick but form an up to 3 km deep and about
90 km wide forearc basin (Fig. 2). Sedimentary velocities lie between 1.6 and 3.8 km/s. The uppermost arc
mantle Vp is 7-5-7.7 km/s, lower than typical arc mantle velocities, which normally lie around 7.8 km/s
(Hyndman et al., XXX). Just at the deformation front there appears an approximately 40 km wide region of
strongly reduced velocities of the forearc crust, immediately above the plate contact zone of both plates

involved. The implications of these inferred structures are discussed below.

Figures 3a-e show data example and how well the model fits these data. The top panels of these figures show
the data and the interpreted phases, the central panels show all predicted phases (including those not
interpreted and measured) on top of the data, and the bottom panels show the corresponding ray path only to

actual picked arrivals.

In order to judge, how accurate and well resolved the lithospheric structure are, Figures 4 and 5 show the
data coverage and model resolution, respectively. Resolution values vary between 0.0 (small symbols) and
1.0 (large symbols) and indicate how well each model parameter is resolved with respect to the relative
number of rays. Zelt and Smith (1992) found that a node with a resolution value greater 0.5 can be
considered well resolved. Disregarding the data gap around the trench where the great water depth prevented

the deployment of OBS/H, the model appears relatively well resolved

In addition, we have also varied manually the layer depths and velocities and compared the predicted arrivals
with the data. This allows us to estimate actual model parameter uncertainties as follow: Depth to sediments:
70-150 m; depth to crust: 100-200 m, depth to mantle: 500-1000 m; velocity of sediments: 100-300 m/s;
velocity of crust 80-400 m/s; velocity of mantle: +/- 150 m/s.

Discussion

Seismic anisotropy versus mantle hydration

Measuring relatively low Vp (< 8.0 km/s) in a mature (>25 Ma) upper mantle can potentially indicate either

that Vp was measured along a slow orientation of alligned mantle olivine crystals due to mantle flow and



therefore be an effect of seismic anisotropy, or that the upper mantle is altered, fractured or hydrated and thus
of low Vp. Interestingly for our case, Vp from both upper mantles, incoming and overriding plates, appear
relatively low, and both may be explained by the same effects, mantle flow or hydration, and they appear

even to be linked.

If the incoming Pacific upper mantle Vp of 7.4 km/s is due to seismic anisotropy, a perpendicular line would
reveal a higher Vp. About 200 km further north, Contreras-Reyes et al. (submitted) provide such a result
from across the Louisville Ridge. They measured upper mantle Vp of 8.1-8.3 km/s, where the faster
velocities lie below a seamount with slightly higher uncertainty (0.15 km/s instead of 8.1 +/- 0.1 km/s)
(Contreras-Reyes et al., submitted). Their result is measured perpendicular to the adjacent Osbourn Trough, a
former spreading centre, which would represent a reasonable mechanism to have caused the apparent seismic
anisotropy (Hess, 1964). However, as we are unable to judge what the influence of the genesis of seamounts
was on the upper mantle in the region where a hotspot caused the Louisville Ridge, it is difficult to analyse

and prove seismic anisotropy along our profile to the south.

The alternative for the observed discrepancy between our low incoming upper mantle Vp and the faster one
to the north could be the alteration of the mantle peridotite at our southern line. The bathymetry here
suggests that strong, deep-seated fracturing and faulting is accompanying plate bending (Fig. 6), possibly
generating large, tsunamogenic earthquakes. The opening of cracks allows water to penetrate into the mantle
as suggested offshore Central America or Chile (e.g. Ranero et al., 2003; Ivandic et al., 2008), Chile
(Contreras-Reyes et al., 2007; Contreras-Reyes et al., 2008a; Contreras-Reyes et al., 2008b; Scherwath et al.,
2009), or Indonesia (Planert et al., submitted). According to Carlson and Miller (2003) only a few w(%) of
water can significantly reduce Vp. However, without a reference value for undisturbed upper mantle Vp in

this region, we are unable to estimate an actual amount of mantle hydration.

In the upper mantle of the forearc, relatively low Vp could also have the two causes. Low Vp here could be
evidence for mantle flow whereby arc-parallel mantle flow causes reallignment of olivine crystals, resulting
in seismic anisotropy with the fast orientation in the flow direction (arc-parallel), and we actually sampled
Vp along the slow orientation as suggest in central America by Hoernle et al. (2007). The second cause for
low Vp would be alteration of the forearc mantle due to hydration and serpentinisation of the mantle olivine.
Access water may be provided by the subducting plate, where free water would be carried past the

subduction front.

