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1. INTRODUCTION, BACKGROUND, AND PRINCIPAL RESULTS OF LEG 135, LAU BASIN!

Shipboard Scientific Party?

INTRODUCTION

The western Pacific Ocean basin is rimmed by island arcs,
trenches, and marginal seas. These are closely associated with
convergent oceanic plate margins where inclined seismic zones
(Wadati-Benioff zones) mark the location of subducted oceanic
lithosphere plates. Intraoceanic island-arc volcanic chains, situ-
ated above the Wadati-Benioff zones, represent regions where
new crust is generated by the transfer of magmas derived from
partial melting of the mantle with various contributions of con-
stituents from recycled oceanic crust. The intraoceanic volcanic
arcs are important sites for the generation of new crust in areas
far removed from the mid-oceanic ridges, but other equally im-
portant sites are the small ocean basins (i.e., backarc basins) that
lie *behind” the island arcs. Here, in the backarc basins, new
oceanic crust is formed that has petrologic properties broadly
similar to the basalts formed at mid-oceanic ridges.

Wegener (1929), perhaps, was among the first to suggest that
“the island arcs, and particularly the eastern Asiatic ones, are
marginal chains which were detached from the continental mass,
when the latter drifted westwards, and remained fast in the old sea
floor which was solidified to great depths. Between the arcs and
the continental margin later still-liquid areas of sea floor were
exposed as windows.” Wegener’s insight to the evolution of the
western Pacific basin was not supported at that time by any
geological or geophysical data; nonetheless, it parallels his ideas
about continental drift. The models for backarc genesis have
become more elegant than this simple description, but Wegener
should be given credit for suggesting the importance of crustal
extension in the origin of these basins. The relation of backarc
basins to the broader arc-trench systems at convergent oceanic
plate margins has been explored by many researchers in recent
years, beginning with the works of Karig (1970, 1971), Packham
and Falvey (1971), and Moberly (1972).

The western Pacific drilling projects of the Ocean Drilling
Program (ODP) included several studies of backarc basins and
their adjacent forearcs with the goal of gaining a better under-
standing of their geology, their relation to plate convergence
processes, and their evolution. The broad scientific objectives for
Leg 135 were (1) to assess the nature of the oceanic crust in the
Lau Basin and the adjacent Tonga Platform in the forearc and (2)
to understand the geologic history of the Lau Basin and its
relationship to the geologic processes that formed the island-arc
systems on its west and east boundaries. Leg 135 drill sites and
their geologic setting are shown in Figures | and 2. The science
plan for Leg 135 comprised a research program that would com-
plement previous work in the Lau Basin and Tonga arc-trench
region and studies on the Mariana, Izu-Bonin, and Vanuatu arc
systems performed on previous DSDP and ODP drilling legs.
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2 Shipboard Scientific Party is as given in the list of participants preceding the
contents.

BACKGROUND
Introduction

The significance of crustal extension in the origin of backarc
basins was recognized by Karig (1970), who postulated that the
Lau and Tonga ridges were arcs—the former extinct, the latter
active (Fig. 1)—separated by oceanic crust. He later extended this
interpretation to the Mariana Trough (Karig, 1971). Support for
the hypothesis came from data for Mariana Trough samples that
were generally similar to mid-oceanic-ridge basalts (MORB),
although these samples showed distinctive characteristics such as
enrichment in volatiles, alkali elements, and alkaline earth ele-
ments (Hart et al., 1972). These characteristics suggested that
there was an affinity to island-arc tholeiites and that Mariana
Trough “basin basalts” were transitional to arc system magmas
(e.g., Gill, 1976; Fryer et al., 1981). Data from the Lau Basin
(Sclater et al., 1972; Hawkins, 1974, 1976, 1977) and from the
North Fiji Basin (Hawkins and Batiza, 1975) showed differences
from the Mariana Trough basalts and helped establish that some
western Pacific backarc basins were floored by tholeiitic basalt
that was similar to MORB in most mineralogic, major and trace
element, and isotopic characteristics. Further studies of the mar-
gins of the Lau Basin suggested that it was zoned, passing from
older crust having a “transitional™ chemistry to more MORB-like
lavas on the active axial ridges (Hawkins and Melchior, 1985).
Detailed sampling with ALVIN on the axial ridge of the Mariana
Trough shows that it too is zoned and has fresh MORB-like lavas
interspersed with “transitional” basalts (Hawkins et al., 1990).

The distinctive characteristics of Mariana Trough samples
were well documented by Fryer et al. (1981), who used their
analyses of glasses to argue that backarc basin basalts (BABB)
constituted a distinct type of basalt and were intermediate between
MORB and the island-arc tholeiite series. Their enrichment in
water relative to MORB and their high H,0/CO, was demon-
strated by Delaney et al. (1978) and Garcia et al. (1979). However,
as more data were acquired, it became apparent that the basalts of
backarc basins exhibit a range in composition from MORB-like
to arc tholeiitic and that no single designation was appropriate for
all backarc basins.

Petrologic Problems

Backarc basins form in close proximity to island arcs, and it is
generally agreed that their origin is closely related to the subduc-
tion process. The nature of this relationship is subject to much
debate. For example, is there a mechanical coupling between
subduction and the backarc extension process or not; and is there
a chemical exchange or a contribution of melt from the subducted
lithosphere or not? Understanding the origin of the magmas that
form backarc basin crust requires that we test the same types of
models as are proposed for the generation of arc magmas. The
petrogenetic processes in the early stages of arc evolution, in
which island-arc tholeiites are abundant, may be similar to magma
genesis in backarc settings. It is argued by some that partial
melting of the supra-subduction zone mantle wedge is the primary
source of the arc tholeiitic island-arc magmas and that very little
is contributed by the subducted lithosphere itself. Arc tholeiitic
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Figure 1. Regional setting for Sites 836 through 839 with locations of other drill sites in the Lau Basin and the major geologic features of
the Tonga Trench and Lau Basin system. Z = Zephyr Shoal; islands include T = Tongatapu, E = 'Eua, V = Vavau, A = Ala, and NF = Niua
Fo’ou Island. The locations of the Central Lau (CLSC) and Eastern Lau Spreading Centers (ELSC), Valu Fa Ridge (VF), and Mangatolu
Triple Junction (MTJ) are from von Stackelberg (1990), Parson et al. (1990), Hawkins et al. (1989), and Nilsson et al. (1989). The location
of DSDP Site 203 is shown as an open box. Contour interval in kilometers.
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Figure 2. Map of backarc sites drilled in the Lau Basin during Leg 135
with outline bathymetry (500 and 2000 m isobaths). Known sub-basins
are stippled. ELSC = East Lau Spreading Center and CLSC = Central Lau
Spreading Center. Contour interval in kilometers. T = Tongatapu and E
= 'Eua.

