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Preface

This is the first book to provide a comprehensive treatment of the tectonics and magmatism
of backarc basins, from their initial rift stage to mature spreading. It focuses on the young
backarc basins of the circum-Pacific, where the volcano-tectonic processes are best studied
because they are still active. Twelve chapters describe the Taupo-Havre-Lau system, the
North Fiji Basin, the New Hebrides, Mariana, Bransfield, and Okinawa troughs, the East
Scotia and Japan Seas, and the Shikoku and Kuril Basins. Two chapters provide syntheses
of hydrothermal activity related to arc-backarc magmatism and tectonic and magmatic
controls on basin sedimentation. The authors of each chapter are the recognized experts for
their area/topic.

The last ten years have seen fundamental changes in our understanding of the
tectonics, volcanism, hydrothermal circulation, and sedimentation in backarc basins. This
has resulted from exploration and detailed studies using swath bathymetry and sidescan
acoustic imagery, multichannel seismics, manned submersibles and remotely operated
vehicles, and deep ocean drilling. The studies in this volume summarize these new findings
and use them to build improved models of the dynamic processes occurring in backarc
basins. Below I preview some of the key themes woven throughout the chapters in this
book, together with my own observations.

VOLCANO-TECTONIC SETTING

Backarc basins are situated above mantle exhibiting strong seismic wave attenuation,
that is in turn above or beyond Wadati—Benioff seismic zones that trace the descent of
oceanic lithosphere from bathymetric trenches into the mantle. Not all subduction zones
have associated active arc and/or backarc volcanism, sometimes because the above wedge
of mantle is missing and/or because there is compressional coupling between the subduct-
ing and overriding plates. The formation of backarc basins involves the splitting of volcanic
arcs, initially forming rifts (elongate depressions bounded by faults) and subsequently
backarc spreading centers. They may form within continental or intraoceanic arcs.

CAUSE AND LOCATION

The trench axes of all subduction systems with active backarc basins are observed to
migrate seawards in a hotspot reference frame. Whether the sinking of the subducting plate
beneath the overriding plate is a cause or an effect of backarc opening remains debated, but
presently a majority favor the former. Depending on its other boundary conditions, the
upper plate (being horizontally coupled by suction to the downgoing plate) is pulled

ix
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seawards and stretched. Periodically the stretching is sufficient to pull the weakest part of
the upper plate apart. This occurs where the plate is both hottest and has the thickest crust
(the stronger mantle is thinnest), namely within about 50 kilometers of the volcanic front.
Sometimes this is predominantly on the trench (forearc) side (e.g., Lau Basin), sometimes
in the backarc (e.g., New Hebrides and Okinawa troughs), and sometimes variably on both
sides along strike (e.g., Izu-Bonin-Mariana system).

INITIAL RIFTING

The formation of backarc basins involves extensive rifting of the preexisting arc
massifs. The initial rift basins subside along a zigzag pattern (in plan view) of border faults,
many of which dip at low angles (20—50°). Transfer zones that link opposing master faults
and/or rift flank uplifts further subdivide the rifts into segments along strike. The rifts are
often better developed between the arc volcanoes: magmatism, rather than stretching and
subsidence, often fills the opening adjacent to arc volcanoes. Explosive, high-silica volca-
nism commonly reaches peak intensities during the initial rifting (as documented in the
Japan, Izu-Bonin-Mariana, and Lau-Colville-New Zealand arcs). Nearby calderas shed
voluminous pumiceous sediments into rapidly filled rift basins.

RIFT MAGMAS

Magmas intrude along faults into the rifted arc crust of the basins, sometimes produc-
ing lineated magnetic anomalies. The magmas may be derived from the suprasubduction
zone mantle arc source and/or from pressure-release partial melting of the shallow mantle:
both arc-like and mid-ocean ridge basalt (MORB)-like compositions are observed tempo-
rally and spatially juxtaposed. Nevertheless, slightly wet but otherwise MORB-like lavas
erupt in even the earliest rifts, very proximal (~10 km) to arc volcanoes. Isotope data
indicate that the mantle source region may be replenished by trench ward flow of aestheno-
sphere.

CONTINUED STRETCHING

As continued stretching widens the basins, the zone of greatest subsidence and
intrusion migrates with the collapsing arc margin border faults. The result is an asymmetric
basin in cross section, with a wider zone of stretched and intruded crust on the proto-
remnant arc side whether the rifting initiated in the forearc or in the backarc. In the former
case, there may be no active frontal arc, the proto-remnant arc may remain active during
initial rifting, and half-graben depocenters within the rift basin may be largely isolated from
margin sediments.

INITIAL SPREADING

After continued stretching and intrusion for several million years has produced a rift
basin up to 200 kilometers wide, the shallow and deep sources of mantle partial melts
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become horizontally separated and an organized spreading center forms, fed by the shallow
mantle. This evolution is spatially transgressive: just as rifting migrates laterally, spreading
is localized in some areas first (commonly along a basin-bounding transform fault) and then
propagates longitudinally into adjacent rifting areas. Eventually the suprasubduction zone
arc magmas establish a new volcanic front along the rifted edge of the old one (the South
Sandwich arc is actually built on backarc basin oceanic crust). However, in several but not
all (Mariana) systems, arc activity declined markedly at the start of subsequent backarc
spreading (or even terminated in the Izu-Bonin-Shikoku Basin case).

MATURE SPREADING

The recognition that backarc basins have an extensive rift stage prior to spreading has
helped reconcile some of their initially perceived differences to mid-ocean spreading
centers. The study of mature systems in the northern Lau, North Fiji, Manus, central
Mariana, and East Scotia basins has confirmed first-order similarities in backarc spreading
parameters (rates, morphotectonics, magnetization, crustal structure, and geochemistry) to
those of mid-ocean ridges. Nevertheless there remain important differences, particularly in
the diversity of magma, hydrothermal fluid, and sediment types, and possibly in the thermal
and crustal structures, associated with their suprasubduction zone setting.

HYDROTHERMAL ACTIVITY

One sixth of the known sites of seafloor hydrothermal activity has been discovered in
backarc basins. Silica, sulfate, and sulfide chimneys venting clear, white, and black solu-
tions at temperatures of 200° to 400°C have been found on all the active backarc spreading
centers studied (Lau, North Fiji, Manus, and Mariana). These fluids have low pH (2 to 5),
have evidence of direct interaction with magma, and typically contain more zinc, barium,
lead, cadmium, and arsenic than their mid-ocean ridge equivalents. Hydrothermal deposits
discovered in backarc rifts such as the Okinawa Trough and Sumisu Rift are a modern
analog of the Kuroko-type volcanic-hosted massive sulfide (VMS) deposits that formed in
the middle Miocene Hokuroku Basin during the last phase of Japan Sea opening. Like all
sites of major VMS ore bodies, and unlike mid-ocean ridge deposits, they occur in
association with subduction-related volcanism including silica-rich lavas as well as basalt.
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Taupo Volcanic Zone and Central

Volcanic Region
Backarc Structures of North Island,
New Zealand

J. W. Cole, D. J. Darby, and T. A. Stern

ABSTRACT

Volcanism in North Island, New Zealand, is related to subduction within the Taupo-—
Hikurangi arc-trench system. The central volcanic region (CVR) is a wedge-shaped basin,
approximately 4 m.y. old, which is defined by geophysical parameters. It corresponds to an
area of low density, low-velocity volcanic rocks and anomalous seismic properties within
the upper mantle. Seismic data also provide evidence for a 7.4-7.5 km/s layer at the
unusually shallow depth of about 15 km beneath CVR; this material is inferred to be par-
tially melted upper mantle. The youngest and active part of CVR is the Taupo volcanic zone
(TVZ), the currently active backarc basin of the subduction system where volcanism is <2
m.y. old. TVZ is an area of high-convective-heat output (4 x 10° W). This output is equiva-
lent to an average heat flow of about 800 mW/m2, about 13 times greater than the conti-
nental norm and one of the highest on record for a backarc basin. Rates of extension in the
currently active TVZ are about 7 mm/yr in the north and 18 mm/yr in the south, derived
from shear strain rates varying between 0.18 and 0.5 x 10~5/yr shear. Subsidence rates are
1-2 mm/yr. Focal mechanisms from recent small earthquakes are inconclusive, but most
appear to be transcurrent. The larger 1987 Edgecumbe (M=6.3) earthquake, in the Bay of
Plenty, had a normal focal mechanism. There are three volcanic assemblages in TVZ: high-
Al basalt, basaltic andesite-andesite-dacite, and rhyolite-ignimbrite, in order of increasing
volume. High-Al basalt and rhyolite occur in a bimodal assemblage associated with caldera
structures in the extensional backarc basin, while the basaltic andesite-andesite-dacite
assemblage occurs principally at the northern and southern ends of TVZ and in a narrow
frontal arc along the eastern margin. The andesitic assemblage is undoubtedly slab related
and was formed in a multistage process involving dehydration of the slab, anatexis of the

J. W. Cole + Department of Geology, University of Canterbury, Christchurch, New Zealand. D. J.
Darby + Institute of Geological and Nuclear Sciences, Lower Hutt, New Zealand. T. A. Stern + Re-
search School of Earth Sciences, Victoria University of Wellington, Wellington, New Zealand.

Backarc Basins: Tectonics and Magmatism, edited by Brian Taylor, Plenum Press, New York, 1995.
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overlying mantle, fractionation of mineral phases, and minor crustal assimilation. The
high-Al basalts are considered to be derived from a hot mantle wedge above the subduction
zone with variation due to fractionation and minor assimilation. Origin of the rhyolites and
ignimbrites is more controversial. They are most likely to be the result of either melting of
earlier-formed igneous rocks or sedimentary/metamorphic rocks of a restricted composi-
tion from within the crust, perhaps with a minor upper mantle source component, or partial
melting of a mantle-derived source with significant crustal contamination.

1. INTRODUCTION

The CVR/TVZ offers a rare opportunity to study backarc processes from land-based
observations. Most backarc spreading areas are covered by ocean, which makes direct
observations of geology, volcanism, and earthquake seismology difficult. In particular,
reliable heat flow data from oceanic backarc basins are notoriously difficult to acquire
(Sclater et al., 1980).

The results of a variety of techniques are described in this study including seismic
tomography, geodesy, geochemical analysis, and integrated heat flux. In this chapter three
workers from what at times have been seemingly disparate subdisciplines of the earth
sciences—geochemistry, geodesy, and geophysics—have attempted to produce a common
synthesis of knowledge on the CVR/TVZ. During this synthesis one of the problems that
arose was the differing inferences drawn from geophysics and geology about what the
principal volcano-tectonic unit is in central North Island. This is a question we address
but do not finally resolve. In general, however, we believe that effective progress will be
made in learning about such as areas the CVR/TVZ by such a cross-disciplinary approach.

2. PLATE TECTONIC SETTING

New Zealand lies at the boundary between the Pacific and Australian plates, and in the
northern part of New Zealand the plate boundary zone is dominated by subduction of
oceanic crust of the Pacific plate beneath continental crust of the Australian plate (Fig. 1.1).
The relative instantaneous pole of rotation for these two plates is sited at 62°S, 174°E by
Chase (1978), and rotation is estimated to be 1.27°/m.y. As a result, subduction is oblique
under North Island (Fig. 1.1) to form the Taupo—Hikurangi arc-trench system (Cole and
Lewis, 1981). Subduction becomes progressively more oblique to the south until, in South
Island, continental crust of the Chatham Rise is being obliquely obducted onto continental
crust of the Australian plate in a zone of transpression about 10 km wide. Much of the
movement in this zone occurs as reverse-dextral movement on the Alpine Fault (Fig. 1.1).

3. TAUPO-HIKURANGI ARC-TRENCH SYSTEM

The Taupo—Hikurangi arc-trench system extends from the Hikurangi Trough off the
east coast of North Island, New Zealand, to the TVZ in central North Island (Fig. 1.1). The
Hikurangi Trough is slightly offset in terms of bathymetry from the Kermadec Trench to the
north (Carter, 1980) and merges southward into the Alpine Fault system.
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Tasman Basin

FIGURE 1.1. Location of Pacific-Australian
plate boundary in the New Zealand region. Stip-
pled area represents continental crust around
N.Z. Arrows show motion of Pacific plate rela-
tive to Australian plate (after Cole, 1990). Rates
are from Walcott (1987).

.. Plag
R

To the west of the trough is an accretionary prism, up to 150 km wide, which becomes
progressively older from east to west (Lewis, 1980; Cole and Lewis, 1981). The western part
of the accretionary prism is a frontal ridge of Upper Paleozoic—Mesozoic graywacke-
argillite which is undergoing rapid uplift (¢.g., Lamb and Vella, 1987) and is cut by a major
zone of dextral strike-slip faults—the North Island shear belt (Fig. 1.1).

4. DISTINCTION BETWEEN CENTRAL VOLCANIC REGION AND TAUPO
VOLCANIC ZONE

The CVR is a wedge-shaped basin of predominantly Quaternary rhyolitic volcanism.
Calhaem (1973) noted that the northwestern boundary of CVR corresponded to the location
of a number of low-potash andesites K-Ar dated at 4 Ma (although some of these rocks are
now known to be altered, so the error limits of the dates are high). The TVZ is the eastern
part of CVR and represents that portion (<2 Ma) that is currently volcanically active. The
CVR and TVZ share a common eastern boundary with the present active volcanic front
or arc.

The CVR is the principal volcanic basin structure defined by seismic and gravity
parameters in central North Island (Fig. 1.2) and corresponds to an area of low-density, low-
velocity volcanics that occupy both the eastern side of the Coromandel volcanic zone and
TVZ. The western boundary of the TVZ within the CVR is equivocal and is drawn
somewhat arbitrarily on Fig. 1.3 to correspond to (i) the westernmost limit of active faulting
in central North Island, (ii) the apparent position of the active volcanic front at 2 Ma, and
(iii) a marked change in structural trend in offshore Bay of Plenty. The CVR is associated
with the latter stages of a volcanic arc that has been in existence for at least 22 m.y. (see
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FIGURE 1.2. Map of the northern part of the North
Island showing the location of the central volcanic
region and the distribution of andesites, graywacke

following). The TVZ corresponds to a change in orientation of the plate boundary resulting

and principal sedimentary basins.

from opening of the Havre Trough in the past 4 m.y.

5. EARLIER VOLCANIC ARCS

Within Northland, outcrops of calc-alkaline andesite and basalt volcanism are found
interspersed among older volcanics of an obducted ophiolite sequence (Brothers and
Delaloye, 1982) and Permian-Triassic basement graywacke (Fig. 1.2). A number of workers
have noted an apparent migration of the low-potash andesites southeastward through the

Tauranga
’ CVR

|

" Rotorua"",. ©,
SERTH N ‘

390
®Waimarino

.. Bay of Plenty

o a7 'Y

eVs

W g
White Is

Whaié {3
i)

\ Volcanitiy/ TVZ
Lentre.” y Volcanic a High Al
N\ N front {arc) basalt
= ki =] N @ Andesite
P Back-are and dacites

FIGURE 1.3. Map of the Taupo volcanic zone showing
location of probable calderas (1, Rotorua; 2, Haroharo; 3,
Kapenga; 4, Reporoa; 5, Mangakino; 6, Whakamaru; 7,
Oruanui; 8, Taupo); high-Al basalts (triangles) and
andesite-dacite localities (filled circles) mentioned in the
text. (Ka, Kawerau; Ed, Edgecumbe; Wa, Waiotapu; Br,
Broadlands; Ng, Ngatamariki; Ro, Rotokawa; Rp, Rolles

Peak; Wk, Wairakei; Ta, Tauhara).
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Northland-Auckland peninsula with time (e.g., Kear, 1959; Hatherton, 1969). With the
availability of K-Ar dates of these andesites, various plate reconstructions have been
developed that either take the plate boundary during the Tertiary as being adjacent and
parallel to Northland (e.g., Calhaem, 1973; Cole and Lewis, 1981; Walcott; 1987, Cole 1990)
or that a substantially shallower dipping Pacific plate extended beneath Northland from the
current plate boundary (Brothers and Delaloye, 1982).

Regardless of what the exact orientation for the plate boundary was, two points should
be noted. First, the Northland—Waikato area has been subjected to up to 22 m.y. of
volcanism and, presumably, thermal weakening of the lithosphere; second, there has been a
more rapid migration of the andesite arc across the CVR than within Northland.

Two distinct volcanic arcs can be recognized in Northland (Fig. 1.4): a western
Waitakere arc comprising tholeiitic basalt to medium-K andesite erupted between 22 and 15
Ma (Hayward, 1979); geophysical anomalies and offshore drilling indicate that much of the
arc is offshore. A second arc (Coromandel volcanic zone) extends from the eastern side of
Northland through Great Barrier Island to Coromandel. The earliest activity was submarine
with the eruption of medium-K andesites, comparable in age to those of the Waitakere arc,
but volcanism continued in the Coromandel volcanic zone after the Waitakere arc ceased
activity. About 10 Ma, rhyolitic volcanism began on the east side of Coromandel volcanic
zone to form the Whitianga Group (Skinner, 1986), with numerous rhyolite domes and
extensive ignimbrites, some associated with calderas.

6. OFFSHORE BAY OF PLENTY

The western boundary of the TVZ is perhaps best illustrated in offshore Bay of Plenty
where a structure 40-50 km wide bounded by inward-facing normal fault zones is evident
(Wright, 1992). The western margin of the extensional basin is marked by the Tauranga

B3 Miocene andesites
M Magnetic onomaly

FIGURE 1.4. Map of Northland and Coromandel
showing location of Miocene (22-12 Ma) volcanic
arcs.
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isiond

@ Touronge

1 FIGURE 1.5. Faulting in offshore
Bay of Plenty (after Wright, 1992).

fault zone and the eastern margin by the White Island fault zone (Fig. 1.5). Within the basin
is a frontal nonvolcanic graben, a volcanic (arc) ridge, and a volcanic (back-arc) basin.

7. TAUPO VOLCANIC ZONE CHRONOLOGY

The commencement of volcanism in TVZ is difficult to establish. The first recognized
activity that can be regarded as part of TVZ is the formation of the Mangakino caldera. This
is sited at the intersection between the southern limit of the Coromandel volcanic zone and
TVZ (Fig. 1.3). It was active from 1.6 to 0.9 Ma (Table I) and was the site of nine
voluminous (>1100 km?) ignimbrites erupted between 1.62 and 1.51 Ma (Ngaroma and
ignimbrites B and C) and 1.23 to 0.91 Ma (Ongatiti, Ahuroa, Rocky Hill, Kaahu, Marshall,
and Waioraka ignimbrites; Briggs et al., 1993) together with two phreatomagmatic deposits
(units D and E; Wilson, 1986).

Silicic volcanics of the central part of the TVZ are associated with seven main centers
and associated calderas (e.g., Healy, 1962; Wilson et al., 1984; Cole 1990; Nairn et al.,
1994) (Fig. 1.3). The earliest activity is probably now completely buried by later units.
Wilson et al. (1984) recognized the Kapenga caldera as one of the oldest, and possibly the
source of the 0.71 Ma Waiotapu ignimbrite (Table I). Activity then moved to the SW with
the eruption of the Whakamaru Group ignimbrites ~0.35 Ma (Wilson et al., 1986). These
were probably erupted over a significant time span and filled parts of the earlier Mangakino
and Kapenga structures. Since this time most rhyolitic activity has been from the Okataina,
Reporoa, and Taupo calderas on the E side of the TVZ (Fig 1.3), but the Mamaku ignimbrite
(~0.22 Ma) is likely to have come from the Rotorua caldera (Fig 1.3).

The last 0.20 m.y. of activity has been dominated by rhyolite dome formation,
explosive eruptions, and the eruption of ignimbrites (e.g., Rotoiti, Oruanui, and Taupo)
mainly from the Okataina or Taupo centers (Fig 1.3). Interspersed between these events has
been the eruption of minor (<1% of total volume of TVZ volcanics) high-Al basalt,
commonly from fissures.

The most complete sequence of andesitic lavas occurs in the Tongariro volcanic center
at the southern end (Fig 1.3), where eruptive activity spans at least 0.25 m.y. (Hackett and
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TABLE |
Stratigraphy of Ignimbrites from the Major Calderas, with Approximate Ages of Eruption?
Ma Mangakino Taupo/Whakamaru Kapenga/Reporoa Rotorua/Okataina
Taupo ig 0.0018 Rotoiti 0.065
Oruanui ig 0.0226 Mamaku  0.22
Kaingaroa 0.23
0.2 Rangitaiki } 032 Pokai ? Matahina  0.28
Whakamaru ’ Chimp ?
Te Kopia 0.34
0.4
Waiotapu 0.71
0.6
Marshall ig 0.91 + 0.02
0.8  Kaahu ig 0.92 £ 0.07
Rocky Hill ig  0.97 £ 0.02
1.0
Aharoa ig 1.19 £ 0.03
12
Ongatiti ig 1.23 £ 0.02
1.4

Ignimbrite B 1.51 £ 0.02
1.6  Ngaroma ig 1.60 + 0.03

aData from Briggs et al., 1993; Houghton er al., 1995.

Houghton, 1989). Andesites have also been intersected by drilling at Rotokawa, Nga-
tamariki, Kawerau, and Waiotapu, and relationships to dated ignimbrite units suggest they
may be up to 0.7 Ma.