If the incoming plate carries relatively little access water and the observed low Vp of the incoming mantle is
due to seismic anisotropy, than the low Vp of the overriding mantle most likely represents seismic
anisotropy, too. Upper mantle anisotropy in one plate would therefore likely infer upper mantle anisotropy to

be present in the other plate.



There are, however, several reasons that agree more with the concept of the shallow frontal forearc mantle
being hydrated and serpentinised. Serpentine has a lower density than peridotite (REF). Serpentinisation
should therefore lower the mantle density which can result in uplift. The undulation of the Moho here (Fig.
2) suggests that such an uplift in this region is possible. Bostock et al. (2002) went as far as suggesting that
all mantle wedges would be serpentinised. Access free water is usually provided by downgoing sediments, or
in places of absent sediments, the fluids in a competent and impervious crust are restricted to a fault-fracture
mesh at the crust's periphery (Reyners et al., 2007; Nature) and can enter the mantle whose storage capacity
of free water is less than 0.2 wt% (Obtani, E., 2005). Bound water is carried in the oceanic basalt and

serpentine as discussed above.

On the other hand, if we would outrule that mantle hydration would be the cause of the low upper mantle Vp
in the forearc, and should consider seismic anisotropy to explain our measured Vp, the subduction zone
setting would need to be as unusual as in Central America (Hoernle et al., 2007). As mantle corner flow is
usually arc-perpendicular, caused by the drag of the down-going plate, and hence would results in a seismic

anisotropy contrary to what would be inferred by our measurement (REF).

Consequences of a hydrated mantle wedge

Bostock et al. (2002) speculate that all mantle wedges would be serpentinized. Mantle hydration is typically
indicated by low arc mantle velocities that lie around 7.8 km/s (Hyndman et al., 1997). Therefore, our results
appear typical for mantle wedges. An example where 2-4 km of unconsolidated material, including 2 km of
sediments, on the incoming plate appear not to have an alteration effect on the overriding mantle wedge is
the northern Hikurangi subduction zone (Scherwath et al., submitted). The upper mantle velocity of the
frontal mantle wedge is above 8.0 km/s, and Scherwath et al. (submitted) speculate that massive underplating
prevents the subduction of sediments and hence free access water. Such a scenario appears unlikely to occur
at the profile presented in this paper as the frontal subduction wedge is of relatively high Vp, and neither

accretion nor underplatig can be inferred.

A hydrated mantle wedge would inhibit subduction zone thrust earthquakes to rupture below the Moho
interception (Tichelaar and Ruff, 1993), and this holds true where thrust earthquakes follow this pattern
(Bostock et al., 2002). However, a recently modeled earthquake rupture in the Kermadec margin near our
profile (http://earthquake.usgs.gov/eqcenter/eqinthenews/2008/us2008xna6/finite_fault.php) suggests that
deeper mega-thrust events are possible, contrary to the aforementioned Moho depth limit of mega-thrust
events (Bostock et al., 2002; Tichelaar and Ruff, 1993). This would have significant consequence for hazard
estimates for this margin. If the reduced Vp we observe in the uppermost mantle is a consequence of
hydration of this shallow mantle wedge, and we expect normal hydration at greater depth due to water-
releasing eclogitisation from subducting heated basalt (Peacock, 1993), there may be room to speculate that

there exists a zone of "normal" mantle between hydrated mantle where subduction thrust can earthquakes



occur. Our data, however, are not suited to resolve such deep velocity variations which could possibly be
provided by high resolution earthquake tomography where deep earthquakes in sufficient abundance are
observed. The acquisition of these seismological data could, in addition, also be used to detect earthquake

swarms as an indicator for fluids (Reyners et al., 2007; Tilmann et al., 2008).

What is difficult to estimate is the migration of free water up the subduction shear. Deep subduction

earthquakes could also indicate that only little fluid migration up the subduction shear occurs.