magmas are enriched relative to MORB in K, Rb, Ba, light-rare-
earth elements (LREE), ¥Sr/*®Sr, and water, and they display
relative depletion in many high-field-strength elements (HFSE).
Volatiles, enriched in large-ion-lithophile elements (LILE), are
considered to be important modifying agents of the mantle wedge
and give rise to some of the characteristics of island-arc tholeiites.
The source of these volatiles is the hydrous minerals of altered
subducted oceanic crust and sediment (Tatsumi et al., 1986).
Much of the data for backarc basins suggests that the chemical
signatures, typical of the supra-subduction zone magmas of island
arcs, are characteristic of some of the magmas formed in the
backarc setting as well.

The nature, variability, sources, and petrogenetic history of
backarc basin magmas has remained a major problem. One of the
major objectives of Leg 135 was to sample the crust of the Lau
Basin along a transect between the Lau Ridge remnant arc and the
active spreading axis. Petrologic studies of these samples were
expected to give further information on the history of magma
genesis and variations in the composition of magma sources with
time.

Regional Geophysical Setting

The Tonga Trench, and its associated Wadati-Benioff zone, are
the major bathymetric and geophysical features of the region (Fig.
3). A well-defined, curved seismic zone dipping westward from
the trench at 174°W extends to depths of nearly 700 km at 178°E
(Isacks and Barazangi, 1977; Giardini and Woodhouse, 1984).
The top of the seismic zone is at a depth of about 140 km beneath
the active volcanoes of the Tofua Arc and about 250 km below
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Figure 3. Composite cross-section of earthquake hypocenters for the
Tonga Trench. The “0™ km on the horizontal scale corresponds to the
volcanic arc, and the projection of volcanoes and trench axes is shown by
the vertical lines. Scale is in kilometers (Isacks and Barazangi, 1977).

the axes of the spreading ridges of the Lau Basin (Isacks and
Barazangi, 1977). The estimated convergence rate between the
(subducted) Pacific Plate and the Tonga Ridge ranges from 16 to
23 cm/yr (Pelletier and Louat, 1989). These unusually high rates
are the consequence of the added east-directed component from
the opening of the Lau Basin at an estimated 8 cm/yr. The
geometry of the upper surface of the seismic zone has been
modeled as a strongly curved and irregular surface (Figs. 4A-B)
that terminates at its northern end where the Tonga Trench curves
sharply to the west and the plate boundary becomes a trench—
trench transform fault (Billington, 1980). Billington describes the
deeper parts of the seismic zone (deeper than 300 km) as having
considerable variability in form: “the strike of the deep seismicity
does not exactly parallel that of the shallower seismicity in the
southern Tonga region and strongly deviates from it in the north-
ern Tonga region.” The southernmost section of the Tonga Trench
seismic zone dips smoothly at about 42° between depths from 300
to 600 km and then steepens to nearly vertical. Between 25° and
20°8, there is a strong discontinuity or inflection in the dip of the
seismic zone that gives rise to a flattening or seatlike shape at
depths ranging from 525 to 575 km. A subsequent study by Louat
and Dupont (1982) interpreted the inflection as caused by imbri-
cation of the subducted plate. The inferred age of the subducted
lithosphere at the depth of this inflection is about 7-8 Ma. This is
close to our estimate as to when the basin opening began, as
determined from the drill core data, and suggests the possibility
that the inflection is related to the beginning of lithosphere exten-
sion in the Lau Basin at about 5.5 Ma. A zone of strong seismic
wave attenuation (Figs. 5A-B) has been recognized on the west
side of the Tonga Ridge and beneath the crust of the Lau Basin
(Barazangi and Isacks, 1971; Aggarwal et al., 1972). Barazangi
and Isacks discussed various possible causes for this strong at-
tenuation and attributed it to high temperature or partially melted
upper mantle.

Few published heat flow data are available for the Lau Basin.
Heat flow values in the northwestern Lau Basin (Fig. 6) range
from 0.36 to 1.70 pcal/cm?; these are low relative to theoretical
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Figure 4. Views of a grid representing the upper surface of the Wadati-Benioff Zone of the Tonga-Kermadec subduction zone. The projections are
slightly distorted in that they do not take into account the Earth’s sphericity (after Billington, 1980).
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Figure 5. Map (A) and cross-section (B) of the North Fiji Basin—Lau Basin-Tonga Trench region showing inferred and extrapolated extent of the region
of high and low attenuations in the uppermost mantle. Historically active volcanoes of the Tofua Arc are shown as solid circles. Depth contours are at
1 and 6 km. Loci of shallow earthquakes are shown as solid squares. Note that the Lau Basin is underlain by mantle with extremely low Q (high

attenuation). After Barazangi and Isacks (1971).
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Figure 6. Heat flow stations and shallow focus seismic events in the Lau
Basin. Solid circles are heat flow stations, open symbols are shallow focus
earthquakes as of 1969, Depths shown are 2, 4, and 6 km isobaths, Arrows
show directions of earthquake mechanisms. Northern end of Lau Basin
and Tonga Plate is well defined by an east-west band of shallow earth-
quakes (after Sclater et al., 1972).

values for 5-m.y.-old oceanic crust (Sclater et al., 1971) and are
lower than expected from the general observation that southwest-
ern Pacific backarc basins have high heat flow relative to their
topographic elevation (Sclater, 1972). Most measurements in the
Lau Basin are significantly lower than values between 2.82 and
2.39 pcal/em? for crust generated at mid-oceanic ridges of various
spreading rates over the past 10 Ma (Sclater et al., 1971); how-
ever, several of the measurements for the Lau Basin are as high
as 6.75 pcal/cm? (Sclater et al., 1972).