8. CENTRAL VOLCANIC REGION STRUCTURE

Drilling for exploration and exploitation of geothermal power within the TVZ over the
past 20 years has provided a great deal of stratigraphic data. About 10 holes have been
drilled to depths of more than 2 km, and these show predominantly rhyolitic material in the
form of ignimbrite sheets within the upper 1500 m or so, and then an increasing amount of
dense volcanic rocks, particularly andesite, below 1500 m. A west-east cross section of
drill-hole stratigraphy across the TVZ is given by Stern (1987). Mesozoic graywacke has
been encountered at the base of some holes that are within 6 km of the eastern boundary of
the TVZ, but no sedimentary basement rocks have been encountered in drill holes else-
where within the TVZ. The deepest hole to date (at Ngatamariki) terminated in a quartz
diorite at a depth of about 2.8 km (Wood, 1986), while other deep holes on the eastern side
of the TVZ have terminated in andesite (e.g., Browne, 1971; Browne et al., 1992).

9. GEOPHYSICAL DATA BEARING ON CRUSTAL AND UPPER MANTLE
STRUCTURE, HEAT FLUX, AND KINEMATICS

Geophysical data from central North Island have provided a basis from which the
deeper crust and upper mantle conditions can be interpreted. Together, these data indicate
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an area of grossly anomalous crustal and upper mantle conditions. A cross section of central
North Island, which includes the CVR, is shown in Fig 1.6. Information on this cross section
will be discussed in the following sections.

9.1. Earthquake Seismology

Seismologists have known for some time that earthquake waves that traverse the upper
mantle beneath central North Island are subjected to severe attenuation (Eiby, 1958;
Mooney, 1970) and travel at anomalously slow velocities (Haines, 1979). For example,
Haines’s partition of the upper mantle beneath North Island shows an area beneath the CVR
to have upper mantle P-wave velocities (Pn velocity) of 7.4 £ 0.1 km/s, while more normal
Pn velocities of 8.1-8.5 km/s are found to the east.

Seismic intensity data have been inverted to determine the attenuation parameter Q (a
measure of the amount of seismic energy lost as a wave passes through a medium; Fowler,
1990) in the mantle beneath North Island (Satake and Hashida, 1989). Figure 1.7 shows the
results for Q in two depth ranges, 0-30 km and 30-80 km. Dominating both maps is a
low-Q region that occupies the CVR and spreads out into the Coromandel volcanic zone.
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FIGURE 1.7. Attenuation structure (Q) determined by the inversion of felt intensities (Satake and Hashida,
1989). Q at two different depth ranges are shown. The numbers are deviations from an initial value of attenuation
coefficient and are in units of 10~2 s~1; negative values are weak attenuation (high Q) and positive values are
strong attenuation (low Q).

This probably represents areas of pervasive partial melt in the lower crust and upper mantle
(Haines, 1979).

9.2. Explosion Seismology

Seismic refraction, wide-angle reflection, and near-vertical reflection surveys con-
ducted during the past 10 years have provided information on velocities and structures
within the crust and depth to the upper mantle. Using shot points in the Bay of Plenty and
Lake Taupo, Stern and Davey (1987) conducted a first-order crustal refraction survey, using
analog microearthquake seismographs. They reported a crustal velocity model for the CVR
that features a 3.0—6.1 km/s crust overlying a layer of velocity 7.4—7.5 km/s at a depth of
1512 km (Fig 1.6). A recent offshore seismic reflection profile reported by Davey (1993)
found a band of subhorizontal reflectors at 5-6 s of two-way travel time. For an average
crustal velocity of, say, 5.9 km/s, these reflectors correspond to a depth range of 14-18 km
and are thus broadly consistent with the top of the 7.4—7.5 km/s layer found in the refraction
experiment of Stern and Davey (1987) described above.

9.3. Interpretation of the 7.4—7.5 km/s Layer

Seismic velocities of 7.4—7.5 km/s are ambiguous in that they may be interpreted as
either lower crustal or upper mantle in origin. For example, velocities of 7.3-7.4 km/s have
been detected at a depth of only 9 km beneath Fiordland, New Zealand (Davey and
Broadbent, 1980), where they have been interpreted as uplifted lower crust. However, low-
Pn velocities of 7.4—7.9 km/s are almost invariably associated with tectonically active areas
of high heat flow (e.g., Eaton, 1984; KRISP working party, 1991). Therefore the 7.4-7.5
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FIGURE 1.8. Crustal structures from different locations around the world illustrating a transition from
continental-type crustal structure through tectonically active types to oceanic-type crust (after Garrick, 1968;
Berckhemer et al., 1975; KRISP working party, 1991; Stern et al., 1987; Stern and Davey, 1987). Dark gray pattern
represents lower crustal velocities of 6.4-7.0 km/s, and it is notable that this layer is not present in the CVR.

km/s layer beneath the CVR is likely to be the upper mantle, albeit in a partially molten
state (see Black and Braille, 1982, for discussion on relationship between Pn velocities and
heat flow). Figure 1.8 summarizes crustal structures from around the world and puts the
proposed crustal structure model for the CVR in a global context.

9.4. Gravily Data

About 8000 gravity observations have been made within and adjacent to the CVR and
these data are displayed on 1:250,000 maps of the Bouguer and isostatic gravity anomaly
field (Reilly, 1972). An attempt to separate numerically the regional and residual compo-
nents of the gravity field of the CVR was made by Stern (1979). Figure 1.9 shows the
resulting residual anomalies. The principal feature of this map is that almost the whole
CVR is dominated by a background residual low of —300 wN/kg, with some areas as low as
—600 wN/kg, and other areas where the residual anomalies rise to zero (on the Bay of
Plenty coast where a graywacke outcrop exists). Rogan (1982) has made a three-
dimensional interpretation of the residual anomalies with a simple constant-density con-
trast between the volcanic rocks and basement. Interpretations by Stern (1986) have been
made along three lines (location shown on Fig 1.9) that are controlled by seismic refraction
data: one west-east line through the large gravity low at Mangakino (40 km northwest of
Lake Taupo); a north-south line from the graywacke outcrop near the Bay of Plenty coast;
and a west-east line through the gravity low just to the north of Lake Taupo. For the gravity
lows near Lake Taupo and Mangakino, negative-mass anomalies are inferred deeper than
the 4.9-5.5 km/s seismic basement. These anomalies may represent partially cooled rhyo-
litic intrusions or low-density pyroclastic deposits lying beneath higher-density ignimbrite
units where the ignimbrite effectively constitutes basement (Stern, 1986).
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FIGURE 1.9. Residual gravity anomalies for the CVR (after Stern, 1979). The three profiles (A-A’, B-B’, and
C-C’) are those interpreted by Stern (1986). Contour interval = 50 N/kg (10 N/kg = 1 mgal).

9.5. Heat Flux

Heat output from the CVR is almost totally expressed in the discharge of hot water and
steam from hydrothermal systems within the TVZ, as shown in Fig 1.10 (Studt and
Thompson, 1969). Natural heat output from the individual geothermal systems has been
measured by a variety of methods (e.g., Dawson and Dickinson, 1970; Bibby et al., 1984;
Calhaem, 1973). Natural heat output data shown in Fig 1.10 are from Calhaem (1973) and
Bibby et al. (1984) and sum to about 4 x 109 W. This figure is a minimum, as other “hidden”
geothermal fields similar to Mokai (Bibby et al., 1984) may yet be discovered.

Taking the recharge zone for these geothermal areas to be about 5000 km? (Stern,
1987), the equivalent heat flow is then about 800 mW/m2, a value about 13 times greater
than the continental norm and, as far as we are aware, one of the highest reported for any
backarc basin. This may be because most backarc basins are oceanic and therefore covered
by a shallow ocean that effectively masks the true heat output, thus resulting in an
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FIGURE 1.10. Distribution and heat output
(in MW) of geothermal fields within the
CVR (after Stern, 1987). Total natural heat
output in shaded area from south end of
Lake Taupo to the Bay of Plenty coast is
about 4 x 10° W. Shaded region represents
our best estimate of the region where con-
vective heat transfer is occurring at present.

underestimate of the heat flow (Sclater et al., 1980). Nevertheless, an average heat flow of
800 mW/m? is of the same magnitude as areas like Yellowstone caldera in the United States
(Morgan et al., 1977) and spreading centers like Iceland (Palmason and Saemundsson,
1974) and, in general, is indicative of a tectonic regime where a large-scale convective
transfer of heat is taking place.

10. GEODETIC DATA

10.1. Large-Scale Horizontal Deformation

Five analyses of first-order triangulation have been undertaken to estimate large-scale
deformation across North Island, particularly across the CVR and the TVZ (Sissons, 1979;
Adams, 1984; Walcott, 1984, 1987; Crook and Hannah, 1989; Reilly, 1990), using the
method of Bibby (1973, 1981, 1982).

A first-order North Island triangulation across the TVZ was established between 1923
and 1936 by the predecessor of the New Zealand Department of Survey and Land Informa-
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tion (DOSLI; Lee, 1978). A narrow belt of this first-order network was resurveyed and
densified, with triangulation and trilateration completed by DOSLI in 1976 (Bevin et al.,
1984). Because of problems with scale calibration of the electronic distance meter (EDM)
instruments used for the trilateration, Reilly (1990) used these data only as line ratios.

Sissons (1979) estimated 7 mm/yr secular extension across the TVZ from a compari-
son of these triangulation observations, partitioning the set of reobserved stations according
to the boundaries of the TVZ (Fig 1.11). Shear rates were negligible for his networks BP1
and BP3 to the west and east of the TVZ. In contrast, the shear rate is highly significant for
network BP2, which spans the TVZ. Apart from one station to the southwest, this network
lies between the Rotorua—Tarawera region and the Bay of Plenty coast. The shear-rate
component, relatively extensional at azimuth 130° and perpendicular to the dominant 040°
strike of faults in the zone, is 0.1810.06 (1 s.e.) X 10~%yr. Under the assumption that there is
no length change parallel to the faults, this component would represent actual extension
across the 40-km-wide zone of 7.212.4 (1 s.e.) mm/yr.

Adams (1984) compared the 1920s survey with both the trilateration and triangulation
of the 1976 survey. His results show a uniform strain rate across most of North Island, with a
marked increase in rate, but little change in orientation, near the coast at East Cape. This
study indicated a shear strain component corresponding to an extension perpendicular to
the faulting trend, assuming there is no parallel length change, of typically 0.0910.03 (1
s.e.) X 10~5/yr. Careful reading of Sissons (1979) and Adams (1984) appears to preclude the
possibility that the factor-of-2 difference between the two results is due to confusion
between tensor and engineering definitions of shear magnitude, but this nevertheless still
seems the most likely explanation.

Only triangulation measurements appear to have been used by Walcott (1984), who
reported shear results of 0.15£0.03 (1 s.e.) X 10~%yr across the entire CVR, zero in the
eastern Bay of Plenty, and a much larger value near East Cape. Reilly (1990) used both
direction and distance measurements throughout New Zealand and determined horizontal
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FIGURE 1.11. Shear strain results from
Sissons (1979) (BP1, BP2, and BP3) and
from Darby and Williams (1991) (NTP).
The shear strain is plotted as a bar whose
half-length is proportional to the maximum
engineering shear and with the orientation
of maximum relative extension. Confi-
dence regions of one standard error for
these values are shown. Lettered stars show
locations of earthquakes referred to in the
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derivatives, up to the third order, of station horizontal velocities to describe the variation of
strain (Fig 1.12). In his Raglan to East Cape transect, he found the rate of shear steadily
increasing from zero in the west, to a maximum of 0.3010.08 (1 s.e.) X 10~6/yr in the east
with arate in CVR of about 0.1 x 10~%/yr, consistent with Walcott’s estimate. Walcott (1987)
considered this to be a typical smoothed value for the Bay of Plenty region; he multiplied
it by the 120-km maximum width of the CVR over which it was estimated to obtain an
extension rate of 12 mm/yr, but this value obviously depends strongly on the assigned width
of CVR. Finally, Crook and Hannah (1988, 1989) estimated shear of 0.18+0.11 x 10~5/yr
(1 s.e.), relatively extensional at azimuth 150°, for the period 1951-1977 by comparing one
quadrilateral of the first-order network spanning the TVZ at the Bay of Plenty coast with
lower-order triangulation. This result is very similar to that of Sissons (1979).

All these results are for networks across the northern part of the CVR/TVZ, within 40
to 70 km of the coast. There are no large-scale results farther south, but global positioning
system (GPS) surveys of the TVZ were completed in 1990 and 1991 with a view to their
comparison with triangulations of the 1920s, 1950s, and 1970s (Blick et al., 1992) and
analysis of these data is still in progress.

10.2. Intermediate-Scale Horizontal Deformation

Comprehensive second- and third-order triangulation was established by DOSLI
between 1949 and 1955 in the Bay of Plenty, Rotorua, Taupo, and Raglan districts (Wil-
liams, 1989). A survey across the Taupo fault belt immediately north of Lake Taupo was
completed in 1986 comprising triangulation, trilateration, and vertical angle measurements
(Williams 1987). From these surveys, Darby and Williams (1991) estimated uniform shear
of 0.510.1 x 10%/yr (1 s.e.), relatively extensional at azimuth 14+29° (1 s.e.) immediately to
the north of Lake Taupo for the period 1950—1986 (Fig 1.11). Investigation of variable strain
across the network showed a west-to-east difference in magnitude from 0.4 x 10~%/yr to
1.0 x 10~%/yr and in relatively extensional orientation from 102° to 170°. Integration of the
uniform shear result across the 40-km width of the TVZ yields 185 mm/yr extension
perpendicular to the faults.
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10.3. Vertical Deformation

Lake-leveling observations on Lake Taupo have recorded vertical deformation from
1985 to the present (Otway and Sherburn, 1994) (Fig 1.13). The main results are a long-term
subsidence centered on the Taupo fault belt and relatively-short-term variations most
noticeable outside the fault belt. While the subsidence is undoubtedly related to the
intermediate-scale extension discussed, Otway and Sherburn (1994) show there is no
obvious relationship of the short-term variations with fluctuations in the low-level seis-
micity in the region. This is in contrast to the uplift preceding the Taupo earthquake swarms
in 1983 and the subsidence during them (Otway, 1986).

10.4. Active Surface Faulting

In the late Pleistocene normal faulting was dominant and formed the Taupo fault belt
from Ruapehu and Tongariro to Lake Taupo, the Pacroa Range, Tarawera, and Whakatane
(Fig 1.14). North of Lake Taupo, this belt cuts across the trend of the older Hauraki graben
that contains the mid-rift Kerepehi Fault (Fig 1.14). Faulting is dense southwest of the
Okataina volcanic center but less so to the northeast. The belt is about 20 km wide with an
overall strike of 040°, swinging to 055° in the northeast (Healy e al., 1964).

The Taupo fault belt has been active in the late Quaternary with movements dated
from pyroclastic deposits of known age (Nairn, 1976). Southwest of Okataina volcanic
center, the faults have moved repeatedly during the last 50 k.y. with many having moved
between 13 and 11 ka. Some displacements postdate the 1.85-ka Taupo eruption (Nairn and
Hull, 1985). There were also historical surface ruptures of up to 3 m in the 1922 Taupo
earthquake sequence (Grange, 1932; Sissons, 1979; Grindley and Hull, 1986) and of 50 mm
in the 1983 Taupo earthquake swarms (Otway, 1986). Northeast of Okataina volcanic center
the faults displace the eroded surface of Rotoiti breccia (50 ka), whereas others displace the
9-ka Rotoma ash (Nairn, 1981). Ruptures of up to 2.7 m occurred with the 1987 Edgecumbe
earthquake (Beanland et al., 1990).

Rates of faulting are best known within the Whakatane graben, which is the expression
of the TVZ at the coast between Matata and Whakatane. Nairn and Beanland (1989) infer
vertical faulting rates exceed 1.9 mm/yr from the offset of 0.28 Ma Matahina ignimbrite and
point out that this is consistent with their inference of 1-2 mm/yr subsidence within TVZ
and 1 mm/yr uplift rates outside. Horizontal extension rates are poorly known. Beanland

sh  (mm)

kilometers

FIGURE 1.13. Profiles of apparent height change of Taupo fault belt stations relative to an origin station from
1986 to 1991 (after Otway and Sherburn, 1994); KA, Kawakawa; OO, Omoho; TK, Te Kauwae; KH, Kinloch; TA,
Te Itarata; WO, Whakaipo; WI, Waikarariki; KO, Kaiapo; MP, Mine Point; RA, Rangatira.
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FIGURE 1.14. Active faulting in the central
North Island. (Source: Institute of Geological and
Nuclear Sciences 1:250,000 digital compilation).

et al. (1990) argue that if 2—3 mm/yr vertical displacement is assumed to occur at both the
eastern and western margins on 45° dipping faults, then the horizontal extension would be
4—-6 mm/yr. This rate would be a minimum because it does not include extension on
smaller-scale structures within the graben.

11. FOCAL MECHANISMS

Seismological studies in the CVR and TVZ have not lessened the difficulty of
interpreting focal mechanisms. Despite the preponderance of normal fault traces, for
smaller-magnitude events normal faulting focal mechanisms have generally been absent,
both for the less reliable composite kind associated with swarms and microearthquakes and
the more reliable single events.

Transcurrent mechanisms have been more commonly observed: for example, NE
dextral fault mechanisms in a microseismic survey of the Wairakei geothermal field (Hunt
and Latter, 1982); possibly NE sinistral for the Waiotapu M=5.1 earthquake of 1983 (Smith
et al., 1984); both NE dextral and NE sinistral for the Taupo swarms, reaching M=3.7 and
M=4.3,in 1983 (Webb et al., 1986); and NE dextral with a normal component for the Matata
M=5.4 earthquake of 1977 (Richardson, 1989).

The clearest, predominantly normal focal mechanism was for the 1987 Edgecumbe
M=6.3 earthquake (Anderson and Webb, 1989). Other evidence is less compelling. The
1972 Te Aroha M=5.3 earthquake may have had a normal focal mechanism but with
different mechanisms for the aftershocks (Adams et al., 1972). The fault strike was possibly
north but is very poorly constrained (T. Webb, personal communication, 1990). Also, small
events following the 1982 June M=4.2 Paeroa earthquake had first motions consistent with a
normal mechanism (Smith ez al., 1984). It is unfortunate that the only other available
seismic studies, of the 1964—65 Taupo swarms that reached M=4.6 (Gibowicz, 1973) and
of a microseismic survey from the Taupo fault belt to the Kaingaroa plateau (Evison et al.,
1976), were not able to provide focal mechanism solutions.
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12. KINEMATICS

An unusually diverse collection of independent data bears upon crustal kinematics of
the CVR. These data include the apparent migration of low-potash andesites across the
CVR (Fig. 1.15a,b), geodetically determined strain rates (Sissons, 1979; Walcott, 1984;
Darby and Williams, 1991), and paleomagnetic data from Tertiary sediments to the east of
the CVR (Walcott, 1984; Wright and Walcott, 1986). These data all point to a surprisingly
consistent, late Tertiary, kinematic evolution of central North Island (summarized in Stern,
1987). Included in this evolution are rotations of about 6°/m.y. over the past 4 m.y. and
translations, or spreading, of 7-18 mm/yr over the same period. Both the rotation and
translation contribute to the development of a wedge-shaped CVR. What makes this
evolutionary solution particularly compelling is that the data sets previously described are
totally independent and pertain to time scales from 20 m.y. to 30 yr. Similar evolutionary
schemes for backarc extension, which also involve wedge-shaped rotations and transla-
tions, have been proposed elsewhere (Otofuji et al., 1985).

Darby and Williams (1991) point out that while all the geodetic results are broadly
consistent with each other, Sissons’s, Adams’s, Walcott’s, and Reilly’s results provide no
distinction in rate of deformation between the narrow TVZ and the broader CVR. They
generally found little change in orientation of the strain field across the CVR. Furthermore,
they show no marked western boundary to the CVR, which may have been expected from
Adams’s and Walcott’s network subdivisions if not from Reilly’s polynomial smoothing.
This may be due to the inability of the typically 40-km station spacing to resolve variations
in strain at smaller distance scales. Darby and Williams’s result of a significantly higher
strain may be due to a local maximum of a regionally varying strain, or it may be influenced
by systematic effects arising from the poor geometry of the network and the relatively large
number of eccentric stations used in the later survey compared with the earlier survey. In
general, it is unfortunate that strain rates are integrated by some investigators over different
distances to derive widening rates and then become widely quoted without the associated
distances.

13. MAGMA TYPES AND GENESIS

The TVZ is characterized by three distinct groups of eruptives: high-Al basalt, basaltic
andesite-andesite-dacite, and rhyolite, in order of increasing volume. The high-Al basalt
and rhyolite occur in a bimodal assemblage associated with caldera structures (see Fig. 1.3)
in the backarc part of the TVZ, while the basaltic andesite-andesite-dacite assemblage
occurs at the surface, particularly at the northern (White Island) and southern (Tongariro)
ends of the TVZ and in a narrow frontal arc along the eastern margin (see Fig. 1.3).