Conclusion

The central Tonga-Kermadec subduction zone structures are determined by seismic wide-angle data near the
active arc volcano Raoul Island at 29 degrees South. The subducting Pacific plate is around 5-6 km thick
with seismic P-wave velocities (Vp) of 5.2-6.9 km/s, and exhibits isolated pockets of lowered Vp.
Sedimentary cover only exists in patches up to 100 m thick. The underlying Pacific mantle shows Vp of 7.4
km/s. The relatively low seismic velocities in Pacific crust and mantle indicate a considerable alteration of
the rough and broken incoming plate which is thus likely to transport a significant amount of access water
into the subduction zone. The Australian arc crust is about 12 km thick with a Vp of 4.2-7.0 km/s and a 40
km wide low velocity region directly above the contact area with the subducting crust. The sediments on the
arc crust are on average about 1 km thick and form an up to 3 km thick and 90 km wide forearc basin. The
mantle wedge as a Vp of 7.5-7.7 km/s which is lower than typical arc mantle. We interpret these low Vp to
be a result of serpentinisation caused by the large amount incoming water released directly at the frontal
mantle wedge. Our results demonstrate the possibility of deep pathways for free water through subduction

zones.
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Figures

Figure 1: Basemap (a) of the Tonga-Kermadec subduction zone, (b) the working area with its tectonic
features, plate motion indicated as black arrows relative to the Australian plate (after DeMets et al., 1994),
and (c) the seismic line Mango-4, the red line representing the shots and the white circles the ocean bottom

receivers.

Figure 2: Final proposed velocity model derived from ray-tracing of seismic wide.angle data.. Velocity

contours are in km/s.

Figure 3a-e: Data examples of five representative receiver gathers along the profile. Top panels show
uninterpreted data highlighting the interpreted phases, the middle panels show all predicted P-wave arrivals
drawn on top of the seismic data, and the bottom panels show only those rays for the picked arrivals used to

determine the model.

Figure 4: Ray coverage of all rays form all stations determining the final model.

Figure 5: Model resolution, with depth nodes (squares) and velocity nodes (circles) drawn to scale indicating

node resolution; values larger than 0.5 are considered well resolved.

Figure 6: Sketch of interpretation, indicating deep hydration pathways through the incoming plate into the

arc crust and frontal shallow mantle wedge.
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Struktur der Hikurangi-Kermadec Subduktionszone vor Neuseeland
- Ergebnisse von der MANGO Ausfahrt SO-192-1

Scherwath, M." Kopp, H." Flih, E.R." Henrys, S.A.? Sutherland, R.?

' Leibniz Institute of Marine Sciences, IFM-GEOMAR, Wischhofstr. 1-3, 24148 Kiel,
Germany. E-Mail: mscherwath@ifm-geomar.de

2 GNS Science, 1 Fairway Drive, Avalon, PO Box 30-368, Lower Hutt, New Zealand.

Einleitung und Ziele

Im Marz/April 2007 fand die Ausfahrt SO-192-1 des Projektes MANGO (Marine
Geoscientific Investigations on the Input and Output of the Kermadec Subduction
Zone) im Gebiet nordlich der Nordinsel von Neuseeland statt, zwischen 28° und 38°
Sud (Abb. 1). Hier befindet sich das Hikurangi-Kermadec Subduktionssystem, wo
sich die pazifische Platte unter die australische Lithosphare schiebt. Ziel der Ausfahrt
war es, geophysikalische Daten zu sammeln, die die lithospharischen Strukuren
dieser Subduktionszone aufldsen. Hierzu wurden in erster Linie seismische
Weitwinkeldaten gesammelt, die tief in die Kruste und den oberen Mantel der beiden
tektonischen Platten eindringen, um die genaue Plattengeometrie zu entschlisseln.
Zusatzlich wurde ein kurzer seismischer Mehrkanal-Streamer geschleppt, um die
flachen Sedimentstrukuren aufzuldésen. Ferner wurden magnetische Daten zur
Altersbestimmung der ozeanischen Platte bzw. zum Erfassen von magnetischen
Anomalien subduzierender Seamounts gesammelt. Abgerundet wurde die
Datenakquisition durch Facherecholotdaten, die ein genaues Abbild der
Meeresbodenmorphologie liefern. Die Projektziele umfassen die Aufschlisselung der
Subduktionsstrukturen sowie die Ubergange zwischen den verschiedenen
Subduktionsystemen (Hikurangi Plateau im Stden, "normale" ozeanische Kruste im
Norden). Die Zusammenhange zwischen den tektonischen Strukturen sowie der
nach Norden hin zunehmenden Seismizitat und den Stratovulkanen spiegeln sich im
Materialtransfer (Input und Output) wieder (Flih und Kopp, 2007).