In addition to the petrologic problems concerning the similari-
ties or differences between MORB, arc, and backarc basin mag-
mas, it was recognized early on that there was a problem in
explaining the tectonic evolution of backarc basins. Karig (1970)
first proposed that the basins evolved by the splitting of a volcanic
island-arc chain. The still-active volcanoes were displaced toward
the trench, leaving behind an inactive remnant arc, and new
backarc crust formed by mantle upwelling and partial melting.
Hawkins et al. (1984) proposed a different view that the zone of
“backarc” rifting was initiated in the forearc and that the outer
(near-trench) arc volcanoes were new volcanic edifices estab-
lished on the outer edges of the new backarc (or old forearc crust)
after the Wadati-Benioff zone had changed its location and incli-
nation and a new locus of mantle diapirism and melting was
established. A consequence of this would be a time gap in arc
volcanism that coincided closely with the beginning of the
“backarc” basin opening. Both of these models could be tested by
drilling in the Lau Basin—Tonga Arc region.

Understanding the tectonic and petrologic processes operative
in the Tonga arc-trench system has application to other arc-trench
systems and would help in framing a better model to explain the
origin of backarc basins. Other problems of more specific appli-
cation to the Tonga system include studies on the Tonga Ridge
and on the upper slope of the Tonga Trench. The Tonga Ridge is
capped by upper Pliocene to Pleistocene reefal limestones, some
of which have been uplifted to form such islands as Tongatapu
and Vavau. Drill sites on the forearc ridge were planned to
investigate the uplift and subsidence history of the Tonga Plat-
form and the age and nature of the crust under the carbonate rocks.

Geological Setting: Backarc

The Lau Basin is bounded on the west by the islands and atoll
reefs of the Lau Ridge (the remnant arc) and on the east by the
volcanic islands, atoll reefs, and uplifted platform carbonates that
comprise the Tonga Ridge. The western side of the Lau Basin is
characterized by a number of small, partly sedimented basins
separated by uplifted elongated blocks of basement with only a
thin sediment cover. Sites 834 and 835 lie in sub-basins between
100 and 200 km east of the axis of the Lau Ridge, whereas Sites
836, 837, 838, and 839 lie in subbasins much closer to the modern
backarc spreading system (Figs. 1 and 2). Even though we pre-
sumably reached igneous basement at five sites during Leg 135,
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the nature of the crust that underlies the western Lau Basin
remains poorly known. Several interpretations are possible. For
example, the crust comprises (1) remnants of the forearc that
originally lay to the east of the Lau Ridge: (2) either allochthonous
or autochthonous blocks of Lau Ridge volcanic/plutonic material;
(3) remnants of both arc and forearc crust; or (4) newly formed
crust of backarc basin basalt. Whatever the origin of the western
Lau Basin basement, the clastic sedimentary fill of the lesser
basins must have a significant proportion of material derived from
the Lau Ridge. As we are able to demonstrate from the results
obtained during Leg 135, a significant contribution to the sedi-
ments probably came from intrabasin volcanic centers that devel-
oped throughout the western Lau Basin from mid-Miocene to
mid-Pliocene times, before the initiation of true seafloor spread-
ing at the site of the Eastern Lau Spreading Center (ELSC). The
timing, geometry, and tectonic style of crustal extension on the
Lau Ridge may be genetically related to geological processes that
_resulted in crustal extension in the western Lau Basin. Our initial
results support this inference as the beginning of the Lau Basin
opening and the earliest volcanic activity in the basin, overlapped
in time with extension and volcanism on the Lau Ridge. Thus, an
understanding of the geology of the Lau Ridge may be helpful in
understanding the evolution of the western Lau Basin.

The Lau Ridge comprises emergent and coral-capped parts of
a remnant volcanic arc, active until the late Miocene or early
Pliocene (5-3.5 Ma), according to Gill (1976), Cole et al. (1985),
and Woodhall (1985). The Lau Ridge is presumed to have been
part of the former “Melanesian island arc,” which included what
are now the Fiji Platform, New Hebrides—Vanuatu Ridge, and the
Tonga Ridge (Woodhall, 1985; Cole et al., 1985). The Lau and
Tonga ridges were separated during the extensional development
of the Lau Basin (e.g., Karig, 1970; Woodhall, 1985; Cunningham
and Anscombe, 1985). The oldest known rocks exposed on the
Lau Ridge are pre-middle Miocene lava flows and pyroclastic and
volcaniclastic rocks of the Lau Group. These display a broad
range in composition from basalt to rhyolite; basaltic andesite and
andesile are the major rock types of the Lau Group. Both tholeiitic
and calc-alkaline low- to high-K magma series are represented.
Intrusive rocks, found on several islands, represent the same
magma types as the volcanic rocks (Woodhall, 1985).

The chemistry and petrology of the Lau Group volcanic rocks
indicate that the Lau Ridge displays the early and mature stages
of volcanic arc evolution (Cole et al., 1985). There is no direct
evidence for pre-middle Miocene volcanism on the Lau Ridge,
but Oligocene and early Miocene volcanism and sedimentation
has been postulated based on the occurrence of rocks with these
ages elsewhere in the region. Cole (1960) and Colley et al. (1986)
report late Eocene and early Oligocene volcanic rocks on Viti
Levu, Fiji, while early and middle Miocene volcanic rocks have
been reported from the Tonga Ridge (Cunningham and Ans-
combe, 1985). Middle and late Miocene volcanism on the Lau
Ridge has been confirmed by radiometric age dates that range
from 14 to 6 Ma (Cole et al., 1985). Volcanic activity continued
into Pliocene time, as indicated by 4.5-2.5-Ma rocks of the
Korobasaga Volcanic Group and <2.5-Ma rocks of the Mago
Volcanic Group (Cole et al., 1985).