13.1. High-Al Basalts

High-Al basalts have erupted sporadically at 15 locations in the TVZ (Houghton et al.,
1987) (see Fig. 1.3), ranging from single monogenetic cones (e.g., Johnsons Road) to fissure
eruptions (e.g., Tarawera, 1886) and phreatomagmatic tuff rings (e.g., Kaiapo and Acacia
Bay). The basalts range from aphyric to coarsely porphyritic (Cole, 1973) with phenocrysts
of olivine + plagioclase * clinopyroxene. A summary of mineralogy is given in Gamble
et al. (1990). Chemically the basalts are high-alumina (HAB) as defined by Crawford et al.
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FIGURE 1.15. (a) Distribution of geothermal phenomena and low-potash andesites within and adjacent to the
CVR. Solid lines indicate possible positions of the active volcanic front at times indicated in My. (b) Plot of K/Ar
ages versus perpendicular distance from volcanic front (0 Ma boundary) for low-potash andesites (modified from
Stern, 1987). The rate of 21 + 3, mm/yr is the apparent average rate of migration in a southeasterly direction.

(1987) with 100 Mg/(Mg + Fe) values between 56 and 72, and CaO/AL, O, ratios between
0.59 and 0.70. They have a low abundance of K,O (Fig. 1.16) and high-field-strength
elements, but show lower Ti/Zr, higher Ti/V and Ti/Sc ratios, and generally higher Zr
abundance than MORB (Gamble e? al., 1993). They are light rare-earth enriched (Ce/Yb =
2-3) with flat heavy rare-earth patterns. Isotopically they define an almost linear array of
decreasing Nd- and increasing Sr-isotopic ratios with Kakuki basalt (37St/86Sr = 0.70388
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FIGURE 1.16. Weight percent K,O versus weight percent SiO, for volcanic rocks of TVZ. Classification is from
Le Maitre (1989), fields from Graham et al. (1992).

and €Nd = +35.1) isotopically the most primitive (Fig. 1.17). Kakuki also has the least
radiogenic Pb-isotope signature (Graham et al., 1992), while Tarawera basalt has the least
radiogenic signature (Fig. 1.18). The latter is, however, riddled with small rhyolitic inclu-
sions, and despite best efforts to avoid these in analysis a crustal component is likely to be
reflected in isotope values.

Gamble et al. (1993) conclude that the TVZ basalts contain both crustal and slab-
derived subduction signatures. They consider that the slab component comes from a
relatively fertile hot mantle and may well reflect the youth of the TVZ magma system.
Ascent of the magmas was hindered by the low-density continental crust, and variation is
caused largely by fractionation of olivine + plagioclase, followed by clinopyroxene and
Fe-Ti oxides in the more evolved lavas.
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FIGURE 1.17. #7St/86Sr versus €Nd for TVZ rocks (after Graham and Cole, 1991). “Mantle Array” from Nohda
(1984). KB, Kakuki basalt; RB, Ruapehu basalt, RCB, Red Crater basalt; WB, Waimarino basalt.
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FIGURE 1.18. 207Pb/204Pb versus 2%Pb/2%4Pb for TVZ rocks. Field for each volcanic rock type and Waipara/
Torlesse metasediments from Graham ez al.(1992). KB, Kakuki basalt; RB, Ruapehu basalt; T, Tarawera basalt;
RCB, Red Crater basalt; RP Rolles Peak basaltic andesite; WI, White Island basaltic andesite.

13.2. Basaltic Andesite, Andesite, and Dacite

The most mafic members of this association occur on Ruapehu, Red Crater (Tongariro
volcanic center), and Waimarino (SW of Lake Taupo). The latter is a magnesian quartz
tholeiite which is porphyritic with 16% olivine (Fo,)) and 7% clinopyroxene and has high
MgO, Cr, and Ni (Graham and Hackett, 1987). However, it has low eNd, high 87Sr/86Sr (Fig.
1.17), and moderately radiogenic 206Pb/2%Pb (Fig. 1.18), reflecting crustal contamination.
The two basaltic andesites from the Tongariro volcanic center have lower AL,O; contents
than HAB and contain plagioclase, orthopyroxene, and rare crustal xenoliths. The
Tongariro basaltic andesite has comparable 87Sr/3Sr ratios to the HAB (Graham et al.,
1992), but Ruapehu basaltic andesite has higher eNd (Fig. 1.17) and Red Crater basaltic
andesite higher 207Pb/204Pb (Fig. 1.18).

Most of the volume of the Tongariro volcanic center is composed of medium-K
andesite (Fig. 1.16). Of the two massifs in the center, Ruapehu has been most extensively
studied geochemically. Graham and Hackett (1987) identified six main types; a seventh
type was added by Patterson and Graham (1988). These are characterized by differing
phenocryst assemblages, major and trace element chemistries (Fig. 1.19) and 37Sr/%Sr
ratios (Fig. 1.17). Andesites also occured in the 1977 eruption of White Island (Cole and
Graham, 1989; Graham and Cole, 1991), where Mg-rich bombs and blocks were erupted
(Fig. 1.19), at Kawerau (Browne, 1978), Waiotapu (Hedenquist, 1983), Broadlands (Browne,
1971; Wood, 1983), Rotokawa and Ngatamariki (Browne et al., 1992), Rolles Peak (Graham
and Worthington, 1988), and Wairakei (Grindley, 1965); see Fig. 1.3 for locations.

Dacites are volumetrically minor in the TVZ and are of two types (Reid and Cole,
1983). Only one type (Type A; Graham et al., 1992) appears directly related to the basaltic
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andesite-andesite-dacite association. Dacites of this type are medium K (Fig. 1.16) and
occur in the Tongariro volcanic center and White Island. They are characterized by slightly
higher 87Sr/86Sr and eNd than those of Tongariro (Fig. 1.17) but comparable 207Pb/204Pb
(Fig. 1.18). The second type (Type B; Graham et al., 1992) occurs at Tauhara, Broadlands,
Waiotapu, Edgecumbe, and Whale Island (Fig. 1.3). These are most likely to be products of
mixing between a Rolles Peak (type) andesite and rhyolite (Graham and Worthington,
1988).

The origin of the basaltic andesite-andesite-dacite (Type A) association has been
discussed by a number of authors (Cole 1978, 1990; Graham and Hackett, 1987; Graham
and Cole, 1991, Graham et al., 1992; Browne et al., 1992). Most agree that the assemblage
was formed by a multistage process involving (1) subsolidus slab dehydration fluxing the
overlying mantle wedge, (2) anatexis of the asthenosphere or subcontinental lithosphere
of the mantle wedge to produce low-Al basalt, and (3) fractionation of plagioclase-
orthopyroxene/olivine-augite-magnetite (POAM) mineral phases (15-55%) with minor
subarc crustal assimilation (1-30%, particularly by Torlesse metasediment; Graham et al.,
1992) (Fig. 1.18) or crustal accumulation. Both Type 5 in the Tongariro volcanic center and
the Rolles Peak andesite (with high Sr and lower 87S1/36Sr ratios (Fig. 1.17) must have come
from a different mantle source to the bulk of the lavas. Rolles Peak also has lower
207pb/204Ph (Fig. 1.18).

13.3. Rhyolites and Ignimbrites

The silicic volcanics are voluminous (12,000 km3; Cole, 1979), representing at least
80% of the total eruptives of the TVZ (Hochstein et al., 1993). The rhyolites range from an
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anhydrous assemblage of plagioclase, pyroxene, magnetite, and ilmenite to a strongly
porphyritic assemblage of quartz, plagioclase, calcic-hornblende, biotite, magnetite, and
ilmenite. Details are given in Ewart et al. (1976) and Cole (1979). Chemically they range
from 70% to 79% SiO, with 2-4% K,O (Fig. 1.16) and Na,0 > K,O in most rocks.
Isotopically there is a range of 87St/36Sr ratios from 0.70500 to 0.70650 (Fig. 1.17), whereas
206Pb/204Pb ratios (Fig. 1.18) are remarkably uniform (Graham et al., 1992). There is no
systematic difference between rhyolites and ignimbrites nor over time in the stratigraphic
sequence.

The origin of the silicic volcanics is much more controversial. Ewart and Stipp (1968),
Cole (1981), and Reid (1983) considered them a product of partial melting of subvolcanic
basement, particularly Waipapa Group metasediments. This origin was consistent with
general chemistry, 87Sr/86Sr ratios (Fig. 1.17), and 207Pb/2%Pb ratios (Fig. 1.18). However,
Blattner and Reid (1982) pointed out that such an origin is incompatible with low 880
values and Conrad et al. (1988) showed by experimental studies that the mildly per-
aluminous Waipapa metasediments were unlikely to produce the predominantly diopside-
normative rhyolites. Graham et al. (1992) showed that the Pb-isotope data were consistent
with a derivation from primary mantle-derived basaltic liquids by assimilation-fractional
crystallization (AFC); see Fig. 1.18), but he had serious reservations because of bimodality
and relative magma volumes. Most recently Briggs et al. (1993), studying the Mangakino
center, have suggested a multiple origin including partial melting of a crustal source similar
to western (Waipapa) graywacke or its metamorphic equivalent, melting of a plagioclase-
rich plutonic or metamorphic source similar to anorthosite or trondjemite, and a minor
upper mantle source component.

14. DISCUSSION

A question that has puzzled geophysicists for a long time is, what is the heat source
for the TVZ (e.g., Evison et al., 1976; Studt and Thompson, 1969)? If we make the
reasonable assumption that the present-day natural heat output is representative, and not a
local perturbation in time, and we take note of geological evidence (Grindley, 1965) that the
present-day geothermal fields may have lifetimes of, say, 1 m.y., then a major source of heat
is required.

Stern (1987) proposed one possible model whereby all the heat is provided by cooling
igneous rocks within the TVZ. He found that for a spreading rate of at least 16 mm/yr, and
with spreading being accompanied by the intrusion of new igneous rock, then a steady-state
4 x 109 W heat output can be maintained if the full 13 km (15 km less the top 2 km of
volcanic ash, etc.) of crust is made of igneous rocks.

Other solutions are possible. For example, Hochstein et al. (1993) argue that about half
the heat output may be supplied by heat released during plastic deformation. Another
alternative may be heat from the mantle being transferred by meteoric water that con-
vects to depths of 13 km or so and then efficiently transfers heat from the upper mantle to the
surface.

In order to account for the preponderance of normal fault traces in the near absence of
normal focal mechanisms, Smith and Webb (1986) proposed a crustal model consisting of a
complex system of conjugate transcurrent faults joined by normal faults. The absence of
surface transcurrent faults was attributed to the inability of the weak 2-km-thick pyroclastic
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surface layer to transmit transcurrent movement. Webb ez al. (1986) added the provision
that the normal faulting is aseismic, perhaps because of high fluid pressure reducing the
normal stress, and noted that neither temporal changes in the stresses nor a chaotic stress
distribution near the apex of the region of active widening could be ignored.

Darby and Williams (1991) countered these explanations by arguing that a lowered
normal stress component over a region would affect normal and transcurrent faulting
equally, that a peculiar strength anisotropy of the weak pyroclastic layer would be required
to favor dip-parallel over strike-parallel shear failure, and that normal faulting did occur
during the 1987 Edgecumbe (M=6.3) earthquake, albeit after the papers of Smith and Webb
(1986) and Webb et al. (1986) had appeared.

In consideration of smaller earthquakes down to M=5, there is general agreement with
the findings of Smith and Webb (1986) and Otway and Sherburn (1994) that there does not
appear to be a simple relationship between the lower-magnitude seismicity data and surface
deformation as manifested by faulting or by geodetic measurement. However, the largest
historical earthquakes in the TVZ (viz. 1922 Taupo and 1987 Edgecumbe) had major
components of normal faulting consistent with geological expectations and the geodetic
results reviewed here.

Kinematic data suggest that the CVR has been spreading for at least 4 m.y., with most
of the recent evolution in the TVZ. Shear rates are negligible in the older part of the CVR
(BP1in Fig. 1.11) but highly significant in TVZ, leading Cole (1990) to suggest that the TVZ
may be transtensional with current orientations of the fault belts controlled by a combina-
tion of dextral shear in the basement-northeastern continuation of the North Island shear
belt beneath the TVZ and back-arc extension. This possibility is, however, only likely to be
resolved with greater GPS station density and information on both dilational and rotational
components of strain tensor.

Origin of the voluminous ignimbrites is a major problem in TVZ. It seems likely that
most may be a result of remelting earlier formed igneous rocks (e.g., Graham et al., 1992) or
sedimentary/metamorphic rocks of a restricted composition together with a small mantle
component (e.g., Briggs et al., 1993). Some may be a result of fractional crystallization of a
mantle source with significant crustal contamination (e.g., McCulloch et al., 1994). Cole
(1990) noted that rhyolitic centers only occur within a restricted area (between 38°
and 39°S) in the TVZ (see Fig. 1.3), while back-arc extension is clearly taking place
throughout the zone. It may thus be that it is only in this area where suitable sources occur
that would partially melt to form rhyolitic magmas. Cole (1990) has suggested that if these
are igneous rocks they may be a SE extension of the Coromandel volcanic zone.

Some of these possibilities should be explored by a combined geophysical-geochemical
study of subvolcanic features in the TVZ. In particular, the advent of a new generation of
digital seismological equipment with enhanced dynamic range should provide us with a
higher resolution of the crust and upper mantle than has been possible in the past.

15. SUMMARY AND CONCLUSIONS

1. The CVR is the principal volcanic basin structure defined by seismic and gravity parameters
in central North Island, and the TVZ represents the eastern part of the CVR that is currently
volcanically and tectonically active.

Geology Books



telegram.me_Geologybooks
24 J. W. COLE et al.

2. Activity in the TVZ began with eruptions from the Mangakino caldera about 1.6 m.y. ago,
while activity in the main part of the TVZ has taken place within the past 0.7 m.y.

3. Earthquake seismology indicates that the mantle and lower crust beneath the CVR are highly
attenuative and is probably in a state of partial melt. A combination of earthquake and
explosion seismology data indicates a crustal thickness of 152 km for much of the CVR.

4. CVR is dominated by low gravity (<300 wN/kg) with areas —600 wN/kg representing, in
part, cooled or partially cooled rhyolitic magma. It has an average heat flow of 800 mW/m?,
about 13 times greater than the continental norm and one of the highest on record for a
backarc basin. This may be due to high rates of extension.

5. Rates of extension in the currently active TVZ vary from about 7 mm/yr with a shear of
0.1840.11 x 10~%yr (1 s.e.) in the Bay of Plenty to about 18 mm/yr and a shear of 0.5+0.1
(1 s.e.) in the Taupo fault belt. Vertical faulting rates indicate 1-2 mm/yr subsidence.

6. Focal mechanisms have been difficult to interpret. Most appear to have a large transcurrent
component, although the 1987 Edgecumbe earthquake was normal.

7. The TVZ volcanism is characterized by three distinct types of eruptives: high-Al basalt;
basaltic andesite, andesite, and dacite; and rhyolite and ignimbrites, in order of increasing
volume.

8. The high-Al basalts come from a relatively fertile hot mantle, with magmas rising into the
crust, fractionating, and assimilating small amounts of crust.

9. The basaltic andesite-andesite-dacite assemblage, of which most of the near-surface volume
is in the Tongariro volcanic center, was formed by a multistage process involving subsolidus
slab dehydration fluxing the overlying mantle wedge, anatexis of the mantle wedge, frac-
tionation, and minor crustal assimilation.

10. The rhyolites and ignimbrites form the greatest volume (~12,000 km?) of the TVZ volcanics.
Their origin is debatable, but they may have a multiple origin, including partial melting of
crustal rocks with a small mantle component or fractionation of a mantle source with crustal
contamination.

11. The simplest explanation of the extreme heat output is by the cooling of magma and the
transfer of heat to the surface geothermal fields by meteoric water. It is not clear, however, at
what depth this heat transfer takes place.
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The Southern Havre Trough
Geological Structure and
Magma Petrogenesis of an
Active Backarc Rift Complex

J. A. Gamble and I. C. Wright

ABSTRACT

Associated with Pacific- Australian plate convergence, the Havre Trough—Kermadec arc-
backarc system (SW Pacific) is an archetypal example of an “island arc” plate boundary.
Swath data from the southern Havre Trough between 33-34°S and 35°30'—37°S reveal that
within an active, young backarc basin highly complex and heterogeneous tectonic and
magmatic processes can be associated with a tectonically “simple”” subduction system. The
compressed across arc-backarc length scale would appear to be a significant control on the
complexity of the tectonism and magmatism. A near-contiguous, segmented axial rift
system, flanked by marginal rifts and subbasins, and horst ridges form the dominant
backarc morphology. Arc edifices of the present frontal arc lie within the “backarc region,”
sited 15-25 km west of the Kermadec frontal ridge. At its southern extremity, the axial rift
system is propagating southward toward New Zealand, penetrating the continental-oceanic
arc crustal boundary. Contrary to previous models, the entire Havre Trough is now
interpreted to be undergoing backarc rifting prior to true spreading, with the attendant
tectonic fabric dextrally oblique to the bounding Colville and Kermadec ridges. ‘‘Pseudo-
linear” magnetic anomalies are interpreted to result from the generally irregular spatial and
temporal emplacement of sheeted lava and dike intrusives between older arc basement.
Significant magma source heterogeneity is observed both along and orthogonal to the
frontal Kermadec arc. Basalts from the northern and southern sectors of the Kermadec arc
define two distinctive isotopic arrays, with the latter overlapping with primitive basalts
from the onshore Taupo Volcanic Zone. Across the arc-backarc system, lavas within the
axial rift system have a marked spatial asymmetry and heterogeneity, with mid-ocean ridge
basalts (MORB)-like and arc basalts being separated by as little as 15 km.

J. A. Gamble + Department of Geology, Research School of Earth Sciences, Victoria University of Welling-
ton, Wellington, New Zealand. 1. C. Wright + New Zealand Oceanographic Institute, National Institute of
Water and Atmospheric Research, Wellington, New Zealand.

Backarc Basins: Tectonics and Magmatism, edited by Brian Taylor, Plenum Press, New York, 1995.
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1. INTRODUCTION

The Havre Trough—Kermadec arc-backarc system associated with Pacific—Australian
plate convergence (Fig. 2.1), along with its contiguous northern and southern extensions
(the Lau Basin and Taupo Volcanic Zone (TVZ)), is an archetypal example of an “island
arc” plate boundary. Indeed the Havre Trough—Kermadec system formed an original
example of a convergent plate boundary from which the concept of backarc basin evolution
was initially developed over 20 years ago (e.g., Karig, 1970a, 1974; Packham and Falvey,
1971). In spite of its early recognition as a young, active backarc basin the nature and spatial
distribution of present-day tectonic and magmatic processes within the Havre Trough are
proving now to be not well known. Varying interpretations of Havre Trough backarc tecton-
ism and magmatism, based on limited data, have been proposed (e.g., Karig, 1970a; Mala-
hoff et al., 1982; Taylor and Karner, 1983). Segments of the Havre Trough backarc system,
now relatively well studied, reveal that tectonic and magmatic processes are highly com-
plex and variable, even at length scales of ~15 km. Such heterogeneity is significant within a
backarc basin linked to a tectonically “simple’” subduction system where the plate bound-
ary is linear, convergence is more or less orthogonal to it, and subduction polarity has not, if
ever, reversed from the present westward directed convergence within the last 30-40 m.y.
The implications of these observations are important as we unravel from the rock record the
processes of volcanism and extension within, and tectonic settings of, backarc arc systems.

FIGURE 2.1. Australian-Pacific ‘“‘island
arc” plate boundary and associated contig-
uous Lau-Havre-Taupo backarc system.
Boxes 1, 2, and 3 refer to sections of this
backarc system described by, respectively,
Hawkins (Chapter 3 this volume), this chap-
ter, and Cole et al. (Chapter 1 this volume).
Open arrows give the rate of relative plate
convergence in mm yr~! from Minster and
Jordan (1978).
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FIGURE 2.2. Regional bathymetry
(in meters) and tectonic structure of
the Kermadec-Hikurangi system and
associated Havre-Taupo backarc sys-
tem. Position and depth of the sub-
ducted slab are from Pelletier and
Dupont (1990). Dashed line is the in-
ferred position at about 32°S of
changes in the morphology of the
Kermadec subduction system (see text
for discussion). Box outlines A and B
show locations of Figs. 2.3 and 2.9.
Shaded inserts show the two sectors
of the backarc system mapped with
swath data.