Seismische Daten

Seismische Weitwinkeldaten wurden entlang von vier Profilen senkrecht zum
Tiefseegraben erhoben (Abb. 1). Insgesamt wurden 147 Stationen entlang dieser

Profile mit Ozeanbodenseismometern und -hydrophonen (OBS/H) erfolgreich



abgedeckt. Als seismische Quelle diente ein 64 | Airguncluster. Die Datenqualitat der
seismischen Stationen ist insgesamt gut; nur die OBS/H-Signale auf dem Hikurangi
Plateau und dem East Cape Ridge gehen kaum weiter als 40 km Offset. Ein

Vergleich mit anderen seismischen Daten aus diesem Bereich zeigt jedoch, dass hier
178°E 180° 178W 178°W

28's 282

Abb. 1: Ubersichtskarte des
Arbeitsgebietes MANGO

178°E 180° 178'W 178"W

allgemein eine hohe Signaldampfung vorhanden ist, was auf eine hohe interne
Deformation dieser Strukuren hindeutet. Die Stationen des dahinter liegenden
Raukumara Fore-Arc Beckens zeichneten hingegen klare Signale auf, mit Arc-
Mantel-Phasen bis uUber 70 km Offset. Die nérdlichen Profile sind von deutlich
besserer Qualitat, mit klaren Signalen haufig tber 80 km bis hin zu einem Maximum
von 200 km Offset.

Ergebnisse

Das sudliche Profil Mango-1 um 37°S erfasst das Hikurangi Plateau, das East Cape
Ridge und das Raukumara Fore-Arc Becken (Abb. 2). Das Hikurangi Plateau besteht
unter den Sedimenten aus eine Schicht Volcanoclastics/Limestone/Chirt (Davy et al.,

2008) Uber Plateau-Kruste. Die Machtigkeit des Plateaus wurde mit



Gravimetriemodellierung abgeleitet, da keine Mantelphasen gemessen wurden.
Jenseits des Tiefseegrabens scheint Crustal Underplating fur die Erhebung des East
Cape Ridges verantwortlich zu sein. Hier verdickt sich das reinkommende Plateau
unterhalb der Fore-Arc-Hochs. Anomal hohe seismische Geschwindigkeiten

unterhalb des East Cape Ridge zusammen mit einer starken magnetischen Anomalie
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Abb. 2: Strukturmodelle entlang der vier MANGO Profile.

deuten entweder auf einen subduzierten Seamount oder auf sogenannte Allochthon
Basaltic Volcanics hin, wie sie auch 60 km weiter sudwestlich an Land gefunden
werden. Seismische Reflexionsdaten vom Raukumara Becken zeigen
hochaufgeloste Sedimentstrukuren, die wahrscheinlich bis zu einer Zeit von vor 85
Millionen Jahren zurtck gehen, als hier schon einmal Subduktion unter Gondwana
stattfand (Davey et al., 1997, Sutherland et al., 2008).

Knapp 400 bzw. 600 km weiter nordlich befinden sich Mango-2 und Mango-3
(Abb. 2). Diese beiden mittleren Profile decken den australischen Arc zu beiden

Seiten des Kermadec Ridge ab. Trotz der relativen Nahe der beiden Profile zeigen



unsere Ergebnisse Unterschiede auf. Im Back-Arc-Bereich ist die Kruste am
nordlichen Mango-3 Profil deutlich verdunnt, was auf eine durch Rifting gestreckte
Kruste schlieRen lasst. Auch die Wassertiefen sind grof3er als bei Mango-2, wo auch
die Back-Arc-Kruste deutlich machtiger ist. Dieser sudlichere Teil weist auch
erniedrigte seismische Geschwindigkeiten im oberen Mantel auf (7.6 km/s statt 7.9
km/s wie im Fore-Arc-Bereich), was eventuell auf thermische Streckung hinweist, die
mit einer Veranderung des Arc-Vulkanismus einhergeht (de Ronde et al., 2006).

Das ndrdlichste und langste Profil Mango-4 (Abb. 2) befindet sich auf Hohe
des aktiven Vulkan Raoul Island bei 29°S. Charakteristisch fur dieses Profil sind
relativ deutlich reduzierte seismischen Geschwindigkeiten sowohl im pazifischen als
auch im australischen Mantel. Die pazifische Mantelanomalie ist vielleicht ein
kombinierter Effekt von seismischer Anisotropie und Plattenbiegungseffekten. Der

Arc-Mantel hingegen ist vermutlich thermisch beeinflusst, ahnlich wie bei Mango-2.
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