The spectrum of radiometric ages indicates that the volcanic
activity was more or less continuous from Miocene through Plio-
cene time. Crustal extension on the Lau Ridge was contempora-
neous with this volcanism (e.g., 4.5-2.5 Ma basalts of the Koro-
basaga Group) during the time that Whelan et al. (1985) relate to
the “early rifting stage” in the evolution of the Lau Ridge. The
timing of this rifting and the associated volcanism on the Lau
Ridge, which was dominated by tholeiitic basalt, broadly overlaps
in time with the beginning of the crustal extension of the western
Lau Basin. Our drilling results indicate coeval extension and

volcanism for at least 3-4 m.y., in the Lau Basin and on the Lau
Ridge.

The Central Lau Basin is dominated by two major backarc
spreading segments: the Central Lau Spreading Center (CLSC)
and the Eastern Lau Spreading Center (ELSC) (Parson et al.,
1990). The CLSC is a major morphologic/tectonic feature of the
Lau Basin and is presently the site of magma leakage and backarc
spreading at the latitude of Sites 834 and 835. The CLSC is
propagating southward into the basin at the expense of the ELSC,
approximately along the 176°30°W longitudinal line. The regional
fabric is defined by the predominantly inward-facing fault pattern,
which in this area varies from 350° to 10° in azimuth. This fault
pattern can be seen to be locally controlling rifting as well as being
cut by the propagator. The age of the CLSC is equivocal because
the magnetic anomaly pattern is unclear, but it appears to have
initiated from the southeastern termination of the Peggy Ridge
and to have advanced southward for at least | Ma and possibly as
much as 2 Ma. The propagator tip is located at around 19°16’S,
176°32"W, some 120 km from Site 835. Rocks from the CLSC
include depleted N-MORB type tholeiitic basalts and fractionated
basalts, “oceanic andesites and dacites,” and Fe-Ti basalts (Hawk-
ins, 1974, 1976, 1988, 1989; Hawkins and Melchior, 1985; Hawk-
ins et al., 1990; Ernewein et al., in press).

The ELSC is the closest major morphotectonic feature lying to
the east of the central basin drill sites (Parson et al., 1990). The
ELSC can be traced for over 180 km from near 19°20°S at
longitude 175°55"W to about 21°S where it merges with the Valu
Fa Ridge. The ELSC has a well-defined central rift zone 5-10 km
wide, characterized on high-resolution seismic profiles and echo-
sounder profiles by a strong acoustic return interpreted as bare
rock, or thinly sedimented extrusive seafloor. GLORIA sidescan
sonar data images the axial zone as a wider, strongly backscatter-
ing region up to 20 km wide, cut by axial-parallel fault scarps
(Parson et al., this volume). SeaBeam data show that the axial
zone separates major rift walls, which rise as much as 500 m (to
depths of about 2200 m) above the axial valley floor. Inward-fac-
ing fault scarps form a series of small terraces that step down to
the axial floor; in some places the innermost part of the axial zone
is a 1.5-3-km-wide notch about 50-100 m deep. The axial floor
of the ELSC is about 2600 m near 19°40°S and deepens to over
2700 m near 20°20°S. It is thinly sedimented and fresh basalt
glasses have been dredged along the axis between 19°20’S and
21°00’S (Hawkins et al., 1989; Ernewein et al., in press). Mag-
netic anomaly data together with the fresh glass and aphyric rock
dredged from the axial zone support the interpretation that it is a
young active zone of rifting and magmatism.

To the northwest, the northwest-striking Peggy Ridge trun-
cates the western sector of the central Lau Basin (Fig. 1). The
ridge rises to depths <1000 m below sea level and then extends
over 300 km northwest from the northern limit of the CLSC axis.
It presently marks a line of right-lateral motion associated with
the spreading on the CLSC coupled with a component of east-west
backarc extension. It was originally proposed that the Peggy
Ridge was a spreading center (Chase, 1971), but Sclater et al.
(1972) demonstrated that this speculation could not be supported
by the magnetic data and proposed instead that it marked the
location of a major subplate boundary that was possibly acting as
a transform fault. This interpretation is supported by the first-mo-
tion earthquake data of Eguchi (1984) and more recently by
Hamburger and Isaacs (1988). Rocks from the Peggy Ridge are
tholeiitic basalt and are generally similar to the depleted N-
MORB type basalts that characterize the CLSC (Hawkins, 1974,
1976; Hawkins and Melchior, 1985).

On a regional scale, the submarine topography of the western
part of the Lau Basin is characterized by a series of upstanding
crustal blocks that have a variety of dimensions (Parson et al., this



volume). These blocks are as long as 80 km and range from 35 to
4 km wide; they are aligned on north to northeast trends, between
the strike of the ELSC and that of the Lau Ridge. The high-stand-
ing blocks separate troughs and linear basins that have dimensions
comparable to the shoal areas. To the east of approximately
176°45’W, the seafloor morphology is dominated by a finer to-
pographic grain, defined by linear scarps and ridges closely
spaced at intervals from 1 to 5 km, and is locally continuous over
lengths of up to 25 km. This fabric continues eastward and merges
with the neotectonic faulting associated with the ELSC. This
contrast in seafloor fabric can be traced along a line running
approximately north-south that approaches the southern end of the
Central Lau Spreading Center to the north and extends southward
into the unsurveyed south-central portion of the Lau Basin. We
confirm the suggestions of Parson et al. (this volume) that a major
break in style of crustal formation occurs across this zone of
contrasting seafloor fabric.

Tectonic Setting

Structural interpretations of the Lau Basin have been based on
the integration of seismic reflection data with data from SeaBeam
swath bathymetric mapping and long-range sidescan sonar
(GLORIA) records. The basement ridges dominating the western
Lau Basin bathymetry separate linear, sediment-filled basins.
Many of the basement blocks are morphologically asymmetric in
profile, suggesting a small amount of rotation on the fault zones.
The sense of asymmetry is not consistent, and thus interpretations
of the style of rifting in the western basin are speculative.

Single-channel seismic reflection data acquired during the
JOIDES Resolution survey are shown throughout the site chapters
in the background and objectives sections, together with interpre-
tive stratigraphic columns summarizing the lithologic units. Ver-
tical exaggeration is about 15:1. The uppermost part of the section
is generally overprinted by the decaying water-gun bubble pulse;
however, below about 0.06 s two-way traveltime (TWT), the
seismic stratigraphy is essentially unmodified.