Within the last six years two sectors of the southern Havre Trough (SHT) have been
relatively well surveyed with modern swath data (Fig. 2.2): a segment between 33° and
34°S (Caress, 1991) and the southernmost sector of the Havre Trough between 35°30’ and
37°S (Seafloor Surveys International, 1990, 1993; Wright, 1990; Wright et al., 1990; Black-
more and Wright, 1995). Both sectors appear to display a range of typical and atypical
tectonic morphologies for at least the SHT. The southernmost sector is particularly impor-
tant because (1) it in part forms the transition from an oceanic backarc-arc system into the
continental Taupo Volcanic Zone of North Island, New Zealand (Karig, 1970b; Gamble et
al. 1993b; Cole et al., Chapter 1 this volume), and (2) seafloor photographs and geochemical
data are available from this segment (Gamble et al., 1993b, 1994; Wright, 1993a, 1994) from
which to characterize SHT volcanism and hence relate the concomitant processes of
tectonism and magmatism. This chapter provides a synopsis of these new data from the
SHT, so as to document the complexity and heterogeneity of tectonic and magmatic
processes within an active, young, tectonically “‘simple,” backarc basin.
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2. REGIONAL STRUCTURE AND TECTONICS

2.1. General

The regional structure and tectonics of the submarine Lau and Havre segments of the
nearly 2700-km-long contiguous Tonga-to-New Zealand backarc system, although display-
ing variations along strike, are typical of active backarc basins. The Lau—Havre system is
characterized by variable but relatively high heat flow (Sclater et al., 1972; Watanabe et al.,
1977), extremely complex seafloor morphology (Caress, 1991; Wright, 1993a), minimal or
absent sediment cover (Wright, 1993b), heterogeneous and spatially dispersed volcanism
(Gamble et al., 1993b; Hawkins et al., 1994), and extensive shallow seismicity (Sykes et al.,
1969; Pelletier and Louat, 1989). The first-order variation in the backarc structure, along the
strike of the Lau—Havre system, is essentially a function of distance along the plate
boundary from the Australian—Pacific rotation pole located at 62°S, 174°E. Increasing
distance from the rotation pole northward along the plate boundary naturally coincides with
an increase in the rate of plate convergence (Fig. 2.1). Between 35°S and 20°S the rate
increases from about 53 to 90 mm yr~! (Minster and Jordan, 1978; de Mets et al., 1990);
estimates of the rate do vary by some 15%, depending on whether Tonga—Kermadec
earthquake-slip vectors are incorporated into the plate motion models. This northward
increase in the rate of convergence is also matched by a general northward increase in the
rate of backarc opening. The latter is shown by present-day spreading occurring in the Lau
Basin to the north (Parson and Hawkins, 1994) and rifting to the south within the Havre
Trough (Wright, 1993a).

Pelletier (1990) and Pelletier and Dupont (1990) have, using reconnaissance data,
recognized clear differences in the morphology, depth, and position of the subduction
trench and backarc region, north and south of 32°S, which they relate to an increase in the
length of the subducted slab north of 32°S (Fig. 2.2). Thus, along the northern Havre-
Kermadec sector, tectonic erosion of the inner subduction trench wall, a relatively simple,
thickly sedimented backarc region as shallow as 2500 m coincides with subducted slab
seismic activity to a depth of 550-650 km. To the south, accretion along the inner
subduction trench wall, and a structurally complex backarc region as deep as 3000 to 4000
m, coincides with subducted slab seismic activity to a depth of 250 km. Limited swath data
substantiate that the changes in structural morphology, at least in the backarc region
(Caress, 1991), occur near 32°S.

2.2. Southern Havre—Kermadec Backarc-Arc System

The SHT (south of 32°S) is, on average, 120 km wide between the 2000-m isobaths of
the parallel and flanking Colville and Kermadec ridges. Normal faults mark the boundaries
between the trough and the inner margins of both ridges (Karig, 1970a; Caress, 1991,
Wright, 1994). Both ridges are characterized by basalt-andesitic arc volcanism (Cole, 1986;
Gamble et al., 1990) and are interpreted to have been a single magmatic arc prior to opening
of the Havre Trough (Karig, 1970a; Wright, 1993a). Present-day arc volcanism, including
eruptions at submarine and subaerial volcanoes, generally occurs within the vicinity of the
Kermadec Ridge (Fig. 2.2; Cole, 1986; Dupont, 1988), although the precise position of the
volcanic front varies along the plate boundary (Wright, 1994). Volcanism, however, may
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persist at the southern end of the Colville Ridge (Wright et al., 1990; Seafloor Surveys
International, 1993).

The intratrough tectonic fabric comprises a series of dextral en echelon basement
ridges and rift grabens that are generally 20—30° oblique to the trend of the bounding
Colville and Kermadec ridges (Wright et al., 1990; Caress, 1991). Slip vectors from shallow
seismic events within the southern Havre Trough have near identical oblique azimuths
(Pelletier and Louat, 1989). At its southern extremity, the SHT is marked by the 3300-
m-deep Ngatoro rift graben system (Fig. 2.3), which in part forms a major bathymetric
reentrant impinging on the northeast New Zealand continental slope (Cole and Lewis, 1981;
Lewis and Pantin, 1984).

2.3. Taupo—Havre Continental-Oceanic Transition

The transition between the oceanic and continental segments, recognizable from
bathymetric, magnetic anomaly, and petrologic data forms a near-linear boundary along the
northeast New Zealand continental margin (Fig. 2.3; Wright, 1993a). Marked changes in
both the amplitude and spatial fabric of magnetic anomalies occur at the boundary (Davey
and Robinson, 1978; Malahoff et al., 1982; Lewis and Pantin, 1984; Wright, 1992). Mag-
netic and gravity modeling indicate that the Raukumara Plain to the northeast of the crustal
boundary is underlain by oceanic crust (Gillies and Davey, 1986). Similarly, Gamble et al.
(1990, 1993b, 1994) have documented significant differences in the compositional range,
mineralogy, and petrologic nature of backarc rift and arc-related volcanic rocks across this

FIGURE 2.3. Synoptic bathymetry (meters)
and structure of the southern Kermadec-Havre
Trough region. Box outlines C and D show loca-
tions of Figs. 2.4 and 2.8. NB, Ngatoro Basin;
NR, Ngatoro Ridge; VMFS, Vening Meinesz
fracture zone.
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boundary. These relations have been interpreted to reflect the different crustal settings
of the volcanism.

Two features of the oceanic-continental transition are pertinent to the regional struc-
ture and tectonism of the SHT. First, this crustal boundary is remarkably distinct and linear
(Fig. 2.3) and appears to coincide with the inferred position of the Vening Meinesz fracture
zone (van der Linden, 1967). Hence, the present oceanic arc—continental boundary may be
an inherited feature resulting from transform motion along the outer edge of the New
Zealand continental margin during Oligocene backarc spreading of the South Fiji Basin
(Davey, 1982). Second, the sole deviation from the linearity of the crustal boundary is the
tectonic reentrant coinciding with the southern Ngatoro graben basin (Fig. 2.3). This
reentrant is interpreted to be attentuated continental crust, with morphological and geo-
chemical characteristics transitional between normal continental crust and oceanic arc crust
(Gamble et al., 1993b, 1994), and marks the southern limit of SHT rifting that is propagating
into the New Zealand continental margin (Wright, 1993a).

The continental segment of the backarc (the TVZ) extends southward for some 370
km into North Island, New Zealand. The axes of oceanic SHT and continental TVZ backarc
extension are not continuous (Fig. 2.3), having a left lateral offset of 45—50 km (Lewis and
Pantin, 1984; Wright et al., 1990). A series of dextrally oblique and en echelon faults form
the surficial expression of this offset (Wright, 1992). The offshore TVZ comprises a 40—45-
km-wide volcano-tectonic structure consisting of a volcanic arc ridge (the Ngatoro Ridge)
flanked by rift grabens (Wright, 1992). Volcanism within the offshore TVZ is widely
distributed and has a range of compositions, including silicic dome complexes (Gamble
et al., 1993b).

3. STRUCTURE AND MORPHOLOGY OF THE 35°30'S—-37°S SECTOR

3.1. General

The 35°30'S-37°S sector comprises a morphologically heterogeneous 50—65-km-
wide zone of complexly arranged basement ridges and troughs, split by an axial rift system
(Fig. 2.4; Wright, 1993a). The characteristic morphology of the rift system is a series of
segmented half-grabens bounded by master normal faults. Each half-graben typically has
the constituent elements of (1) an outer rift graben with associated outer escarpments, (2) a
series of generally downstepping fault block ridges and terraces, and (3) an inner rift graben
(Fig. 2.5).

3.2. Outer Rift Graben

The outer rift graben forms a 15-25-km-wide, segmented and en echelon rift system
that trends 045°. The morphology of the rift system and shallow seismic reflection data
(Figs. 2.4a and 2.5) suggest that the opposing outer graben escarpments comprise a parallel
pair of inward-facing master and antithetic normal faults. These master and antithetic fault
escarpments typically have relief of 800—1000 m and 150—200 m, respectively. In plan, the
outer escarpments have an en echelon and zigzag arrangement with both the master and
antithetic fault segments trending either 030° or 060° (Fig. 2.6). Generally, the fault
segments are right-stepping, with both fault azimuths appearing to have similar strike
lengths.
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FIGURE 2.5. Single-channel air-gun seismic reflection profiles showing the tectonic morphology of the Ngatoro
rift system, southern Havre Trough (after Wright, 1993a). TWTT=two-way travel time (s).
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FIGURE 2.6. Synoptic geological-
tectonic interpretation of the Ngatoro
rift system, southern Havre Trough,
showing the rift graben, graben fill sedi-
ments, faults, volcanic vents, and arc
stratovolcanoes (after Wright, 1993a).
SNR, CNR, and NNR, refer to the
southern, central and northern Ngatoro
rifts, respectively.

Between the outer antithetic fault escarpment and the inner rift, fault block terraces
and ridges form a heterogeneous structure of downstepping normal faults interspersed with
elongate ridges and depressions (Figs. 2.4a and 2.5). Faults bounding individual blocks
comprise linear or near-linear scarps with relief of 50-100 m and are longitudinally
continuous over distances of at least 6—10 km. Fault terraces are back-tilted and infilled
to form a descending series of ponded sediment dams.

The structural fabric of the SHT rift system is disrupted by “transfer offsets,”” which
partition the half-grabens into 25-30-km-long, partially linked contiguous rift segments
(Fig. 2.6). These transfer offsets disrupt the spatial arrangement of both the outer and inner
rift grabens. The surficial morphology of the rifts suggests that the asymmetry of the half-
grabens varies between rift segments along the strike of the system, alternating at the
transfer offsets.

3.3. Inner Rift Graben

At the southern extremity of the SHT rift system, the three inner rift grabens (the
southern, central, and northern Ngatoro rifts) are each 24-26 km long and 10-12 km wide.
At the “transfer offsets” the inner rift grabens are connected by narrow (2—-5 km wide)
“interrift corridors” that consist of bathymetric sills or steps with relief of 100-200 m
coinciding with sediment-free basement highs.

Bathymetric and geologic long-range inclined asdic (GLORIA) data (Figs. 2.4 and
2.6) highlight the pronounced V-shape of the southern Ngatoro rift basin, which penetrates
the continental edge of New Zealand by some 25 km (Wright, 1993a). The progressive
southwestward narrowing of the rift appears to be accommodated by the antithetic faults
altering their orientation, while the opposing master fault retains its linearity. At the head of
the graben, the rift escarpments progressively converge to become a series of parallel
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normal faults that subsequently merge with the tectonically controlled, 500-m-wide
Ngatoro canyon.

Along the length of the southern rift floor is a 3-km-wide, 150-m-high volcanic ridge
capped with conical knolls (Blackmore and Wright, 1995). This ridge, comprising in part
glassy basalts (Gamble et al., 1993b) and largely devoid of sediment cover, forms the main
recent constructional volcanic feature within at least the three segments of the Ngatoro rift
system (Wright, 1993a).

Landward of the propagating southern Ngatoro rift, a narrow linear structural ““fur-
row” comprising inward-facing active normal faults is identifable from single-channel
seismic reflection data. This structural furrow (Fig. 2.3) is inferred to form a line of
incipient continental rifting (Cole and Lewis, 1981; Wright, 1992), extending southwest-
ward to the basalt-pantellerite volcano of Mayor Island (Ewart, 1968; Cole, 1978; Houghton
etal., 1992). Farther southwestward in North Island, New Zealand, across the projected line
of rifting, geodetic data indicate considerable extension around 4 mm yr~!

The central and northern Ngatoro rifts (Fig. 2.6) form the main, generally flat-floored
and partially sediment infilled, grabens of the Ngatoro segment of the SHT system.
Although the morphology of these rifts appears typical of SHT rifts in general (Blackmore
and Wright, 1995), the significant sediment infilling of up to 600 m (Wright, 1993b) is not.
The latter is interpreted to be a function of sediment supply, due to a high flux of terrigenous
detritus from the New Zealand landmass via the Ngatoro Canyon system (Wright et al.,
1990). Isopachs of graben fill clearly define an underlying structural basement comprising
elongate ridges and troughs with relief of 200 m (Wright, 1993a) that are interpreted to mark
the position of subsurface synthetic and antithetic faults. Most of the extension within these
rifts appears to be accommodated by the bounding master and antithetic faults. Some active
deformation does, however, occur on the intrarift synthetic and antithetic faults, as evinced
by the development of seafloor scarps on the sediment-flooded rift floor (Seafloor Surveys
International, 1990).

3.4. Rift Volcanism

Recent volcanism within the Ngatoro rift system is generally not associated with
youthful constructional terrains on the rift graben floor. The major exception is the axial
ridge of the southern rift (Fig. 2.6). Likewise, farther to the north (between 35°35’ and
35°50'S) constructional volcanic features within the half-graben rift (Fig. 2.4a) are minor
or absent (Seafloor Surveys International, 1993). Sites of “neovolcanism’ occur along both
the master and antithetic fault escarpments of at least the Ngatoro rifts. Photographic and
rock dredge samples show that the rift escarpment volcanism comprises lobate and ropy
pillow flows of basalt with fresh 4—5-mm-thick glassy rinds (Gamble et al., 1993b; Wright,
1993a).

3.5. Rift Flank Structure and Volcanism

Flanking the axial rift system, the intratrough region encompasses a heterogeneous
terrain of isolated knolls and seamounts and elongate ridges and depressions. The latter
have axes parallel or subparallel to the axial rift system (Fig. 2.4). Apparent morphological
differences occur between the two terrains flanking the rift system (Wright, 1993a),
although these have yet to be quantified. Distant from the effects of hemipelagic sedimenta-
tion derived from New Zealand, significant areas of the flanking terrains consist of exposed
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basement rock (Caress, 1991; Seafloor Surveys International, 1993). Side-scan imagery
shows clearly that the flanking margins, at least those of the 35°35’ to 35°50'S rift segment,
comprise major fields of extrusive volcanism (Seafloor Surveys International, 1993), which
are possibly active. Like the structural fabric, this extrusive volcanism also appears to vary
between the respective margins flanking the rift, being more extensive on the flank nearest
to the volcanic front and subduction trench.

3.6. Seismicity

Regional compilations of New Zealand shallow earthquakes during the period 1956—
1987 (Hatherton, 1980; Reyners, 1989) show that the southern extremity of the SHT rift
system is a seismically active region (Fig. 2.7). As noted by Reyners (1989), most of this
seismicity occurred during two earthquake swarms in 1974 and 1984—-1985. The site of the
earlier swarm, lying along the western margin of the southern Ngatoro rift, is clearly
associated with active extensional tectonism of the rift system (Wright, 1993a). Further, the
concentration of the 1974 swarm along the western margin of the southern rift is consistent
with the interpreted position of the master fault on the western flank for that rift segment. To
the north of 36°30'S the apparent decrease in seismicity largely reflects the limit of onshore
instrument coverage, although the seismicity that is recorded is almost entirely restricted to
the axial rift system. Elsewhere intratrough shallow seismicity (e.g., Pelletier and Louat,
1989) cannot be readily related to the tectonic structure of the backarc, because ocean
bottom seismometers have yet to be deployed within the Havre Trough.

FIGURE 2.7. Compilation of shallow seismicity (M, 4.0 and depth <40 km) lying within the limits of the New
Zealand Seismograph Network for the period January 1964-September 1991 within the Ngatoro rift system (after
Wright, 1993a).
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The 1984-1985 swarm was more extensive than the 1974 swarm (Reyners, 1989) and
coincides with the northern terminus of the offshore TVZ (Fig. 2.7; Wright, 1993a). Seis-
mological evidence indicates that the 1984—1985 events are the result of normal and strike-
slip faulting with a consistent T-axis striking northeast-southwest, parallel with SHT
structure.

3.7. Heat Flow

Although the precise magnitude of heat flow within submarine backarc basins is
difficult to establish (Sclater et al., 1980), reconnaissance measurements within and near the
Ngatoro rift system reveal a variable but generally high heat flow (Whiteford, 1990, 1992).
Outside the rift graben mean values from both flanks lie within the range of 106—114 mW
m~2, whereas within the central Ngatoro rift segment the mean value is 86 mW m~2. Heat
flow within the onshore TVZ segment of the backarc basin is about 800 mW m~2 (Stern,
1987; Cole et al., Chapter 1 this volume).

3.8. Volcanic Front

Like the northern Kermadec Ridge where active subaerial island volcanoes (e.g.,
Raoul, Macauley, and Curtis) lie along the ridge axis (Fig. 2.2), it has been generally

FIGURE 2.8. Bathymetry (100-m contour interval) and GLORIA sonograph of the southern Kermadec Ridge-
Havre Trough (35°-36°S) (after Wright, 1994). Signal polarity is the same as Fig. 2.4.
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assumed that the southern Kermadec volcanic front coincides with the frontal ridge (e.g.,
Dupont, 1988). Within the 35°-37°S sector, the Kermadec volcanic front is defined by
seven discrete submarine arc volcanoes (Figs. 2.4 and 2.8): Rumble II, III, IV, V, Silent II,
Tangaroa, and Clark (Kibblewhite and Denham, 1967; Wright, 1994). To the south the
volcanic front continues with Whakatane volcano sited at the northern extremity of the
TVZ (Wright, 1992; Blackmore and Wright, 1995). All seven of the edifices of the volcanic
front lie within the eastern confines of the Havre Trough, some 15-25 km west of the
southern Kermadec frontal ridge axis (Wright, 1994), and 35-45 km east of the axial
backarc rift graben system (Wright, 1993a). Along the same latitudinal sector of the
subduction system, constructional arc volcanoes are not identified on the Kermadec Ridge.
The temporal history of southern Kermadec arc volcanism is largely unknown; however,
very limited data suggest that arc volcanism associated with the present 35—-37°S sector of
the arc front extends back to least 0.77 Ma (Wright, 1994). These arc volcanoes continue to
be the sites of recent volcanism with fresh lavas devoid of sediment cover observed on most
volcanoes (Gamble et al., 1993b; Blackmore and Wright, 1995), and modern submarine
eruptions were recorded from Rumble III (Latter and Hall, 1986). Hence, the late Quater-
nary to modern southern Kermadec volcanic front lies within the ““backarc’ region, west of
the Kermadec frontal ridge, and thus postdates the early phases of backarc widening.

4. STRUCTURE AND MORPHOLOGY OF THE 33°5-34°S SECTOR

4.1. Rift System

Data from the only other swath-mapped sector (between 33° and 34°S) within the
Havre Trough (Fig. 2.9) indicate that the axial, en echelon rift graben morphology recogni-
zable between 35°40’ and 37°S is the characteristic structural fabric for at least the SHT. A
series of short, segmented en echelon grabens, which are oblique by some 20° to the
bounding arc ridges (Fig. 2.9), are clearly identifiable from GLORIA and Sea Beam data
(Caress, 1991). Like the segment to the south these grabens are 15-35 km in length, 6-10
km wide, have depths of 3500—4000 m, and are generally 500-1000 m deeper than the outer
rift flanks. As with the 35°40’'-37°S sector the morphology of the grabens is dominated by
extensional faulting with no obvious constructional volcanic features within the area
mapped by Sea Beam. The individual rift segments are typically offset by 14—-30 km and
linked, like those to the south, by *“transfer offsets” comprising 100-300-m-high, but nar-
row, topographic sills. Sparse single-channel seismic reflection data (Caress, 1991) indicate
the rifts are probably asymmetric half-grabens like those to the south. The only apparent
difference between the two swath-mapped sectors is the degree of sediment infilling of the
rift grabens, which is interpreted to be a function of sediment supply (Wright, 1993a).

4.2. Volcanic Front

As in the southern sector, the arc stratovolcanoes of the 33—34°S sector lies within the
“backarc” region, sited some 25 km west of the Kermadec Ridge (Wright, 1994). GLORIA
(Caress, 1991) and conventional bathymetric data (Wright, 1994) show that the volcanic
front is marked by three major (as yet unnamed) volcanoes (Fig. 2.9), each with a construc-
tional volume around 100 km3. Similarly, these data show no evidence of late Quaternary
constructional arc stratovolcanoes on the attendant section of the Kermadec frontal ridge.
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FIGURE 2.9. Bathymetry (at 500-m interval) of the Kermadec Ridge, Havre Trough, and Colville Ridge between
32°S and 35°S based on swath data (Caress, 1991) and conventional soundings (Wright, 1994). Insert box and
dashed lines mark, respectively, the swath survey area and positions of the four grabens described by Caress (1991).

5. TECTONISM OF THE SOUTHERN HAVRE TROUGH

5.1. Rifting Model

The Havre Trough, until recently, has been almost exclusively interpreted as a site of
intraoceanic spreading with the accretion of new oceanic crust along a spreading center
system (Malahoff et al., 1982; Caress, 1991; Wright, 1992, 1993b). More recently Wright
(1993a) has interpreted the shallow structure and surficial morphology of, at least, the
SHT as evidence of rifting, with its concomitant attenuation by rift block development (Fig.
2.10). In particular, the recognition of a segmented axial rift system, with its constituent
asymmetric half-grabens along an apparently near-contiguous 440-km section of the SHT
(between at least 33°S and 37°S), is considered to be convincing evidence for rifting rather
than spreading. The shallow structure and surficial morphology of the SHT are almost
identical to that documented within the Izu—Bonin backarc system (Taylor et al., 1990,
1991). Multichannel crustal seismic reflection studies and Ocean Drilling Program (ODP)
drill-hole data (Taylor et al., 1991; Klaus et al., 1992; Taylor, 1992) provide conclusive
evidence for rifting within the Izu~Bonin system. The absence of ODP drill-hole data and
crustal seismic reflection or refraction data from the Havre Trough means the nature of the
inferred rift structure and associated magmatism at subcrustal depths is unknown. How-
ever, by analogy with the Izu~Bonin and western Lau Basin backarc basins (Hawkins et al.,
1994; Hawkins, Chapter 3 this volume), it is inferred that variable volumes of pillow and
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FIGURE 2.10. Schematic block model interpretation showing the southern Havre Trough rift morphology with
attendant sheeted pillow lava and dike intrusives. Overlay 1 shows a schematic magnetization model of the rifted
structure with magnetic inter-block intrusives emplaced between rift blocks of older low-magnetization arc crust.
Overlay 2 shows the resultant magnetic anomaly profiles along arbitrary survey lines which form ‘“pseudo-linear
magnetic anomalies™ (after Wright, 1993a).

sheet lava flows and sheeted dikes are emplaced within thinned, pervasively faulted Havre
Trough subarc crust (Fig. 2.10; Wright, 1993a).

Further evidence for rifting within the Havre Trough comes from the recognition that
crustal spreading in the Lau Basin, along the Valu Fa spreading ridge, has propagated
southward only as far as ~23°S (Parson et al., 1990; Weidicke and Collier, 1993). Hence,
crustal spreading has yet to propagate southward into the Havre Trough. The termination of
crustal spreading within the southern region of the Lau Basin is consistent with a marked
increase in the rate of backarc widening from about 8 to 80 mm yr~! at this latitude
(Pelletier and Louat, 1989). Thus, Lau Basin crustal spreading is propagating southward at
110 mm yr~! (Parson and Hawkins, 1994) toward the Havre Trough, while 1000 km to the
south, rifting in the Havre Trough is propagating into the already extensional TVZ of
continental New Zealand. The extremely high heat flow within the onshore TVZ has been
taken as evidence for true crustal spreading (Stern, 1987) but may be better explained as
reflecting massive emplacement of arc and rift intrusives within continental crust.
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A corollary of the rifting model is that the magnetic anomalies, identified within the
SHT by aeromagnetic survey (Malahoff ez al., 1982), do not record the accretion of new
backarc crust associated with spreading. The SHT magnetic anomaly sequence forms a
variable and, in part, low-fidelity record, with both irregular and apparently symmetrical
anomaly profiles. Much of the displacement and irregularity of the anomalies was origi-
nally attributed to the presence of transform faults (Malahoff et al., 1982).

Alternatively, Wright (1993a) has interpreted the low-fidelity SHT magnetic anomaly
sequence as recording the emplacement of magnetic sheeted pillow lavas and dike intru-
sives between older, less magnetized, crustal arc rift blocks (Fig. 2.10). Hence, the magnetic
anomalies are interpreted as ‘‘pseudolinear magnetic anomalies,” resulting from the gener-
ally irregular spatial and temporal emplacement of subcrustal intrusives between these rift
block segments (which are <35 km in strike length) flanking the axial rift graben. The
magnetic anomaly pattern is complicated further by the location of the volcanic arc
stratovolcanoes within the ““backarc” region (Fig. 2.10). The proposed diffuse, low-fidelity
anomaly sequence resulting from this rifting model is argued by Wright (1993a) to be more
consistent with the observed SHT anomaly data than with crustal spreading.

5.2. Age and Rate of Extension

Interpretation of the SHT magnetic anomalies as recording phenomena other than the
accretion of oceanic crust necessitates that the age and rate of basin widening be resolved
from data other than magnetic anomaly sequences. Previously the anomaly sequences have
been interpreted as recording a whole spreading rate and age of basin opening as, respec-
tively, either 54 mm yr~! and ~2 Ma (Malahoff et al., 1982) or 20 mm yr~! and 4 Ma
(Korsch and Wellman, 1988).

Three sets of independent proxy data are available, however, to constrain the timing of
basin initiation and the subsequent rate of extension (Wright, 1993a). These data are (1) K-
Ar dating of eastward-migrating North Island intracontinental arc volcanism (Stern, 1987),
(2) onshore North Island geodetic retriangulation (e.g., Walcott, 1984; Darby and Williams,
1991), and (3) slip vectors of present-day plate motion (e.g., Pelletier and Louat, 1989).
These data provide a first approximation for the timing of basin opening and subsequent
rate of widening for the 35°-37°S segment of the Havre Trough, which Wright (1993a) has
taken as 5 Ma and 15-20 mm yr~!respectively. The estimate of 5 Ma for the initiation of
SHT rifting is consistent with a 10—5 Ma age for the earliest phases of rifting within the Lau
Basin to the north (Parson and Hawkins, 1994) and concordant with a model of southward-
directed propagation of rifting and spreading along the Lau—Havre backarc system.

6. GEOCHEMISTRY

6.1. General

Geochemical data for volcanic rocks from the oceanic Kermadec arc have been re-
ported by Brothers (1967) and Ewart et al. (1977), and more recently by Ewart and Hawkes-
worth (1987), Smith and Brothers (1988), and Gamble ez al. (1990, 1993a, b, 1994). For the
backarc region, geochemical data are sparse and presently confined to a pillow basalt from
34°28'S 178°52'E (Gamble et al., 1990, 1993a) and a suite of pillow lavas from the eastern
and western flanks of the Ngatoro rift system between 36° and 37°S (Gamble et al., 1993b,
1994). For the continental setting of New Zealand, geochemical data on basalts and
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andesites are more numerous from the onshore TVZ (e.g., Cole, 1986; Graham and Hackett,
1987; Gamble et al., 1990; Graham and Cole, 1991) and its northward offshore extension in
the Bay of Plenty (e.g., Gamble et al., 1993b, 1994). Gamble et al. (1993b, 1994) have
commented on the contrasting relative abundances of volcanic rocks between the oceanic
and offshore continental sectors, with the former dominated by basalt and basaltic andesite
and the latter by a spectrum of compositions extending from basalt and andesite to dacite
and rhyolite. In this section we summarize briefly the major geochemical features of
basaltic volcanism along and orthogonal to the arc front in the “‘oceanic” and *“‘continen-
tal” settings. Three main geochemical provinces are defined by (1) the oceanic Kermadec
arc, (2) the oceanic Havre Trough backarc complex, and (3) the offshore continental arc
(defined by the Ngatoro ridge—Whakatane volcano) and the continental backarc region.
The following discussion concentrates on the basalts as they are the magma type common
to all the provinces.

6.2. Kermadec Arc

Representative chemical analyses of basaltic rocks from the northern subaerial Ker-
madec arc volcanoes of Raoul, Macauley, Curtis, and L’Esperance and the southern
submarine volcanoes of Rumble II, III, and IV at the southern termination of the oceanic
segment are presented in Table I. The total alkalis + silica diagram (Fig. 2.11a; LeBas et al.,
1986) and plot of TiO, versus Na,O (Fig. 2.11b) serve to identify some principal chemical
differences between basalts from the two sectors. For example, Kermadec arc basalts show
low total alkali contents (Fig. 2.11a) overlapping with the basalt fields from the offshore and
onshore TVZ, which are very similar and extend to higher-alkali contents, particularly
Na,O (Fig. 2.11b). Incompatible multielement plots for representative Kermadec arc basalts
(Fig. 2.12a,b), normalized to MORB (Pearce, 1983), bear the distinctive hallmark of
subduction-related magmas with high-alkali earth and metal and depleted high-field-
strength (HFS) element abundances relative to MORB.

The Sr- and Nd-isotope measurements on Kermadec arc basalts (Ewart and Hawkes-
worth, 1987; Gamble et al., 1993a, 1994, unpublished data), shown on a standard covaria-
tion plot (Fig. 2.13), define two clearly discernible fields for the respective northern and
southern segments of the Kermadec arc. The two fields have overlapping Nd isotopes but
distinctive Sr isotopes. A single basalt from the flanks of the Rumble IV volcano is
exceptional, having a Sr-isotope signature lower than other southern Kermadec basalts and
being more characteristic of northern Kermadec lavas.

6.3. Southern Havre Trough—Ngatoro Rift System

Chemical analyses of basaltic rocks from the SHT are contained in Table II. On the
total alkalis + silica diagram (Fig. 2.11a) basalts from the SHT show higher total alkalis,
largely a reflection of their higher Na,O, and define a vertical array at more or less constant
SiO, content. Similarly, these rocks show higher TiO, and Na,O contents (Fig. 2.11b) than
basalts from the Kermadec arc and both the onshore and offshore segments of the TVZ. On
incompatible multielement plots, basalts with >7% MgO (Fig. 2.12c) show subtle enrich-
ments of the alkali earths and alkali metals (note the vertical scale), together with HFS
elements Ce, P, and Zr relative to MORB.

A significant aspect of SHT backarc volcanism is the marked spatial asymmetry and
heterogeneity of the erupted basalts, as evinced by the Ngatoro rift graben lavas (Gamble

Geology Books



telegram.me_Geologybooks

46 J. A. GAMBLE AND |I. C. WRIGHT
TABLE |

Representative Chemical Analyses of Basalts from the Kermadec Arc?
Sample no. AU23396 AU14782 AU37546 AU37548 AU14837
Field no. KA 4 KA 2 KA 10 KA 11 KA 15
Locality Raoul I Herald I Macauley I Macauley I L’Esperance
SiO, 50.78 48.76 48.36 48.39 51.64
TiO, 0.77 0.79 0.52 0.52 1.01
ALO, 14.01 17.75 17.37 17.34 18.18
Fe,0, 1.35 1.39 1.20 1.20 1.57
FeO 9.01 9.24 8.98 7.98 10.46
MnO 0.25 0.19 0.17 0.18 0.24
MgO 11.98 7.33 8.06 8.01 497
Ca0 9.64 11.44 14.19 14.15 9.27
Na,0 1.32 1.75 1.25 1.23 1.33
K,0 0.17 0.12 0.16 0.16 0.30
P,0; 0.12 0.08 0.16 0.04 0.06
LOI 0.50 1.28 0.04 0.12 0.47
Total 99.90 100.12 100.46 99.32 99.47
Mg# 0.72 0.61 0.67 0.66 0.48
Sc 37 47 44 44 39
\Y 275 355 300 297 388
Cr 25 90 155 151 17
Ni 28 41 50 54 19
Cu 130 150 120 121 47
Zn 88 92 65 66 109
Ga 16 16 15 15 17
Rb 4 2 2 2 8
Sr 173 161 194 193 220
Y 24 19 11 11 21
Zr 32 30 20 18 37
Nb 1 2 1 1 1
Ba 105 33 48 47 115
La 3 4.00 7.50 7.60 3.30
Ce 7 293 3.85 6.19 9.69
Pb — 2 2 2 3
Th — 0.5 0.8 0.84 0.4
U — 03 0.45 0.46 0.2
87S1/26Sr 0.703452 + 14 0.703405 + 15 0.703446 + 14 0.703444 + 20 0.703936 + 18
I3Nd/"“Nd  0.513029 £ 8 0.513055 * 10 0.513030 + 6 0513020+ 6 0.512986 £ 5
eps Nd +7.4 +7.8 +7.4 +7.2 +6.5
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TABLE |
(Continued)

AU36982 AU36986 VUW11600 VUW11606 VUWI11607 VUW11595
KA 16 KA 17 X162/1 X168/1A X168/1B X169/1
Rumble II Rumble III Rumble IV Rumble IV Rumble IV Rumble IV
50.83 51.69 50.88 52.03 50.25 49.64

0.61 0.71 0.87 0.82 0.65 0.82
13.70 15.19 18.30 16.56 15.40 16.96
1.22 1.32 1.15 0.97 1.11 0.95
8.13 8.81 7.68 6.46 7.37 6.34
0.18 0.20 0.17 0.16 0.14 0.14
9.22 6.47 5.08 7.27 8.31 9.10
12.97 11.08 11.12 10.55 12.52 12.22
1.45 2.42 2.62 2.96 2.11 2.78
0.53 047 0.45 0.59 0.45 0.25
0.15 0.11 0.11 0.20 0.06 0.09
0.26 0.25 0.77 1.00 1.14 0.00
99.25 98.72 99.20 99.57 99.51 99.29
0.69 0.59 0.54 0.67 0.67 0.72
41 37 30 29 38 30
315 325 300 290 278 196
327 172 64 24 355 345
69 50 32 23 90 125
133 142 90 118 95 66
69 90 76 96 68 55
12 15 19 17 14 15
9 6 8 9 8 7
353 229 288 263 239 222
15 21 20 20 14 17
32 48 57 62 40 59
1 1 — 2 2 2
263 230 187 206 235 123
7.45 6.71 5 4 3 5
15.90 12.40 16 18 12 15
2 2 7 6 5 5
1.29 0.70 1 3 1 1
0.45 0.42 — 1 — —

0.703966 £ 17 0.704090 + 13 0.703976 £ 12 0.704251 + 13 0.704270 + 13 0.703348 £ 11
0512919 5 0513032 £ 5 0.513000 + 6 0.513014 + 3 0.512989 + 12 0.513050 + 7
+5.2 +7.4 +7.1 +7.3 +6.8 +8.0

aAll major element and trace element XRF Analyses were done at the Analytical Facility of Victoria University, Wellington
(Gamble et al., 1993a, b, 1994). Isotope analyses were done in the Research School of Earth Science, Australian National
University. Details of the analytical methods used are in Gamble ez al. (1993a). La, Ce, Th, and U values quoted at less than whole
number significance were determined by INNA (data from Gamble et al., 1993a). Dashes mean element concentration was less
than detection limit.
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FIGURE 2.11. Offshore Bay of Plenty rocks com-
pared to TVZ and Kermadecs. (a). Total alkali-silica
(TAS diagram, Le Bas et al., 1986) for volcanic rocks
from TVZ, Kermadec arc, Havre Trough, Ngatoro
Basin (SHT). The field of Ruapehu basalts-dacites

(from Graham and Hackett, 1987) is shown for com-
parison. Filled squares: Bay of Plenty offshore basalts
and andesites to rhyolites. Open squares: Ngatoro ba-
sin basalts. Large cross: Havre Trough basalt. Open
triangle: Kermadec arc basalts. Small crosses: TVZ
basalts. (b). Na,0-TiO, variation diagram for basalts
b from TVZ, Kermadec arc, Ngatoro Basin, Havre
Trough and offshore Bay of Plenty. Symbols as in
(a), above.

Na20

Kermadec Arc

° T
[} 1 2

TiO2 —>»

et al., 1993b; Wright, 1993a). Basalts with higher TiO, and Na,O contents are restricted to
the western escarpment of the Ngatoro rift (that farthest away from the subduction and
volcanic front), whereas basalts from the eastern escarpment are geochemically indis-
tinguishable from the Kermadec arc lavas (Fig. 2.14). This heterogeneity occurs over a
length scale of 15—20 km (the width of the rift graben) and appears to have a nearly perfect
compositional separation in this best-surveyed segment of the SHT.

Sr- and Nd-isotope measurements of basalts from the SHT, including the western
Ngatoro rift lavas (Gamble er al., 1993a, 1994; Fig. 2.13), are similar both to many MORB
basalts (Ito et al., 1987) and backarc basalts (BABB) from the southern Lau Basin (Hergt
and Hawkesworth, 1994). The western SHT rift basalts are appreciably less radiogenic
(higher Nd- and lower Sr-isotope ratios) than basalts from the Kermadec arc or TVZ. The
only exception is the basalt from the floor of the southern Ngatoro rift, which plots in the
TVZ array, consistent with its transitional setting in the attenuated continental crust of
the propagating reentrant.

6.4 Offshore TVZ Volcanic Front and Backarc

Basalts from the Ngatoro ridge—Whakatane volcano section of the offshore TVZ
segment (Table III) are very similar to onshore TVZ basalts with considerable overlap (Fig.
2.11). Incompatible multielement plots show the distinctive signature of subduction-related
magmas (Fig. 2.12d,e).
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FIGURE 2.12. MORB normalized multielement diagrams for basalts from the Kermadec-New Zealand subduc-
tion system. Normalizing values from Pearce (1983). (a) Basalts from the vicinity of Rumble IV volcano at the
southern end of the Kermadec arc. (b) Basalts from Raoul Island, Herald Island, Macauley Island, L’ Esperance
rock in the northern Kermadec Island arc and Rumble II toward the south. (c) Basalts from the Ngatoro Basin, note
scale of vertical axis. (d) Basalts from Ngatoro Ridge area, offshore Bay of Plenty. (e) Basalts from Alderman
Trough, offshore Bay of Plenty, note scale of vertical axis. (f) Basalts from Taupo Volcanic Zone, New Zealand.
All analyses from Gamble et al. (1993a, 1994).

Isotope ratios of Sr and Nd are distinct from those of the Kermadec arc and the Havre
Trough backarc rift system, showing higher-Sr isotopes and lower-Nd isotopes. Further-
more, for a given Nd-isotope ratio the offshore basalts are generally more radiogenic in Sr
than the onshore TVZ or Taranaki basalts.

Further, andesites, dacites, and rhyolites are appreciably more abundant from the
offshore TVZ region than from the oceanic sector to the north. Offshore andesites to
rhyolites overlap with the onshore Ruapehu andesite-rhyolite lineage (Graham and Hack-
ett, 1987) and are broadly similar to the general onshore TVZ andesite-dacite suite (Cole,
1979), with the exception that none of the felsic volcanics sampled in the offshore region
approach the high SiO, contents (>75%) of younger (<20 ka) rhyolites from onshore TVZ.
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FIGURE 2.13. Sr- and Nd-isotope covariation diagram for basalts from the Tonga-New Zealand convergent
plate boundary. Open triangles: Ngatoro and Havre Trough basalts, note how sample 185/1 falls in the field of TVZ
basalts. Open circles: Kermadec arc basalts, subdivided into northern and southern Kermadecs. Open diamonds:
TVZ basalts, RB is basalt from Ruapehu. Filled diamonds: basalts from Ngatoro Ridge, offshore Bay of Plenty.
Crosses: Taranaki (Egmont) young basalts (Price et al., 1992). Fields for Pacific MORB, Indian Ocean MORB,
Lau Basin basalts, and Tofua arc lavas are from Ito et al. (1987), Klein et al. (1991), and Hergt and Hawkesworth
(1994).

7. PETROGENESIS

7.1. General

Subduction zones mark the sites of recycling lithosphere into the deep earth and as
such have been influential in the development of models of plate tectonics, crustal growth
(Taylor and McLennan, 1985), and fluid transfer into the convecting mantle. Indeed, this
latter process has been the focus of much recent geochemical work on volcanic arcs (e.g.,
Gill, 1981; Ellam and Hawkesworth, 1988; Morris et al., 1990; McCulloch and Gamble,
1991; Hawkesworth et al., 1993). Geochemical studies of volcanic rocks from the Tonga—
Kermadec island arc system have been important in evolving models of arc magma
petrogenesis (e.g., Ewart et al., 1977; Ewart and Hawkesworth, 1987). Extension of this
simple oceanic island arc system southward into the continental TVZ in New Zealand
introduces the additional quanta of continental crust and further concomitant complexities
to unravel (Wilson, 1989).

The coupling of backarc basins to volcanic arcs was first recognized in the margins of
the Pacific Ocean basin (Karig, 1974). Petrological study of these regions of extension
recognized the broadly MORB-like geochemical characteristics of the basaltic rocks (e.g.,
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Hawkins, 1976; Saunders and Tarney, 1979, 1991; Hawkins and Melchior, 1985; Sinton and
Fryer, 1987). More recent studies have furnished an abundance of new geochemical data
from the western Pacific backarc basins (e.g., Hochstaedter et al., 1990a, b; Loock et al.,
1990; Hergt and Hawkesworth, 1994; Hergt and Farley, 1994). From these data, models
have begun to emerge linking both arc and backarc basin magma sources (e.g., Woodhead
et al., 1993; Gamble et al., 1994) into a dynamic model of melt generation and extraction.