Seismic units A, B, and C recognized in these records corre-
spond to similar acoustic units identified elsewhere in the Lau
Basin. Seismic unit A, the youngest unit, is a planar, weakly
laminated unit, uniformly distributed throughout the basin and
found on both elevated topography and in the deepest basins.
Seismic unit B is defined by a series of regular and well-stratified
laminations occupying the lower sections of the deepest sedimen-
tary basins. Finally, seismic unit C is composed of a complex
pattern of low-frequency, discontinuous reflectors that defines the
lower surface of seismic units A and B throughout the basin. We
refer to seismic unit C as the acoustic basement.

Magnetic Data

Magnetic anomaly data for the Lau Basin have proved to be
difficult to interpret, and attempts to model the crustal structural
fabric and ages of magnetic lineations in terms of plate tectonic
theory have met with only limited success. Several workers have
developed models that presented widely varying interpretations
for the age of the earliest backarc crust in the Lau Basin. These
uncertainties range from an original estimate of 5-10 Ma (Sclater
et al., 1972) to 2.5-3 Ma (Malahoff et al., 1982). One of the
primary reasons for comparing drilling at the western and central
backarc sites was to attempt to resolve uncertainties about the age
of the igneous basement and, thus, by inference, to determine the
age of the beginning of the basin opening.

Lawver et al. (1976) presented the first interpretation of the
crustal accretion pattern in the Lau Basin based on magnetic
anomaly data, and they demonstrated the discontinuous and non-
parallel nature of the anomalies. Expanding on these data, Weissel
(1977) proposed that there were north-south striking anomalies as
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old as 2" (3 Ma; 2A of Harland et al., 1982) in the western Lau
Basin between 17°00°S and 18°45’S. Furthermore, he suggested
that the seafloor occupying the intervening basin between these
anomalies and the eastern flank of the Lau Ridge was an earlier
zone of magmatic accretion generated at some time between 3 and
6 Ma. These inferred ages are equivalent to the age of some of the
Lau Ridge volcanic rocks (Gill, 1976). An extensive set of aero-
magnetic data were used by Malahoff et al. (1982) to make a
comprehensive interpretation of the Lau Basin and surrounding
areas. They proposed that the oldest anomaly at the extreme
western part of the basin (along longitude 177°00'W) was Anom-
aly 2’ (3 Ma). A more recent revision of the aeromagnetic data
(Malahoff et al., in press) has extended the range of spreading
anomalies to Anomaly 3” in the far western part of the basin along
the eastern foot of the Lau Ridge slope. The oldest magnetic
anomaly in the western margin of the Lau Basin is identified as
Anomaly 3" (5.8 Ma; 3A of Harland et al., 1982). Site 834 lies on
the older (i.e., western side) of this anomaly on crust postulated
to be between 3 and 6 Ma old, according to the various interpre-
tations of crustal age given here. If all of the crust of the Lau Basin
formed by spreading from the present axial ridge systems, then a
half spreading rate of 32 mm/yr can be estimated for the genera-
tion of the western part of the Lau Basin near Site 834. However,
the results of Leg 135 drilling do not support this simple interpre-
tation of the crustal fabric and its evolution.

Geologic Setting: Arc/Forearc

The Tonga Ridge has existed in some form since at least
Eocene time, when it was a component of an ancestral Melanesian
proto-arc, comprising parts of the present Fiji, Lau, Tonga, and
New Hebrides arcs. This ancestral arc probably came into exist-
ence after the initiation of a subduction zone at sometime during
early Eocene time. The Melanesian arc was building during the
time of the early history of the South Fiji Basin, when a proto-
Tonga Trench represented the site of a west-dipping subduction
zone. Magnetic anomalies 12-7 (dated as 32.5-26 Ma, earliest to
late Oligocene) have been identified in the South Fiji Basin
(Weissel, 1977; Davey, 1982; Malahoff et al., 1982), and are
interpreted as having been derived from a ridge-ridge-ridge triple
junction that migrated southwestward during the late Oligocene.
Following the interpretations of the magnetic anomalies of Mala-
hoff et al. (in press), it appears that there was no active spreading
west of the Lau Basin since 29 Ma. During the late Miocene,
approximately 10-12 Ma, the New Hebrides arc appears to have
separated from the Lau-Tonga-Fiji segment following the initia-
tion of subduction beneath the westerly facing New Hebrides
Trench. The opening of the Lau backarc basin from the late
Miocene onward and the initiation of the presently active Tofua
arc to the west of the Tonga Ridge have further contributed to the
uplift/subsidence history and regional tectonic development of
the Tonga Ridge. Parts of the Tonga Ridge have been extant in
some form throughout this history, and the rationale for drilling
Sites 840 and 841 was that the history of subsidence and uplift
thought to be associated with each of the regional tectonic events
should be recorded in the stratigraphy.

The Tonga Ridge may be described in terms of three structural
provinces: the southern, central and northern platforms. The
southern platform extends from Tongatapu to the intersection
with the Louisville Seamount Chain. The southern platform
shoals to 200 m and has a surface incised with northwest-south-
east distributary channels, probably structurally controlled, that
subdivide the platform into several morphological blocks. The
Tofua volcanic arc is submarine south of Tongatapu, except for
the volcanic island of Ata. The central platform extends from
Tongatapu northward to Vavau. Water depths are shallower than
on the southern platform, and there are many islands and reefs.
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The structural segmentation of the block is more pronounced here,
with deep incisions of the seafloor by the northwest-transverse
canyons. The northern platform extends from Vavau to the north-
ernmost (and least well-charted) part of the Tonga Ridge, at
around 15°S. Here the ridge topography is more subdued, with
few subaerial expressions, except for the volcanic islands of the
Tofua Arc, and little clear evidence exists for subdivision into
component blocks.