7.2. Taupo—Havre—Lau System

Whole rock and (where available) coexisting glass data for basalts from TVZ and the
Kermadec arc (Gamble et al., 1990, 1993a), Taranaki (Price et al., 1992), offshore TVZ,
southern Havre Trough (PPTUW/S) (Gamble et al., 1990; 1993b, 1994), and the Lau Basin
(Sunkel, 1990) are shown in Fig. 2.15 in a CaO—MgO—Al,0,—SiO, (CMAS) pseudoter-
nary projection from plagioclase (Walker ef al., 1979). The majority of TVZ, Kermadec arc,
and Lau Basin basalts cluster toward the evolved (hypersthene-quartz normative) end of the
1-atm cotectic as does the evolved basalt from the floor of the southern Ngatoro rift. Many
of these lavas are strongly porphyritic, and their phase relations have been complicated by
processes of mixing, assimilation, and storage in crustal magma chambers (cf. Gamble
et al., 1990). Young basalts from Egmont volcano (Price et al., 1992) and basalts from the
Havre Trough—Ngatoro Basin and offshore TVZ define parallel lineages from mildly
nepheline normative compositions toward the 1-atm cotectic. Possible interpretations of
these data are that they reflect either (a) different degrees of melting of comparable sources
or (b) melting of progressively more refractory sources (higher normative olivine). In each
case the primary magmas evolve into the 1-atm cotectic by olivine + plagioclase +
clinopyroxene fractionation. The implication here is that the trajectories are source related
and that the bulk of basalts plotting in the shaded region (Fig. 2.15) have their primary
characteristics obliterated by secondary modification effects such as crystal fractionation
and mixing.

In an attempt to see through these effects Gamble er al. (1993a) used plots of
incompatible HFS elements and ratios (e.g., Ti/Zr versus Zr); these elements are relatively
insoluble in aqueous fluids or silicic melts, which are commonly thought to be slab derived,
yet sensitive to mantle wedge source mineralogy and degree of melting. This approach was
later amplified and extended to volcanic arc-backarc basin systems in the circum-Pacific
region (Woodhead ez al., 1993). The observed systematic relationships between HFS
elements were modeled in terms of multistage melting of a primary MORB source. It was
concluded that ratios such as Ti/Zr and V/Ti in backarc basin basalts could be produced by
partial melting of a source similar to that of MORB, but that many arc basalts required a
source with higher Ti/Zr and V/Ti, which could be produced by prior melt extraction in the
backarc basin regime. This model, moreover, was in keeping with current geodynamic
models of mantle flow into the wedge corner region (e.g., Spiegelman and McKenzie,
1987).

The Sr- and Nd-isotope data provide additional clues to significant magma source
heterogeneity both along and across the 3000 km of the Tonga—Kermadec—New Zealand
arc system. Fields for arc and backarc basalts from the entire region, together with fields for
Pacific and Indian Ocean MORB, are given in Fig. 2.13. We note the following points:
(1) Basalts from the southern Havre Trough and western Ngatoro rift are broadly MORB-
like, span the fields of Pacific and Indian Ocean MORB, and, in general, are similar to
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TABLE Il

Representative Chemical Analyses of Basalts from the Southern Havre Trough®
Sample no. VUW11574 VUW11578 VUW11579 VUW11580 VUW11581
Field no. X153/1 X154/1 X154/5 X158/1 X158/2
Locality Ngatoro Basin Ngatoro Basin Ngatoro Basin Ngatoro Basin Ngatoro Basin
Sio, 49.99 50.47 50.43 51.05 50.19
TiO, 1.14 1.66 1.62 1.43 091
AL, 16.52 16.27 16.18 16.10 16.86
Fe,0, 1.02 1.19 1.19 1.14 0.93
FeO 6.76 7.90 7.95 7.58 6.23
MnO 0.15 0.18 0.18 0.16 0.13
MgO 8.06 6.89 7.06 6.92 7.66
CaO 10.60 9.31 9.36 9.45 12.61
Na,0 3.33 439 425 3.73 2.93
K,0 0.40 0.52 0.47 0.51 024
P,0; 0.13 0.18 0.18 0.15 0.07
LOI 1.19 0.28 0.50 1.13 0.58
Total 99.29 99.24 99.37 99.35 99.34
Mg# 68.00 60.90 61.30 61.90 68.70
Sc 33 29 31 30 34
\Y 234 286 282 257 209
Cr 363 209 217 293 280
Ni 128 90 96 100 86
Cu 52 43 45 49 74
Zn 67 79 78 81 62
Ga 17 20 20 19 17
Rb 7 7 6 7 4
Sr 217 213 210 173 190
Y 25 33 34 32 19
Zr 97 119 119 110 60
Nb 3 3 3 4 1
Ba 82 95 88 63 58
La 4 6 5 5 4
Ce 16 23 28 17 10
Pb 5 4 5 5 6
Th 1 — 1 — 1
U - — — — —
87S1/86Sr 0.703090 + 14 0.703103 + 14 0.702917 £ 10
143ND/1“Nd 0.513076 + 7 0.513086 + 8 0.513105 + 7
eps Nd +8.5 +8.7 +9.1

basalts from the Lau Basin to the north (Hergt and Hawkesworth, 1994). (2) Basalts from
the northern and southern sectors of the Kermadec arc define two distinctive arrays
distinguished by generally higher Sr in the southern Kermadec arc. The data field for the
active Tofua arc of the Tonga—Lau Basin arc-backarc system (Ewart and Hawkesworth,
1987) spans both the northern and southern Kermadec fields. Perhaps a more detailed study
of the isotope systematics of this arc segment would turn up distinctive fields as recognized
along the Kermadecs. (3) Basalts from the southern Kermadec arc overlap with primitive
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TABLE 11
(Continued)
VUW11582 VUW11583 VUW11599 VUW11616 VUW33441
X158/3 X158/4 X160/1 X185/1 PPTUW/5
Ngatoro Basin Ngatoro Basin Ngatoro Basin Indentor Havre T
51.70 50.74 50.09 51.51 50.66
1.45 1.45 1.45 0.92 1.49
16.05 16.15 15.92 17.68 16.09
1.12 1.14 1.21 1.14 1.11
745 7.59 8.07 7.87 7.37
0.16 0.16 0.17 0.16 0.16
7.29 7.03 7.04 4.78 7.49
9.69 9.42 9.95 10.83 10.26
3.76 3.75 3.35 2.81 3.95
0.41 0.42 0.56 0.54 0.29
0.15 0.15 0.16 0.12 0.18
0.16 1.35 1.35 0.71 0.54
99.39 99.35 99.32 99.07 99.59
63.30 62.30 60.90 52.00 66.00
28 30 32 32 34
248 255 311 209 246
280 300 310 222 280
103 104 120 65 97
40 48 60 64 58
77 80 79 113 78
18 19 18 17 16
5 6 10 10 3
168 172 209 263 174
30 31 30 22 35
106 107 116 113 127
3 2 4 4 2
64 66 75 196 23
5 5 5 11 6.4
17 17 22 25 214
5 6 5 8 3
1 2 2 2 0.72
— — — 1 041
0.702922 + 15 0.703052 + 10 0.704267 + 14 0.702556 + 30
0.513084 + 26 0.513097 + 6 0512845 + 2 0513129 + 8
+8.7 +9.0 +4.0 +9.3

“Analytical details are outlined in Table 1. Details of sample locations are contained in Gamble ez al. (1993a,b).

basalts from the TVZ, and the latter define an array toward higher-Sr and lower-Nd
isotopes, which Gamble er al. (1993a) interpreted in terms of contamination due to
interaction with New Zealand continental lithosphere. (4) Recent data (Gamble et al., 1994)
on basalts from offshore TVZ are displaced to the right of the TVZ array, showing higher-
Sr isotopes at equivalent Nd. These analyses are all for samples from the offshore arc front,
delineated by the Ngatoro Ridge—Whakatane volcano lineament. Interestingly, the TVZ
sample most closely approximating these data is a basalt from Ruapehu (RB in Fig. 2.15)
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defining the volcanic front in TVZ. This observation led Gamble et al. (1994) to suggest that
the source region for arc-front lavas might be particularly susceptible to fluxing by slab-
derived fluids as a function of previous melt extraction events. Clearly this observation has
important implications for the evolution of magma sources in arcs with coupled backarc
basins and may be especially important in systems, such as TVZ and southern Havre
Trough, where the subduction zone length scales have compressed the arc-backarc dimen-
sions.

8. SYNTHESIS

Modern geological studies (e.g., Taylor et al., 1992; Hawkins et al., 1994) have shown
that backarc basins are the sites of an extremely complex and heterogeneous range of
extensional tectonic and magmatic processes. The SHT, as shown here, is no exception.
Such heterogeneity occurring within a young rifting backarc basin associated with a
tectonically ‘“‘simple” subduction system is significant.

One of the more notable observations from the SHT is the compositional hetero-
geneity of the rift volcanism over short length scales (Gamble et al., 1993b, 1994; Wright,
1993a). The emplacement of MORB-like or BABB along one rift escarpment while “arc”-
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like basalts are emplaced only 15 km away along the opposite rift escarpment, apparently
without transitional compositions, requires special tectonic and magmatic conditions. A
two-stage process is envisaged whereby variable fluxing of variably depleted mantle wedge
sources produces heterogeneous primary melts (Gamble et al., 1994) which subsequently
ascend and are emplaced into attenuated, subarc crust that is pervasively disrupted by rift
block faults (Gamble et al., 1993b). These faults apparently control the final emplacement
of the lavas, with the concomitant proximity of markedly different basalt compositions. The
geometry of the SHT subcrustal faults is, however, unknown. The interpretation that the
surficial morphology of the rift system appears to comprise a series of asymmetric half-
grabens (Fig. 2.4a), and crustal studies within other back-arc basins (e.g., Taylor et al.,
1991), would suggest that the crustal structure beneath the SHT rifts consists of low-angle
detachment faults. However, as noted by Wright (1993a), high-angle normal faults would
more easily penetrate the crust to tap heterogeneous magma melts and then act as conduits
for ascending magma than would low-angle detachment faults. It is possible though that the
SHT rift system has evolved to a stage where high-angle antithetic and synthetic faults are
the dominant tectonic structure and they now control subarc rift magmatism. In the past,
similar compositional heterogeneity recognized within the rock record would most likely
be interpreted as separate ‘‘terranes’ rather than as constituent margins of the same rift
system.

The association of BABB within the rifting SHT, as in the backarc rifts of the Izu—
Bonin system (Fryer et al., 1990; Hochstaedter et al., 1990a), and early history of the Lau
Basin (Hawkins et al., 1994) demonstrate that MORB-like magmatism can occur within
prespreading rift grabens of young backarc basins. These data support the contention of
Taylor and Karner (1983) and Fryer et al. (1990) that early models of the temporal evolution
of backarc magmatism, whereby BABB occur only in mature spreading backarc basins, are
not universally valid.

A further significant aspect of SHT tectonic and magmatic evolution is the position of
the present southern Kermadec arc front. Two observations are noteworthy. The first is that
the position of the present volcanic front sited within the “‘backarc” region (Figs. 2.8-2.10)
indicates that the spatial relationship of the arc and backarc is nebulous (Wright, 1994). A
similar indistinct spatial relationship of the arc front and regions of extension and subsi-
dence occurs within the TVZ to the south (Gamble er al., 1990; Wright, 1992). The second
observation reiterates an earlier conclusion about fine-scale compositional heterogeneity of
the arc-backarc volcanism. The Kermadec arc stratovolcanoes, and concomitant basaltic-
andesite arc volcanism, lie within 30-40 km of the SHT rift graben erupting BABB
(Wright, 1993a; Gamble et al., 1993b). Again the implications of these observations for
interpreting the tectonic settings and subduction polarity of backarc basins within the rock
record are significant.

The essential observation from the SHT is that the influence of the geometry of
subduction is fundamental. It would appear that spatial parameters of a subduction system
(e.g., the volume of the underlying mantle wedge, distance between the rift axis and arc
front, distance between the arc front and subduction front, rate of subduction, rate of
backarc widening, rate of trench rollback, length and terminal depth of the subducted slab)
are as important, or more important, than the temporal evolution of a backarc basin. When
these parameters are shortened, as in a proximal arc-backarc system like the TVZ and SHT,
their influence may be especially important.
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TABLE Il
Representative Chemical Analyses of Basalts from Offshore TVZ?

Sample no. VUW11626 VUW11622 VUWI11628 VUWI11628 VUWI11630 VUWI11633
Field no. X191/3 X190/1 X196/1A X196/1B X20172 X204/1B
Locality W. Alderman T  Ngatoro R. Ngatoro R. Ngatoro R. Ngatoro R. Ngatoro R.

SiO, 49.14 50.55 49.57 49.96 48.41 48.41
TiO, 1.25 0.80 0.99 0.89 093 0.87
Al O, 18.18 17.77 19.15 19.10 20.01 19.23
Fe,0, 1.46 1.30 1.28 1.31 1.20 1.33
FeO 9.74 8.67 8.51 8.73 8.00 8.86
MnO 0.21 0.19 0.18 0.18 0.15 0.17
MgO 4.83 5.75 3.94 391 5.17 5.44
Ca0 10.70 11.34 12.05 11.88 12.49 12.34
Na,O 2.78 2.33 248 2.39 2.26 2.13
K,0 0.39 0.45 0.41 0.37 0.37 0.27
PO, 0.15 0.07 0.08 0.08 0.10 0.07
LOI 0.35 0.09 0.19 0.32 0.39 0.19
Total 99.18 99.31 98.83 99.12 99.48 99.31
Mg 46.9 54.2 452 444 53.5 522
Sc 38 38 47 43 35 41
v 429 315 425 357 320 334
Cr 25 35 15 11 58 17
Ni 12 20 5 4 22 9
Cu 43 102 40 35 72 50
Zn 104 85 108 73 83 87
Ga 21 17 20 19 20 19
Rb 8 11 5 5 7 5
Sr 320 257 320 315 350 276
Y 22 20 19 18 19 17
Zr 57 52 51 50 47 40
Nb 1 1 2 2 3 2
Ba 140 200 229 221 165 168
La 6 4 6 5 7 3
Ce 22 18 20 18 19 17
Pb 5 7 5 6 6 6
Th 1 1 1 4 — —
U 0.4 04 04 04 04 04
87Sr/86Sr 0705128 £ 1 0.705128 £ 1 0.705132 + 1 0.705297 £ 1
2 4 0 4
143Nd/44Nd 0512908 £9 0512843 +7 0.512824+3 0.512196 + 7
eps Nd +5.3 +4.0 +3.6 +3.7
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TABLE 1lI
(Continued)

VUW11613 VUWI11585 VUWI11613 VUW11627 VUW11652 VUW11653
X174/1 X146/1 X174/2 X194/1 A-002 B-002
So Colville So Colville So Colville Raukumara Pl Volcanolog Volcanolog
48.29 47.05 49.20 53.62 51.33 51.05

0.94 1.05 0.97 0.76 0.81 0.81
16.54 17.89 16.26 17.85 17.90 18.05
1.36 1.20 1.40 1.08 1.10 1.13
9.09 8.06 9.36 7.18 7.34 7.54
0.44 0.20 0.30 0.16 0.15 0.15
6.37 7.51 6.52 498 497 5.02
11.51 11.66 11.70 9.64 10.35 10.39
2.62 271 2.73 2.59 2.28 2.30
0.29 0.31 0.27 0.56 0.82 0.80
0.07 0.18 0.06 0.11 0.25 0.26
1.30 1.61 021 0.61 1.34 1.48
98.82 99.25 98.98 99.14 99.64 99.98
56.5 62.4 55.4 553 55.7 54.3
43 36 42 31 35 37
333 292 345 264 257 265
58 173 57 45 41 41
83 69 53 16 11 10
139 46 130 35 26 18
102 99 99 79 85 83
18 17 19 18 20 19
6 3 5 11 27 26
259 299 258 252 305 300
14 23 16 19 23 22
40 75 38 76 94 93
1 4 0 3 4 4
126 95 133 279 312 293
2 10 6 6 10 11
13 35 12 15 25 24
7 8 5 7 9 7
1 2 1 5 5
03 03 04 0.2 0.2 0.2

“Analytical details are outlined in Table I. Details of sample locations are contained in Gamble er al. (1993a,b).
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The Geology of the Lau Basin

James W. Hawkins, Jr.

ABSTRACT

The Lau Basin comprises oceanic crust that separates the remnant Lau Ridge volcanic arc
from the active Tofua arc. The basin is situated above mantle exhibiting strong seismic
wave attenuation; it overlies the west dipping seismic zone of the Tonga Trench subduction
system and is presently opening at rates as high as 1.6 cm/yr. Seaward rollback of the trench
axis, coupled with upwelling high temperature mantle diapirs, is proposed as the main
driving force to cause crustal extension in this region of oceanic plate convergence. The
trapezoidal shape of the basin suggests that it has opened progressively from north to south;
the trace of the Louisville seamount chain may help constrain the southern apex of the
basin. The basin has opened in two tectonic styles. Initially, beginning at about 6 Ma,
attenuation and rifting of the forearc or outer part of the Lau Ridge formed a series of half-
grabens that were partly sedimented and received basaltic flows. This extension and
magmatism overlapped with Lau Ridge arc volcanism. The second stage of opening (about
5.5-5 Ma) was promoted by a southward-propagating rift system that formed new crust by
seafloor spreading. A second propagator (about 1.5 Ma) has overtaken the first and forms an
overlapping ridge system. A small three-limbed spreading system in the northeastern basin
forms a triple junction. A fourth spreading system is recognized in the northwestern part
of the basin.

In spite of the suprasubduction zone (SSZ) setting and the proximity to volcanic arcs,
the basin is dominated by mid-ocean ridge basalt (MORB)-like crust. Isotope data indicate
that both Pacific and Indian MORB-source mantle have been involved; Pacific source
formed some of the oldest crust, the Indian source feeds the modern spreading ridges.
Helium-isotope data suggest a Samoan “plume” component is important in generating
seamounts of the northern part of the basin. Lau Basin crust exhibits a general depletion in
high-field-strength elements, and some samples show varied enrichment in large-ionic-
radius lithophile elements, but the source must be like the MORB-source in most respects.
However, mixing of MORB-like and arclike magmas has been important in the basin’s
history. Locally, crust is transitional to arc compositions but this occurs largely in areas of
older crust or where rifting first encountered older crust/mantle. Heterogeneity of the SSZ

James W. Hawkins, Jr.  Geological Research Division, Scripps Institution of Oceanography, La Jolla,
California 92093-0220.

Backarc Basins: Tectonics and Magmatism, edited by Brian Taylor, Plenum Press, New York, 1995.
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mantle is indicated by the presence of intrabasinal arc-composition volcanoes erupted
nearby to ridges where MORB crust was forming. The data suggest that a wave of arc-
composition volcanism migrated across the basin as it opened; presently it forms the Tofua
arc, which is a relatively young feature. The variety of mantle sources involved, as
expressed in the range of chemical signatures in the crustal rocks, points to the complexity
of backarc magmas. They reflect the complexity of SSZ mantle. No simple definition of
backarc basin basalt is possible.

1. BACKARC BASINS

The western Pacific Ocean basin is rimmed by an array of island-arc systems and their
related trenches. Alfred Wegener (1929) proposed that

the island arcs, and particularly the eastern Asiatic ones, are marginal chains which were detached
from continental masses, when the latter drifted westwards and remained fast in the old seafloor,
which was solidified to great depths. Between the arcs and the continental margins later, still-liquid
areas of seafloor were exposed as windows.

These “windows” of seafloor are the backarc basins. Most of them are relatively shallow
(typically less than 3000 m deep) regions of ocean crust that are considerably younger than
the seafloor being subducted at the adjacent oceanic trenches. They are situated between
inactive, remnant volcanic arcs and the active volcanic arcs that form in response to the
subduction of oceanic lithosphere. The Lau Basin (Fig. 3.1) is a well-studied, classic
example.

This discussion summarizes the geology of the Lau Basin as an interim report on our
understanding of its evolution. The discussion focuses mainly on the tectonic setting and
the petrology of Lau Basin crust and draws on the wealth of information on these topics that
has been acquired in the last 25 years. Major new insights have been gained as a result of
geological long-range inclined asdic (GLORIA) imagery (Parson et al., 1990) and data
from six holes drilled in the western part of the Lau Basin on Ocean Drilling Project (ODP)
Leg 135 (Parson et al., 1992; Hawkins et al., 1994).

Several of our new findings may be summarized as follows:

1. The Lau Basin has formed by two tectonic styles of opening. Initially the western part of the
basin formed by crustal extension and rifting—not by seafloor spreading. The extension was
accompanied by magmatism that partly filled rift basins.

2. The second phase of opening was by seafloor spreading. Spreading developed on propagating
rifts that started from a transform fault boundary.

3. Basaltic magmatism in the rift basins and on the propagating rifts was contemporary with arc
activity on the (present) remnant arc.

4. A triple junction is forming new crust in the northeastern part of the basin.

5. As the basin opened by extension, arc-composition seamounts formed within the basin close
by to MORB-like eruptions.

6. The basin is in a suprasubduction zone setting, yet the new crust is dominated by MORB-like
magma compositions. Both an Indian mantle MORB source and a Pacific mantle MORB
source are recognized with isotope data.

These new views on the geological evolution of the Lau Basin are useful in under-
standing other (SSZ) convergent plate margins with arc-backarc basin systems. Our better
understanding of the petrologic and tectonic complexity of these systems also gives insight
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FIGURE 3.1. Lau Basin and Tonga Trench arc system showing locations of Leg 135 Sites 834~841 and Deep Sea
Drilling Project (DSDP) Site 203. Major features shown include sites of modern volcanism in the Lau Basin:
Mangatolu triple junction (MTJ) (Hawkins, 1989; Nilsson ez al., 1989; Nilsson, 1993); central Lau spreading center
(CLSC), eastern Lau spreading center (ELSC), relay zone (RZ), and Valu Fa Ridge (VF) (Parson et al., 1990; von
Stackelberg and von Rad, 1990). Islands and shoals are Ata (A), Capricorn seamount (C), Donna seamount (D),
’Eua (E), Lakemba (L), Metis Shoal (M), Niuataputopu (N), Niuafo’ou (NF), Rochambeau Bank (R), Tongatapu
(T), Tafahi (TA), Upolu, Western Samoa (U), Vava’u (V), Zephyr Shoal (Z). Contour interval in kilometers.

to the type of oceanic lithosphere we find preserved in ophiolites; namely, most of them
probably come from SSZ settings.