The northern and central blocks have received the most atten-
tion in terms of surveying because of their greater potential for
the accumulation of hydrocarbons, and consequently the southern
block is less well understood. Surveys completed by the United
States Geological Survey (USGS) during 1982 and 1984 (Scholl
and Vallier, 1985) provided considerable background data for Leg
135 drilling. Furthermore, commercial wells drilled on the island
of Tongatapu have provided some reconnaissance control. The
data from these sites, unfortunately restricted to well logs and
chippings, have been useful to tie in seismic stratigraphy in the
Tongatapu block; but the correlation of these units across bounda-
ries between adjacent blocks becomes increasingly difficult as the
units pass to the south.

Extensive reviews of the seismic stratigraphy of the southern
platform of the Tonga Ridge have been reported by Scholl et al.
(1985), Herzer and Exon (1985), and Tappin et al. (1991). Com-
parable syntheses of the Tonga Ridge to the north of Tongatapu
have been completed by Austin et al. (1989).

Multichannel seismic reflection data collected during the
USGS Tripartite programs in 1982 and 1984 (Scholl and Vallier,
1985) and proprietary commercial seismic data have been used to
establish a seismic stratigraphy for the central and southern Tonga
Ridge. This stratigraphy has been presented by a number of
authors, including Herzer and Exon (1985), Austin et al. (1989),
and Tappin et al. (1991). The lack of published data on the
northern platform precludes extrapolation of the seismostrati-
graphic control farther north than 18°30°N. The seismic stratig-
raphy for the rest of the platform has been subdivided into five
principal units. In order of decreasing age, the boundary horizons
delineating these units are denoted as V, C, B, and A (Herzer and
Exon, 1985). The units have been described in terms of their
lithologies by earlier workers primarily using dredge data from
the exposed western flanks of the Tonga Ridge. Limited support
for the correlations discussed below is provided by subaerial
exposures (and commercial well data) on Tongatapu and 'Eua,
respectively. Despite these data, precise stratigraphic controls on
the unconformities that mark the unit boundaries have not been
possible until Leg 135 drilling.

Data from five industry exploration wells drilled on Tongatapu
(Maung et al., 1981; Scholl et al., 1985; Katz, 1986) have been
used to constrain partially the interpretation of the geophysical
data. Interpretations have been derived from analyses of rock
chips from holes to a depth of 2000(?) m, from outcrop informa-
tion at "Eua, and from dredge samples from the western scarps of
the Tonga platform. On the basis of these data, tentative dates
were ascribed to the seismic events recognized as angular uncon-
formities in the Tonga platform multichannel data over the plat-
form (Herzer and Exon, 1985).

The above regional seismostratigraphic events can be corre-
lated throughout much of the Tonga Ridge. More localized
smaller scale tectonism of the platform is evidenced in the faulting
affecting the uppermost seismic units, seen on both single-chan-
nel and multichannel seismic reflection profiles. A wide range of
structures are identified, including normal and reversed, synthetic
and antithetic, and growth faults. GLORIA sidescan records also
image a number of outcropping faults (L. Parson, unpubl. data),
the configuration of which suggests a rectilinear conjugate pat-

tern. The synthesis of detailed fault patterns will constrain recent
deformation of the platform.

Horizon V marks the upper surface of acoustic basement,
generally considered to be of middle to late Eocene age. These
basal lithologies are suggested to comprise mainly volcanic arc
components, equivalents of which crop out on "Eua. Horizon C,
a conformable horizon traced throughout the central and southern
platform, overlies a predominantly volcaniclastic/pelagic mixed
arc sequence suggested to contain a limited amount of shallow-
shelf carbonate facies. The unconformity is thought to span at
least the late Oligocene, but this date is largely derived from
regional correlations supported by dredged material. In the early
Oligocene, around the time of Anomaly 12/13 (35 Ma), the Lau—
Tonga-Fiji-New Hebrides protoarc was rifted and the south Fiji
Basin was spreading as a complex backarc basin, suggested to be
dominated by a ridge-ridge-ridge triple junction for most of its
history. If the provisional dating of Horizon C is correct, then it
correlates directly with the timing of the tectonic decrease in the
southern Tonga Ridge as backarc extension in the South Fiji Basin
began to wane around 26 Ma (Davey, 1982; Malahoffet al., 1982).
While this decline in deformation of the south and central Tonga
Ridge took place, the effects of the extensional system continued
in the northern platform (Tappin et al., 1991). A major biostra-
tigraphic hiatus involving nondeposition also occurred at the end
of the Oligocene, where several complete foraminifer zones are
missing throughout the Pacific (G. Chaproniere, pers. comm.,
1991). It is tentatively postulated that this corresponds to a pro-
posed major drop in sea level during the upper Oligocene. Addi-
tional regional events may have influence on the tectonic history
of the Tonga Ridge. At about the same time (10 Ma), there was a
reversal of subduction direction along the New Hebrides arc-
trench system, reconfiguring the plate geometry to approximate
that of the present day. A shallow-water paleoenvironment for the
Lau-Tonga ridges is supported by the absence of middle to late
Miocene faunal zones (e.g., Zone N15 foraminifers; G. Chapro-
niere, pers. comm., 1991), presumably at a low sea-level stand.

Horizon B marks the early Miocene and overlies volcaniclastic
materials characterized by discontinuous, lenticular seismic units
that may be reefal bodies. The age of Horizon A has been sug-
gested to be latest Miocene/earliest Pliocene (Scholl and Vallier,
1985), and the findings from Leg 135 appear to support this date.
The identification of the horizon on lithologic grounds is less
clear. Physical property and downhole log data are conclusive in
the identification of velocity and density variations across the
boundary. Each of Horizons A-C can be correlated to regional
tectonic events affecting the Lau-Tonga region, with Horizon B
dated as lower Miocene and Horizon C as lower or middle Oligo-
cene (Austin et al., 1989). A period of uplift, corresponding to the
time of Horizon A, is proposed as a consequence of the initiation
of Lau Basin rifting, now well established from our drilling as
dated between 5 and 6 Ma. After rupture and basin subsidence,
the Tonga platform subsided in the west to form the paleosurface
onto which the early Pliocene sediments could progressively
onlap. Horizon A has been recognized widely throughout the
Tonga Arc, but its occurrence has not been reported on the Lau
Ridge.