Although backarc-arc-forearc-trench systems are situated in zones of lithosphere
shortening, between plates with opposing relative motion, abundant evidence exists that
these systems are loci of crustal extension and formation of new crust as illustrated in Fig.
3.2. Ocean Drilling Program (ODP) studies have provided good evidence that the “new”
crust of backarc basins has formed contemporaneously with the volcanic island arcs that
bound them (Hawkins et al., 1991; Fryer and Pearce, 1992; Taylor, 1992; Taylor et al., 1992;
Hawkins et al., 1994). Seafloor spreading has been an important factor in their evolution,
but lithosphere extension and rifting has also been of major importance (Hawkins, 1994;
Parson and Hawkins, 1994). Magmas that form the volcanic arcs and the crust of backarc
basins form in SSZ settings as a result of fractional melting of upwelling mantle diapirs.
These melts are largely derived from the mantle wedge lying above the subduction zone—
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FIGURE 3.2. Schematic cross section of an intraoceanic convergent margin showing the remnant arc, backarc
basin, active arc, and forearc (FA). Sites of magmatic activity are shown by arrows and shaded crescentic patterns.
Numbers refer to potential components that may contribute to SSZ magmatism.

that is, the SSZ mantie (Pearce et al., 1984). Additional contributions may come from the
counterflow of mantle into the SSZ region and from the subducted lithosphere plate (e.g.,
Tatsumi et al., 1986; Takazawa et al., 1992). The result is new crust having varied
enrichments in low-partition-coefficient elements relative to crust formed at oceanic
spreading centers.

More than 40 years after Wegener’s (1929) classic paper, several nearly contemporary
papers by Karig (1970, 1971), Packham and Falvey (1971), Sleep and Toksoz (1971), and
Moberly (1972) presented the first discussions of the geometry and tectonic setting of
western Pacific backarc basin-arc-trench systems. The authors proposed that new crust had
been formed in a zone of extension between an inactive remnant arc and an active volcanic
island arc; a kinematic relation between the subduction process and the backarc basin
extension was postulated, but neither the mechanism nor the evolution were well under-
stood.

Various attempts to model and explain backarc extension have been made. These may
be broadly separated into models invoking mantle diapirism, induced aesthenospheric
convection, and global plate kinematics. Taylor and Karner (1983) discussed these general
models and concluded that none were adequate. Chase (1978) proposed that motion of the
upper plate away from the trench resulted in backarc extension, whereas Hynes and Mott
(1985) attributed extension to seaward migration of the subducted plate. Sleep and Toksoz
(1971) called on induced asthenospheric convection above the subduction zone. Karig
(1971) proposed mantle diapirism triggered by the subducted slab. Rollback of the trench
axis (Elsasser, 1971) is rejected by some authors (e.g., Hynes and Mott, 1985) but is used to
explain the observations by others (e.g., Chase, 1978; Carlson and Melia, 1984).

The geologic evidence shows a relation between subduction, crustal extension, and the
production of backarc magmas. The MORB-like nature of backarc magmagenesis requires
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mantle upwelling under the backarc basins. The upwelling and lithosphere extension are
either a cause or the result of seaward rollback of the trench (Elsasser, 1971; Uyeda and
Kanamori, 1979); the Tonga Trench may be migrating eastward at up to 10 cm/yr (Carlson
and Melia, 1984). Furlong et al. (1982) proposed that an increase in subduction velocity
may promote backarc spreading. Ribe (1989) presented a model showing how backarc
spreading, regardless of how it started, would induce mantle flow above the subduction
zone. He concluded that this helps account for the observed distribution of distinctive
magma types.

In this discussion I will use a model in which crustal extension above the subduction
zone is a consequence of trench rollback coupled with mantle diapirism induced by
subduction. I propose that mantle counterflow above the subducting lithosphere plate and
concurrent mantle upwelling probably are the main driving forces behind backarc basin
evolution (e.g., Hawkins et al., 1984). Unloading of the crust by extension and thinning
promotes the rise and decompression melting of mantle diapirs (e.g., McKenzie and Bickel,
1988).

2. GEOLOGIC SETTING OF THE LAU BASIN

Intraoceanic convergent plate margins are dynamic systems that evolve by rifting,
extension, and magmatism above the subduction zone. The geology of all parts of the
system needs to be understood. The Lau Basin is but one element in the convergent margin
system that includes the inactive Lau Ridge remnant volcanic arc and the Tonga Ridge
(Figs. 3.1 and 3.2). A brief summary of the geology of these crustal segments follows.

2.1. Tonga Ridge

The Tonga Ridge extends for more than 1100 km; its southern end joins the Kermadec
Ridge at the mutual intersection with the Louisville seamount chain. The Tonga Ridge
comprises two belts of seamounts, shoals, atoll reefs, and islands that separate the 2- to
3-km-deep Lau Basin from the 10.5-km-deep Tonga Trench. The western belt is formed of
seamounts, shoals, and volcanic islands that constitute the Tofua arc. The arc has been
active historically, with many submarine eruptions having been reported within the last 50
years. Rocks of the Tofua arc constitute an arc tholeiitic series that ranges in composition
from basalt to low-K rhyolite; the main magma types are basalt and basaltic andesite (Bryan
et al., 1972; Ewart and Bryan, 1972; Ewart et al., 1977; Bryan, 1979a; Ewart, 1979; Gill,
1981; Ewart and Hawkesworth, 1987). The age of intitiation of the Tofua arc is poorly
constrained and may have varied along strike with oldest edifices occurring at the north
end. For example, a 3-Ma age has been reported for Niuatopatapu Island by Tappin et al.
(1994), but there is no evidence for similar ages at the south end. It is not likely that the
present distribution of arc volcanoes existed prior to about 1 Ma (see discussion in
Hawkins, 1994). There is a broad compositional similarity to the main phases of volcanism
on the Lau Ridge, but, as we will discuss, the Tofua arc appears to have a more significant
contribution of a subduction component than is seen on the Lau Ridge.

The eastern belt, or Tonga platform, comprises uplifted blocks of Tertiary platform
carbonates that overlie a crystalline basement formed of middle Eocene to late Miocene
arc-composition volcanic and plutonic rocks. Quaternary reef limestones form a cap on the
platform (Scholl et al., 1985). Depths increase from south to north on the Tonga platform.
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Numerous cross faults with differential uplift give rise to three major morphologic seg-
ments. The northern segment is deeper (e.g., north of Vava’u depths range from 1000 to
1500 m), whereas the central and southern segments are from 500 to 1000 m deep, with
many emergent banks and islands. The chain of active volcanoes of the Tofua arc is aligned
along the crest of the northern segment, whereas it is offset to the west in the region south
of Vava’u.

The oldest rocks on the platform are exposed on the island of ’Eua, where there are
beach boulders of arc-tholeiitic-composition hypersthene gabbro which have been dated as
46 to 40 Ma (Duncan et al., 1985). These are overlain by late-middle Eocene calcareous
conglomerates and breccias (Cunningham and Anscombe, 1985). *Eua also has arc tholei-
itic andesitic lava flows that give ages of 33—31 Ma and andesitic to silicic andesite dikes
with ages of 19-17 Ma (Duncan et al., 1985; Hawkins and Falvey, 1985). These crystalline
rocks are interpreted as part of the Lau Ridge that was rifted away as the Lau Basin opened.
Drill core material (e.g., exploration wells, Exon et al., 1985; and ODP Site 840, Parson
et al. 1992), dredged samples (Exon et al., 1985; Stevenson, 1985), and island exposures
(Cunningham and Anscombe, 1985) show that the upper levels of the platform consist
largely of gravity flow deposits formed of volcaniclastic turbidites and debris flows of sand
and gravel. These were derived from a Miocene age volcanic arc; probably it was the Lau
Ridge, but Cawood (1985) points out that volcanic rocks exposed on the Lau Ridge are not
compositionally equivalent to the clastic rocks of equivalent age found on the Tonga Ridge.
Along-strike compositional zonation may be an explanation for this, or the sediment
sources may be submerged in the Lau Basin. The clastic rocks are interbedded with thin
intervals of pelagic, or hemipelagic, nannofossil chalks and marlstones (Clift and Dixon,
1994; Ledbetter and Haggerty, 1994). The clastic rocks show an overall fining upward in the
late Miocene prior to beginning of Lau Basin rifting. The late Pliocene-Pleistocene beds
are a carbonate-rich sequence with minor interbeds of ash and volcanic sands (Cunningham
and Anscombe, 1985; Exon et al., 1985; Clift and Dixon, 1994).

Drill core data from ODP Site 841 on the Tonga Ridge (Fig. 3.1) show that the Miocene
sediments are faulted against volcanic rocks comprising a low-K rhyolitic edifice formed of
flows, welded and nonwelded tuffs, and tuff breccias that must have been erupted in
shallow water or subaerially (Bloomer et al., 1994). Radiometric dates (44 + 2 Ma) and
paleontologic ages for overlying sediments indicate a late-middle Eocene age (McDougall,
1994). Also found at Site 841 are arc tholeiitic basalt and basaltic andesite dikes or sills
which have intruded distal facies of upper Miocene (foraminifer Zone N16 to Subzone
N17a) volcaniclastic turbidites (Parson et al., 1992). These intrusives, and the turbidites,
were formed in the forearc to the Lau Ridge volcanic arc prior to opening of the Lau Basin.

2.2. Tonga Trench

The deepest levels of the Tonga Ridge are exposed on the wall of the Tonga Trench,
where there is a cross section of oceanic crust that is largely formed of arc-related mafic and
ultramafic rocks. Rocks dredged from the inner slope of the trench include highly depleted
serpentinite, dunite, harzburgite, clinopyroxenite, gabbro, diabase, arc tholeiitic basalts,
andesite, boninite, quartz diorite, tuffs, and volcanic breccia. Petrologic studies of this rock
assemblage indicate that it is largely derived from a volcanic arc (Fisher and Engel, 1969;
Hawkins et al., 1972; Vallier et al., 1985; Bloomer and Fisher, 1987; Hawkins, 1988). Some
rocks indicative of the accretion of seafloor material have been dredged as well, but the bulk
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of the material suggests that the inner slope exposes the lower levels of an island arc as
originally proposed by Fisher and Engel (1969). Bloomer and Fisher (1987) proposed a
4000-m stratigraphic reconstruction, based on depths of dredge hauls, that establishes an
arclike crustal section capped by mafic and intermediate composition volcanic rocks.

2.3. Lau Ridge

The Lau Ridge remnant arc forms the western boundary of the Lau Basin. It comprises
islands and atoll reefs as well as submerged conical features assumed to be volcanic
seamounts; the emergent Lau Island Group forms a chain about 500 km long and up to
80 km wide. Barrier reefs, fringing reefs, or both, commonly surround the islands. The Lau
Ridge and the submarine extension to the south, the Colville Ridge, form a 2400-km-long
remnant arc. Lau Ridge volcanism began at least by mid-Miocene time, 14 Ma, and was
active until early Pliocene time, 1.5-2.5 Ma (Gill, 1976; Cole ez al., 1985; Woodhall, 1985).
Basaltic andesite and andesite, including both tholeiitic and calc-alkaline low- to high-K
magma series, are the main rock types preserved on the Lau Ridge. Lesser amounts of
basalt, dacite, and rhyolite are also present as well as intrusive rocks compositionally
similar to the volcanic rocks (Woodhall, 1985). The Lau Ridge magma series differs from
broadly similar rocks of the Tofua arc in having lower ratios of 87Sr/86Sr (e.g., 0.7030—
0.7033 for the Lau Ridge (Gill, 1976), and 0.70361-0.70399 for the Tofua arc (Ewart and
Hawkesworth, 1987)) that are interpreted as representing less of a subduction component
in the source for Lau Ridge arc magmas.

2.4. Lau Basin—An Overview

The Lau Basin (Fig. 3.1) is a trapezoidal-shaped backarc basin that separates the
inactive Lau Ridge remnant volcanic arc from the Tonga Ridge (Karig, 1970; Hawkins,
1974). The shape of the basin suggests that it has opened more widely at its north end,
perhaps because opening began there earlier and has progressed southward in the basin. At
present, the southern end apparently is hinged where the Louisville seamount chain
intersects the Tonga Trench. Opening of the Lau Basin, as a consequence of crustal
extension above the Tonga Trench subduction system, is the most recent (i.e., <6 Ma) event
in a long sequence of crustal extension episodes in the southwestern Pacific that may be
traced back to late Cretaceous time and the initial breakup of the eastern Australian
continental margin (Kroenke, 1984; Hawkins, 1994).

The Lau Basin has many geologic characteristics that are typical of other western
Pacific backarc basins, but it also has several features that may be unique. Like most
backarc basins, the Lau Basin is situated above a well-defined Wadati—Benioff zone that
marks the location of the subducted Pacific plate. The inclined seismic zone reaches depths
on the order of 700 km to the west under the North Fiji Basin (Fig. 3.3; Isacks and
Barazangi, 1977; Billington, 1980; Giardini and Woodhouse, 1984, 1986; Pelletier and
Louat, 1989). Seafloor magnetic lineations and drill core data indicate that Cretaceous-age
Pacific plate lithosphere is being subducted into the Tonga Trench beneath the Indo-
Australian plate at rates estimated from 10.5 cm/yr (Minster and Jordan, 1978) to as much
as 17.8 cm/yr (Pelletier and Louat, 1989), depending on the latitude. The seismic zone lies
at a depth of about 140 km below the active volcanoes of the Tofua (Tonga) arc and is about
250 km under the central Lau spreading center (CLSC) and eastern Lau spreading center
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FIGURE 3.3. Composite cross section of earth-
quake hypocenters for the Tonga Trench subduction
zone. The “0 kilometer” mark on the horizontal
axis corresponds to the location of the Tofua arc.
Locations of projections of the trench axis are
shown by the vertical lines. Scale is in kilometers
(Isacks and Barazangi, 1977).

(ELSC) (Isacks and Barazangi, 1977). The upper surface of the seismic zone has been
modeled as an irregular and strongly curved surface (Billington, 1980). It terminates at its
northern end where the Tonga Trench curves sharply to the west and the plate boundary
becomes a transform fault boundary between the Tonga and New Hebrides—Vanuatu
trenches. An inflection in the seismic zone at depths of 525 to 575 km, first identified by
Billington (1980), was interpreted as due to imbrication of the subducted lithosphere by
Louat and Dupont (1982). They estimated that the lithosphere at the depth of this inflection
was subducted about 7 to 8 m.y. ago. This is close to the 6-Ma age estimated for beginning
of opening of the Lau Basin (Parson et al., 1992); the two events may be related. Interpreta-
tion of the configuration of the Tonga Trench seismic zone suggest a half-spoon shape
sharply curved to the west at its north end and abruptly terminated along the west-trending
part of the Tonga Trench (Fig. 3.4; Billington, 1980). A broad zone of strong seismic wave
attenuation was recognized west of the Tonga Ridge beneath the Lau Basin by Barazangi
and Isacks (1971), who attributed it to high temperature or partial melting in the mantle. The
mantle under the basin has low Q (strong seismic-wave attenuation) and is inferred to be
hotter than the surrounding mantle (Fig. 3.5; Barazangi and Isacks, 1971). The ridge axes of
the modern spreading centers rise to depths as shallow as 2200 m, and the average basin
depth is about 2500 to 3000 m (Hawkins, 1974); this is anomalous because it is the depth
range for most of the ridge crest of mid-ocean ridge system as originally noted by Sclater
et al.(1972). They interpreted this depth anomaly as being related to the relative youth of the
basin and the likelihood of a broad region of upwelling hot mantle beneath it. The Lau
Basin depths are in striking contrast to the Mariana Trough, where depths as great as
4500 m are common near the axial ridge and the crest of this ridge is about 3500 m deep
(e.g., Hawkins et al., 1990). A possible corollary of this is that the Mariana Trough lacks
a similar large region of upwelling hot mantle.

Karig’s proposal that the Lau Basin was floored with basalt was substantiated by the
first geologic studies based on dredged samples (Hawkins et al., 1970; Sclater et al., 1972).
These papers, and subsequent work by Hawkins (1974, 1976), established that there was
young basaltic crust in the Lau Basin and that it showed considerable similarity to MORB.
A range in basaltic types was found, but all were distinctly different from arc tholeiites. The
modern spreading ridge system of the Lau Basin, comprising the central and eastern Lau
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FIGURE 3.4. View, looking south, of a grid representing the upper surface of the Wadati—Benioff zone of the
Tonga-Kermadec subduction zone. The projection is slightly distorted in that it does not take into account the
Earth’s sphericity (from Billington, 1980).

spreading centers, was discovered, and sampled, on the Scripps Institution of Oceanogra-
phy 7-TOW Expedition in 1970 (Hawkins et al., 1970). Our single-beam profiler survey
lines helped to delineate part of the ridge (Hawkins, 1974) and to recognize symmetric
magnetic anomalies, but the anomalies proved difficult to trace throughout the basin
(Lawver et al., 1976; Lawver and Hawkins, 1978). Initially we all assumed that nearly the
entire width of the Lau Basin had formed by seafloor spreading. Neither the overlapping
spreading centers nor the wedge shape of the magnetic pattern and spreading system was
recognized. Only the presence of fresh pillow lavas and the general trend of the ridge could
be established. Additional data did not help solve the problem. The western part of the basin
lacks a continuous magnetic fabric, and symmetric anomalies cannot be traced beyond the
region near the axial ridges (e.g., Lawver et al., 1976; Weissel, 1977; Lawver and Hawkins,
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Islands

FIGURE 3.5 Cross section of the Fiji
Islands to Tonga Trench region show-
ing inferred and extrapolated extent of 500
the region of high and low attenuation
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1978). Interpretations of the age of the earliest backarc crust in the Lau Basin varied from
5 to 10 Ma (Sclater et al., 1972) to 2.5 to 3 Ma (Malahoff er al. 1982). Lawver et al. (1976)
and Lawver and Hawkins (1978) concluded that true seafloor spreading had not been an
important process throughout the entire history of the basin and proposed that some form of
diffuse spreading on short ridge segments may have operated. Thus, it was clear early on
that it was difficult to explain the entire evolution of the basin by seafloor spreading,
although several attempts to do so (e.g., Weissel, 1977) appeared to give satisfactory models
for some of the data.

Our understanding of the petrology of the basin’s crust has undergone great change
from an originally simple comparison to ‘“‘normal” oceanic crust to the much more
complex view now held. The earliest petrologic studies of Lau Basin crust focused on high-
standing features that form the modern axial ridge system and the Peggy Ridge. Petrologic
data for these ridges indicated a close similarity to MORB and led to the interpretation that
petrogenetic process for backarc basins were similar to those forming oceanic crust
(Hawkins et al., 1970; Sclater et al., 1972; Hawkins, 1974, 1976; Gill, 1976; Pineau et al.,
1976; Carlson et al., 1978). More extensive sampling, including seamounts and high-
standing older crust on the margins of the basin, showed that there were rocks having
compositions transitional to arc chemistry and that the basin crust was zoned with borders
more like arc compositions than MORB (Hawkins and Melchior, 1985). The compositional
variability includes a wide range in rock types from basaltic to andesitic and multiple
mantle source types have been inferred from a number of subsequent studies (e.g., Poreda,
1985; Jenner et al., 1987; Volpe et al., 1987, 1988; Hawkins 1989; Hawkins et al., 1989;
Nilsson et al., 1989; Boespflug et al., 1990; Davis et al., 1990; Frenzel et al., 1990; Loock
et al., 1990; Sunkel, 1990; Vallier et al., 1991; Ernewein et al., 1994). The most recent
insights to the geology of the Lau Basin and its evolution have come from GLORIA
imagery of much of the northern part of the basin (Parson et al., 1990) and drilling on ODP
Leg 135. The drill cores have given samples of hitherto inaccessible crust from the older,
sediment-covered, western part of the basin and from sediment-covered crust near the
modern axial ridges (Parson et al., 1992; Hawkins et al., 1994).

2.5. The New View of Lau Basin Evolution

Extensive bathymetric surveys with single-beam and multibeam profiling systems,
seismic reflection profiling, shipboard and aeromagnetic surveys, and GLORIA imagery
have given us a good understanding of both the regional bathymetric fabric and the
relations between basin morphology and the magnetic patterns. Additional insight has
come from drilling on ODP Leg 135. Together, these data have helped develop a new view
of Lau Basin evolution that also has implications to other arc-backarc systems. The reason
why the magnetic data have been so difficult to interpret is because they are not all part of a
continuous symmetric system developed by seafloor spreading (Parson et al., 1989, 1990,
1992; Parson and Hawkins, 1994).