The Tonga Ridge is a high-standing block of crust that trends
north-northeast and comprises two concentric belts of fundamen-
tally different rocks. The principal eastern belt (Tonga platform)
is formed of uplifted carbonate rocks with interbedded volcani-
clastic material. The island of 'Eua has exposures of uplifted
pre-middle Eocene igneous basement that has been intruded by
early Oligocene and early Miocene age dikes (Ewart and Bryan,
1972; Hawkins and Falvey, 1985). Deformation of the Tonga
platform has resulted in a complex arrangement of normal faults



that give rise to a reticulated pattern with intersecting west-north-
west and north-northeast trends (Herzer and Exon, 1985). North-
erly trending structures flank downdropped blocks to the west.
The subparallel, western linear component of the Tonga Ridge is
formed of the active and inactive volcanoes, seamounts, and
(volcanic) shoals of the Tofua Arc. These are largely basaltic or
basaltic andesitic, but some shoals have erupted rhyolitic pumice
in historic times (Melson et al., 1970).

Detailed summaries of the Tonga platform geology have been
given by Herzer and Exon (1985), Exon et al. (1985), Cawood
(1985), Cunningham and Anscombe (1985), and Packham (1985)
and may be summarized as follows. A pre-late Eocene igneous
basement is exposed on 'Eua. These igneous rocks, formed largely
of arc tholeiitic series igneous rocks (Hoffmeister, 1932; Ewart
and Bryan, 1972; Hawkins and Falvey, 1985) have been radiomet-
rically dated as 46 Ma (Ewart et al., 1977) and 40-43 Ma (Duncan
etal., 1985). The age dates have been determined on clasts rather
than in situ rocks, but the large size of the clasts is used to infer
that they are representative of the igneous basement. The igneous
rocks are overlain by Eocene (to Oligocene?) platform limestone,
a foraminiferal/algal wackestone-packstone with remains of echi-
noids, bryozoans, molluscs, and rare corals (Cunningham and
Anscombe, 1985). The Oligocene age has been questioned and
only late-middle Eocene and late Eocene limestones are consid-
ered to be present (G. Chaproniere, pers. comm., 1991). These
limestones are, in turn, overlain by late middle Miocene to early
Pliocene volcaniclastic turbidites. The contact is interpreted as a
paraconformity or, locally, a fault (Tappin and Ballance, 1991).
The volcaniclastic rocks are reworked deposits, and the nature of
the original protolith is obscured because of the severe alteration
(Cunningham and Anscombe, 1985). The mineral constituents
given in descriptions suggest that the protolith was of broadly
andesitic to dacitic composition, and the Lau Ridge as a source is
likely but has not been proven. Pliocene to Quaternary coral and
foraminiferal limestones overlie the volcaniclastic series without
an apparent break on 'Eua, but they onlap Eocene and Oligocene
limestones to the north and south. Reworked volcanic detritus is
present at the base of the limestones (early Pliocene) but notably
absent in the younger part of the limestone sequence.

An interpretation of the geologic history of the area, according
to Herzer and Exon (1985), follows. The Tonga Ridge and Trench
are considered to be parts of a convergent plate margin system
that has been active at least since Eocene time. The Tonga Ridge
has migrated eastward relative to the Lau Ridge, as a consequence
of lithospheric extension and formation of the Lau (backarc)
Basin. In the Miocene the southern Tonga platform accumulated
a thick sequence of clastic rocks in a forearc basin lying to the
east of a volcanic arc. The sedimentary filling thickened westward
and accumulated to thicknesses on the order of 2000 m. Sedimen-
tation was accompanied, or followed shortly, by the emplacement
of hypabyssal intrusives that form dikes or sills in the volcani-
clastic series of Tongatapu. These intrusive bodies were radiomet-
rically dated at 21.3 £ 0.4 Ma (early Miocene) and 13.9 £ 1 Ma
(middle Miocene) and have intruded late Eocene and older vol-
canic rocks. It is assumed that the intrusive rocks were feeders to
the overlying Miocene volcanic rocks, but the authors (Cunning-
ham and Anscombe, 1985) caution that the radiometric dates are
minimum ages and may reflect alteration. The sedimentary and
volcanic fill thinned to the east onto an outer ridge. In late
Miocene, or early Pliocene time, regional uplift resulted in the
development of a regional unconformity, accompanied by the
reactivation of large normal faults that strike nearly at right angles
to the trend of the arc. In late Pliocene or Quaternary time,
continued normal faulting caused (1) further downthrow on pre-
existing conjugate faults cutting the platform and continued
downdrop of blocks to the west as the Lau Basin opened and (2)

INTRODUCTION, BACKGROUND, AND PRINCIPAL RESULTS

accentuation of block boundaries of the Tonga Ridge along faults
at right angles to the trend of the arc.

Herzer and Exon (1985) proposed that the Miocene volcanic
arc was split off from the active arc and carried westward as the
Lau Basin opened beginning in Pliocene time. This contrasts with
the models proposed by Karig (1970) and Hawkins et al. (1984)
that visualized the Lau Ridge (remnant arc) as remaining fixed
while the Tonga arc-trench system retreated eastward. The end
result remains the same despite the absolute direction of the trench
and remnant arc displacement. Hawkins et al. (1984) and Herzer
and Exon (1985) have proposed that the Tofua Arc was a young
feature that has developed since the crustal extension and rifting
that led to the development of the Lau Basin. [dentification of the
rhyolitic arc lithologies at the base of Hole 841B (as discussed
below) supports this suggestion, in that the Tonga Ridge may
represent the site of an ancestral arc that has been repeatedly rifted
eastward from a series of partially successful or failed zones of
attempted backarc rifting, namely, the Tasman Sea, the New
Caledonia Basin, the Norfolk Basin, the South Fiji Basin, and,
most recently, the Lau Basin.