Our new view of Lau Basin evolution is that it has opened in two stages each with its
own tectonic style. Initially, the forearc to the Lau Ridge was stretched and attenuated by
crustal extension and rifting. This formed a basin-range-type structure. Lavas ponded in the
basins gave rise to magnetic anomalies, but the magnetic patterns do not form a continuous
symmetric record because the lavas did not generate new crust at a “‘fixed” spreading
center. Data from ODP Site 834 demonstrate that rifting started prior to 5.6 Ma; we estimate
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that it may have started by about 6 Ma (Hawkins, 1994; Hawkins and Allan, 1994). The
early backarc crustal extension was contemporaneous with volcanism on the Lau Ridge
(e.g., 4.5- to 2.5-Ma basalts of the Korobasaga Group). Whelan et al. (1985) correlate the
Korobasaga Group with an “early rifting stage” that occurred late in the evolution of the
Lau Ridge. The arc rifting and eruption of the Korobasaga Group, which was dominated by
tholeiitic basalt, overlaps with beginning of crustal extension and basaltic volcanism in the
western Lau Basin. This predates the time inferred for the beginning of seafloor spreading.
Geometrically this process occurred in the forearc, and it is only because the modern Tofua
arc subsequently formed to the seaward that the term backarc basin has any meaning.

The second stage of opening involved seafloor spreading that may have started at
about 5.5 to 5 Ma. Parson and Hawkins (1994) propose that this spreading was initiated by
southward propagation of a rift that started on the trace of the Peggy Ridge; this propagator
formed the present ELSC. Thus, the age of crust formed by seafloor spreading is pro-
gressively younger to the south culminating at the Valu Fa Ridge at the south end of the
ELSC. The wedge-shaped age pattern of new seafloor formed by the ELSC is further
complicated by the development of a second propagator that cut through the older (ELSC)
seafloor and formed the present CLSC (Parson et al., 1989, 1990, 1992; Parson and
Hawkins, 1994). The two spreading centers overlap and are separated by complex seafloor
with traces of pseudofaults and an abandoned intermediate ridge or relay zone. Presently,
the Lau Basin appears to be opening in an east-west direction by symmetric seafloor
spreading on the well-defined, but segmented and offset, axial ridges aligned along longi-
tude 176°30" W.

The evolution of the Lau Basin has involved crustal extension and the partial dismem-
bering of the Lau Ridge. The evidence suggests that the initial rift was on the outboard
edge of the former arc or in the forearc (Hawkins, 1994). Other arc-backarc systems (e.g.,
Mariana) may have formed in a similar way although this evolutionary style is not
necesarily true for all arcs. For example, the Sumisu rift has formed on the inboard side
of the Izu arc (Taylor, 1992). There has been a long-standing controversy as to whether or
not backarc and arc magmatism are synchronous. At least for the Lau Basin we have good
evidence that they were synchronous although we have no good constraints as to relative
volumetric importance. The 4.5-Ma to 2.5-Ma basalts of the Korobasaga Group erupted
during the “early rifting stage” in the evolution of the Lau Ridge (Whelan et al., 1985). The
timing of this rifting and associated volcanism, which was dominated by tholeiitic basalt,
broadly overlaps the beginning of crustal extension in the western Lau Basin (Hawkins,
1994). We also have evidence within the basin that a wave of arc composition volcanism
migrated across it as the basin opened (Bednarz and Schmincke, 1994; Clift and Dixon,
1994). Presently, Tofua arc volcanism and backarc spreading are proceeding concurrently.
It is also evident that arc and backarc magmatism operate contemporaneously in the
modern Mariana arc and backarc.

3. LAU BASIN MORPHOLOGIC PROVINCES

3.1. Introduction

The Lau Basin may be subdivided into several morphologic-tectonic provinces that
together constitute the extensional backarc basin (Fig. 3.1). The central part of the basin,
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where the ODP Leg 135 drill transect was located, comprises a western extensional basin-
ridge province (here informally called WEB) and a triangular region of young crust that has
formed by seafloor spreading. The latter area includes the two actively spreading ridges—
the CLSC and the ELSC—and the relay zone (RZ) between them that collectively extend
for about 600 km. These ridges are not centered in the Lau Basin but are offset toward the
eastern side; much of the southern part of the ELSC lies within 50 km of the active Tofua
arc. The Peggy Ridge (Fig. 3.1) separates the northern and southern parts of the Lau Basin.
Peggy Ridge appears to be the location of a transform fault with right-slip displacement.
The northern basin is not well sampled, but GLORIA imagery has helped define a probable
spreading center, the northwestern Lau Spreading Center (NLSC), that trends northeasterly
from the Peggy Ridge. A well-defined ridge-ridge-ridge triple junction has been recog-
nized in the northeastern basin. Originally named Mangatolu triple junction (MTJ) by the
discoverers (Hawkins, 1989; Hawkins et al., 1989; Nilsson et al., 1989), it is also called the
Kings triple junction. Much of the northern basin is covered by seamounts. One robust
feature forms the island of Niuafo’ou. Only three submerged features have been surveyed
and sampled: Donna Seamount, Rochambeau Bank, and Zephyr Shoal. Each is petrologi-
cally distinct and has a different geologic history.

3.2. Eastern and Central Lau Spreading Centers

At present, new seafloor is being generated at three well-mapped areas of spreading
(Fig. 3.1). These are the ELSC, CLSC, and MTIJ. A fourth spreading center, NLSC, has
been postulated but data for it are limited. The main site of seafloor spreading is on the well-
defined axial ridge system that extends for more than 600 km in a north-south direction near
176°30’W. This ridge system is segmented in a morphotectonic sense, as well as having a
petrologic segmentation, that allows further subdivision into secondary and tertiary seg-
ments on the scale of 10 s of km. It comprises the CLSC, ELSC and a RZ in the overlap
region. Detailed charts and discussions of the morphology of parts of each ridge system are
presented in Weidicke and Habler (1993) and Weidicke and Collier (1993).

3.2.1. Central and Eastern Lau Spreading Centers

The CLSC is shallower than 2300 m throughout its 190-km length, and it is flanked by
2800- to 2900-m-deep basins that parallel the ridge trend. The ridge crest morphology of
the CLSC varies along axis. Parts of it have a narrow axial rift basin with flanking walls that
rise 200 to 500 m above a low relief floor. Some areas are capped with small mounds and
pinnacles. The southern end near 19°22’S is split by a narrow rift, and the ridge narrows and
deepens and ends in an area of rough topography. The ELSC extends for about 400 km. Its
crest has inward-facing scarps that define an axial rift valley. Small edifices are found
within the valley, and at least one intrarift seamount has been split into two segments
now on opposite sides of the axis. The floor of this rift shoals from about 3000 m at the
dying northern end to about 2300 m near the southern end of the rifted part of the ridge at
21°S. Farther to the south, the ELSC axial crest lacks a rift and is capped by small elevated
areas. The ELSC ends near 22°50’S on a segment of the ELSC known as the Valu Fa Ridge
(VFR; Scholl et al., 1985; Morton and Sleep, 1985). The morphology and segmentation of
the VFR have been described by Weidicke and Collier (1993). The VFR lies only 30 to 40
km west of the trace of the Tofua arc. The VFR is petrologically distinct from the northern
ELSC and is here treated as a separate major segment.
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The ELSC began as a propagating rift at about 5.5 to 5 Ma and was followed by the
CLSC at about 1.5 to 1.2 Ma (Parson and Hawkins, 1994). Both have propagated southward
from the Peggy Ridge. The two ridges form an overlapping system near 19°22'S with the
CLSC propagating southward at the expense of the ELSC. The southern end of the ELSC,
the Valu Fa spreading center (Jenner et al., 1987; Vallier et al., 1991), appears to be
propagating southward into older crust, but essentially nothing is known about the age or
composition of that older crust. The rift tip of the propagator is near 23°S. Parson and
Hawkins (1994) estimate that the rift tip of the ELSC has propagated southward at about
120 mm/yr.

Presently the northern Lau Basin may be opening at a rate of 120—145 mm/yr on a line
between Lakemba, Fiji, and Vava’u as determined by global positioning system (GPS)
measurements (Bevis et al., 1993; F. W. Taylor, personal commun., 1994). The opening rate
decreases southward toward the VFR. The complex magnetic fabric and the effects of
propagating ridges make it difficult to estimate long-term average spreading rates. How-
ever, it is likely that similar rates of opening, 100—170 mm/yr, may have been in effect south
of the Peggy Ridge since the initiation of spreading on the ELSC (Parson and Hawkins,
1994).

The most extensively studied part of the Lau Basin is along the axial ridge systems.
The ridges comprise a range in rock types that is mainly basaltic with lesser amounts of
fractionated types, including Fe-Ti-enriched basalt, “oceanic andesite,” and low-K rhyo-
lite. These are discussed in more detail below.

3.2.2. Mangatolu Triple Junction

The Mangatolu triple junction, in the northeastern part of the Lau Basin (Fig. 3.1) near
15°30'S, 175°45'W, comprises three limbs of a ridge-ridge-ridge triple junction (Hawkins
et al., 1989; Nilsson et al., 1989; Nilsson, 1993). The MT]J is also known as the Kings triple
junction (Falloon et al., 1992). Three well-defined spreading axes have been defined for the
MT]J by bathymetry, GLORIA imagery, magnetic anomalies, and dredged samples. The
west-trending limb breaks up into at least three separate traces that have a poorly developed
ridgelike cross section. The northeasterly trending limb intersects the line of volcanic
edifices that constitutes the Tofua arc. A deep channel, or trough, cuts the Tonga Trench
wall on the projection of the trace of this limb, but we have no data to support a direct
relationship between the two. The southern axial limb has an overlap zone at about 15°53'S.
The southern end is poorly defined by the available bathymetric data but can be traced as
far south as 16°05'S.

The MT]J is in the widest part of the Lau Basin, more than 250 km wide, and has
replaced older crust of uncertain age. This crust may include some of the oldest backarc
basin crust, remnants of the forearc to the Lau Ridge, or trapped old ocean crust. Data
for the seafloor are very limited, but, as discussed in a separate section, both arclike and
MORB:-like crust have been found.

3.2.3. Northwestern Lau Spreading Center

A northeasterly trending region of high sonar backscattering, near 177°W on the
Peggy Ridge (Parson et al., 1990; Parson and Tiffin, 1993; Parson and Hawkins, 1994) has
been interpreted as a spreading center. The NLSC appears to trend northeasterly and may
link the Peggy Ridge transform with the major structural discontinuity at the west trending
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segment of the Tonga Trench. Parson and Tiffin (1993) note that it is about 40 km wide
where it intersects the Peggy Ridge and has the finely lineated GLORIA image typical of
medium and slowly spreading axial ridges. The NLSC has been superposed on the crustal
fabric of older sedimented rift basins. The trend of the NLSC is toward Rochambeau Bank,
a prominent seamount described later. The interpretation of evidence from GLORIA
imagery is supported by fresh basaltic samples from a few dredge sites near the Peggy
Ridge and from seamounts and scarps on the probable trace of the spreading center
(Hawkins, 1988). The NLSC cuts older crust that had a different origin.

3.3. Western Extensional Basin

The broad area south of Peggy Ridge, between the Lau Ridge and the active CLSC and
ELSC, is characterized by narrow, partly sedimented, subbasins, elongated in a north to
northeasterly direction. This part of the Lau Basin has rugged topography with up to 1500 m
of relief in contrast to the smoother topography that flanks the two spreading centers. We
described it as having basin and range topography to differentiate it from crust formed at the
spreading centers (Parson et al., 1992) and used the name western extensional basin (WEB)
province. The basins are about 1-15 km wide and 10-85 km long. The subbasins are
separated by ridges of thinly sedimented crust. Limited data from dredged samples show
that these are mainly basalt, some of it moderately differentiated, having compositions
transitional between MORB and arc material (Hawkins and Melchior, 1985). The age of the
crust forming these ridges is not known, but several of the basins were drilled on ODP Leg
135 and we have good age data for these. There is a general age progression from about
6 Ma on the west to 0.6-0.8 Ma near the present axial ridges (Hawkins, et al., 1994). The
high-standing blocks between the subbasins are assumed to be older crust. The interpreta-
tion of Leg 135 data suggests that the WEB formed by crustal extension and rifting, not by
seafloor spreading.

3.4. Peggy Ridge and the Northern Basin

The Peggy Ridge (Fig. 3.1) is a high-standing feature (1250 m) of uncertain origin.
Parson and Tiffin (1993) noted that its upper surface is ribbed, irregular, characterized by
clusters of linear peaks and troughs, and appears to be dominated by superimposed
seamounts. The northeast side drops sharply into a 2500-m-deep valley. They interpret the
steep northeast flank of the ridge as a fault. The northeast side of the deep valley rises
abruptly about 1800 m to form a ridge subparallel to the Peggy Ridge. Presently Peggy
Ridge marks the location of many shallow earthquakes that have right-lateral first motions
(Eguchi, 1984; Hamburger and Isacks, 1988). The morphology of the ridge suggests to
Parson and Tiffin (1993) that it may be a leaky transform fault. The ridge may have had a
complex history, and all we can say with any degree of certainty is that its composition
precludes it having been part of an island arc, and regional magnetic patterns make it
unlikely that it was a spreading center (Sclater et al., 1972; Hawkins, 1974, 1976). At
present it marks the location of a transform fault accommodating differential motion
between the CLSC and the postulated NLSC north of Peggy Ridge (Parson et al., 1990;
Parson and Tiffin, 1993; Parson and Hawkins, 1994). As discussed in a subsequent section,
the Peggy Ridge may have played a major role in the development of the ELSC and CLSC
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rift propagators. Rocks from the Peggy Ridge are MORB-like basalts that resemble the
rocks of the active ridges.

At least four distinct provinces may be recognized north of the Peggy Ridge. In
addition to the MTJ and the NLSC, there is a broad region north of Peggy Ridge that Parson
and Tiffin (1993) call a *“sedimented block terrain.” This includes an old ridge partially
buried in sediment and a region of elevated topography that has several large seamounts
and the island of Niuafo’ou. There are several areas of high heat flow (e.g., up to 4.22 HFU,
Sclater et al., 1972), and the recently active volcanic island of Niuafo’ou (Reay et al., 1974,
Taylor, 1991). Samples from the seamounts include a wide range of rock types such as
N-MORB, E-MORB, OIB, and dacite.

South of the MTJ and west of the Tonga Ridge, the seafloor is characterized by north-
south-trending ridges that separate sedimented basins. Parson and Tiffin (1993) call this the
“ridge/interridge terrain.” The narrow basins have relatively thick sediment fill similar to
those in the WEB (e.g., more than 0.2-s two-way travel time, Hawkins, 1974). Parson and
Tiffin (1993) suggest that this part of the basin may have had an origin by crustal extension
and rifting like that which formed the western part of the Lau Basin.

4. PETROLOGIC DISCUSSION OF THE NEOVOLCANIC ZONES

4.1. 8SSZ Mantle Influence

Before discussing the petrogenesis of magmas that erupt on the axial ridges, a
digression to comment on the tectonic setting is in order. Magmas of the Lau Basin
neovolcanic zones form by partial melting of upwelling mantle in the SSZ tectonic
environment (Fig. 3.2). The crust flooring subbasins of the WEB also came from this
source. Current ideas about the nature of SSZ mantle are that it has been depleted by
previous melting and selectively reenriched with a subduction component (e.g., Pearce
et al., 1984; Hawkins, 1994). It is not surprising that many backarc magmas carry the
distinctive compositional signatures of this complex mantle source; that is, they show some
affinity to arc magmas. This is expressed in the major element chemistry of some backarc
basin basalt glasses in their relatively higher Al,O, and Na,O, but lower FeO* (all iron
determined as FeO) and TiO,, when compared to MORB glasses with equivalent levels of
MgO. These characteristics were first pointed out by Fryer et al. (1981) for Mariana Trough
basalts. They are found in most other backarc basins as well, but are by no means typical of
all backarc basalts. Forearc magmas as well as those of island arcs also carry the SSZ
signature. In addition to the different abundances of some major elements, there are several
major distinctions in trace and minor constituents, differing from true MORB, that are
typical of SSZ magma systems (e.g., Fryer et al., 1981; Briqueu et al., 1984; Hawkins and
Melchior, 1985; Sinton and Fryer, 1987; Woodhead et al., 1993). These are (1) a relative
depletion in high-field-strength elements (HFSE), especially Nb and Ta. (2) The relatively
higher Na is paralleled by a tendency for some, but not all, samples to be accompanied by
variably higher K, Rb, Ba, and Sr relative to MORB; Ba in particular is relatively enriched.
(3) The rare-earth element (REE) patterns vary from flat to MORB-like in form although
for some of the least fractionated samples the low abundances indicate a depleted source.
La is variable, but enrichment relative to MORB is common in many SSZ magmas (e.g.,
Gill, 1981). (4) SSZ magmas commonly are depleted relative to MORB in Cr, Ni, and Co.
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(5) Backarc samples are generally more hydrous and more oxidized than otherwise compa-
rable MORB. The distinctive differences from MORB in major elements, as well as some
trace elements, are attributed to the more hydrous mantle source of the SSZ environment.
Elevated Fy,, delays the onset of plagioclase crystallization and leads to higher Al content
of the melts. Higher oxygen fugacity promotes the crystallization of Fe-Ti oxides as well as
Cr-spinel and causes the relative depletions in Fe, Ti, Cr of SSZ magmas. The field of
olivine stability is expanded, and this causes the relative depletion of Ni in SSZ magmas.
Clinopyroxene is an important liquidus phase and contributes to Co depletion.

Many, but not all, backarc basin basalts show varied effects of the SSZ influence
described. The Lau Basin is no exception, as both MORB-like and arclike compositional
varieties are found. The Mariana Trough axial ridge also displays both MORB-like and arc-
like rock types (Hawkins et al., 1990). This requires that the SSZ mantle must receive an
input of MORB-source mantle as shown schematically on Fig. 3.2. In the Lau Basin there is
a general pattern of MORB-like basalt being more common on the axial ridges and the
transitional to arc compositions being more common on the eastern, western, and southern
edges of the basin (Fig. 3.6; Hawkins and Melchior, 1985). The data for the edges of the
basin are very limited, and this proposal still needs to be tested with many more samples
than we have. However, the idea appears to be fairly well supported with the limited data
we have. As we discussed, there are some deviations from this general pattern that probably
are related to the extent or longevity of melt production in different areas as well as to
source heterogeneity. The general inference for the Lau Basin is that, in spite of the SSZ
setting, a MORB-source mantle has been the major contributor to the backarc crust, and
there has been restricted mixing with arclike SSZ mantle sources. Some Lau Basin axial
ridge lavas show an imprint of SSZ (““arc”) compositional features but many do not.
Compositions very close to MORB are found on all of the active ridges as well as in the drill
core samples. Some of the earliest lavas to form new crust as the Lau Basin opened (ODP
Site 834) are among the most MORB-like (Hergt and Farley, 1994, Hawkins and Allan,
1994). This requires massive upwelling and melting of MORB-source mantle that has
overwhelmed the SSZ signature. This is discussed further in the section presenting a model
for evolution.

4.2. Eastern and Central Lau Spreading Centers
4.2.1. Introduction

The combined ELSC and CLSC extend for about 600 km through the Lau Basin in a
generally north-south direction culminating at the Valu Fa Ridge segment of the ELSC.
There is an extensive data base for the ELSC and CLSC that offers insight to their evolution
and the mantle sources for the melts that formed them (e.g., Hawkins, 1974, 1976, 1977,
1988, 1989; Hawkins and Melchior, 1985; Jenner et al., 1987; Sunkel, 1990; Boespflug et al.,
1990; Vallier et al., 1991; Falloon et al., 1992; Emewein et al., 1994). Each spreading ridge
carries its own distinctive isotopic and chemical signature, but all have a compositional
stamp that indicates a predominantly MORB-like character with an SSZ overprint. A
summary of representative data is in Table I and sample locations are in Fig. 3.6. The
modern spreading axes all are situated above the Wadati Benioff zone which lies at about
250 km beneath the ELSC, CLSC, and MT]J, and about 300 to 350 km below the NLSC. As
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FIGURE 3.6. Locations of dredge sites referred to in text and on tables. Dredge site acronyms are A = ANT,
L = 123 (both from Hawkins and Melchior, 1985); P = PPTU (Hawkins, 1988); R = RNDB (Hawkins, 1989);
E = Emewein et al. (1994); F = Frenzel et al. (1990); S = Sunkel (1990); V = Vallier e al. (1991). Numbers shown
are the dredge site numbers.

a consequence, a major source of the melts must be in the SSZ mantle, but, as outlined,
there is a general MORB-like character to all of the basaltic samples. Local variations in
chemistry that point to variable affinity to arc-composition magmas are attributed to
variable mixing with a subduction component. Proximity to the trace of the Tofua arc is
suggested as an explanation for the compositional variation seen from north to south along
the ELSC (Ernewein et al., 1994).

ODP Site 836 was drilled on some of the oldest ELSC crust formed at this latitude, and
the cores give data for early stages of ELSC magmagenesis on the propagating rift. Valu Fa
Ridge samples also are early ELSC crust formed at the rift tip. They are discussed in a
separate section because of their many distinctive features.
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