Tonga Trench

The Tonga Trench is a major tectonic feature in the southwest-
ern Pacific basin. As such, it marks the zone of plate convergence
that has been the most important control on the evolution of the
Earth’s crust in this area for at least the last 40 m.y. Oceanic crust
presently being subducted into the trench is at least as old as the
Late Cretaceous (Vallier et al., 1985). There is only meager
evidence for the accretion of seafloor rocks on the inner wall of
the Tonga Trench (Vallier et al., 1985), but there is good evidence
for crustal erosion (Bloomer and Fisher, 1985; Lonsdale, 1986).
Upper Cretaceous age pelagic sediment has been recovered from
the bottom of the inner-trench slope near the intersection of the
Louisville seamount chain (Vallier et al., 1985). Fisher and Engel
(1969) described a collection of mafic and ultramafic rocks from
five dredge collections made at depths of 700-9400 m. The mafic
rocks appear to be from the incoming Pacific Plate, but they are
actually parts of a horst on the oceanic plate and are not material
accreted to the trench wall. The landward slope of the trench
includes harzburgite on its lower levels and andesitic clasts on its
upper levels. The composition of much of the forearc basement
has been postulated 1o be part of an Eocene arc complex (Vallier
et al., 1985; Bloomer and Fisher, 1985).

The exposure of these arc rocks within 40 km of the trench axis
and the morphologic characteristics of the trench have been used
to argue for subduction erosion along the Tonga Trench, perhaps
accelerated by the subduction of the Louisville Seamount Chain
(Lonsdale, 1986; Bloomer and Fisher, 1985). If this is the case,
we expected the sedimentary section at Site 841 on the trench-
slope break to show evidence of substantial subsidence since the
Eocene.

Lord Howe Rise and Norfolk Ridge

The Lord Howe Rise, located at approximately 163°E, and the
Norfolk Ridge, at 168°E, are far removed from the Tonga arc-
trench system. However, a brief review of their geologic history
is useful as background material for Site 841 at Tonga Ridge. It
has long been recognized that the area lying east of Australia and
extending to the Tonga Trench has been the site of successive
rifting and the development of volcanic arcs and backarc basins
(e.g., Karig, 1970; Burns and Andrews, [1973; summary in
Kroenke, 1984). Beginning in Late Cretaceous time, the eastern
margin of Australia was rifted away and the rifted blocks were
further segmented into the Lord Howe Rise and Norfolk Ridge
(Burns and Andrews, 1973; Bentz, 1974). Shor et al. (1971)
presented data showing that the Lord Howe Rise and Norfolk
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Ridge were underlain by quasicontinental crust, but both ridges
are capped in places with Miocene basaltic rocks (e.g., Lord Howe
and Norfolk islands). The New Caledonia Basin, separating the
Lord Howe Rise and Norfolk Ridge, was formed by seafloor
spreading before late Paleocene time. The opening of the Tasman
Basin and Coral Sea continued until early Eocene time, displacing
the Lord Howe Rise to the east from Australia. Although locally
overlain by basalt, the Lord Howe Rise is likely to be a continental
fragment. DSDP Site 207, drilled on Lord Howe Rise, recovered
rhyolitic lapilli tuffs, produced by explosive eruptions and vitro-
phyric rhyolite flows that are partly autobrecciated. Both rock
types formed in a subaerial or shallow-water subaqueous setting.
The rhyolitic units were dated by the K/Ar method and yielded an
age of 93.7 + 1.2 Ma. The rhyolite is overlain by Maestrichtian
sandstone and silty claystone (van der Lingen, 1973).

A number of workers, as summarized in Kroenke (1984), have
proposed that the Tonga and Lau ridges were derived by the break
up of a common parental ridge first by the formation of the South
Fiji Basin and then by the Lau Basin. We postulate that this
parental ridge, in turn, may have been derived from the Norfolk
Ridge arc. The details of the geometry and trajectories of the
successively formed splinters of the ancient Lord Howe Rise-
Norfolk Ridge land mass split off from the Australian continent
are unclear.

PRINCIPAL RESULTS

Lithostratigraphy
Introduction

During Leg 135, six sites were drilled in the western Lau Basin
(Sites 834-839), one site on the Tonga Ridge (Site 840), and one
site on the Tonga forearc (Site 841). The sites drilled in the
western Lau Basin were drilled in a series of small, elongate,
north-trending, sedimentary sub-basins. Sites 834 and 835 were
drilled in two separate sub-basins, 48 km apart, proximal to the
Lau Ridge. Sites 836-839 were drilled about 220 km to the
southeast of Sites 834 and 835, in three fault-bounded sub-basins
on the western flank of the ELSC (Fig. 2). These four sites are
<90 km apart. Sites 838 and 839 were drilled in the same sub-
basin. The sites drilled during Leg 135, therefore, fall into three
separate geotectonic and sedimentary provinces: the backarc
(Sites 834-839), platform/arc (Site 840), and forearc (Site 841).
The backarc sites can be further divided into those proximal to the
Lau Ridge and distal to the ELSC (Sites 834 and 835) and those
fairly distal to the Lau Ridge and proximal to the ELSC (Sites
836-839).

Sites 834 and 835
Lithostratigraphy

The sedimentary sequences recovered at Sites 834 and 835
consist predominantly of clayey nannofossil oozes, clayey nanno-
fossil mixed sediments, and volcanic silts and sands. At Site 834,
115 m of pelagic and turbiditic sediments were cored that range
from lower Pliocene to middle Pleistocene in age (Fig. 7). At Site
835, 156 m of pelagic, turbiditic, and debris flow deposits were
recovered, ranging from late Pliocene to middle Pleistocene in age
(Fig. 7). The two sites possess a similar lithostratigraphy, with
pelagic clayey nannofossil ooze containing turbiditic foraminifer
sands and ooze interbeds and pyroclastic fallout ash layers over-
lying a sequence of clayey nannofossil mixed sediments inter-
bedded with turbiditic volcanic sands and silts that increase in
thickness downsequence.

The upper part of the sediment column at both sites consists
of a sequence of brown, iron oxy-hydroxide stained, pelagic
clayey nannofossil ooze. Apart from a few thin pyroclastic fallout

ash layers and isolated pumice clasts, the clayey nannofossil ooze
contains very little volcaniclastic material. However, the clayey
nannofossil ooze does contain occasional thin- to thick-bedded
foraminifer sand and ooze interbeds, interpreted as turbidites,
possibly derived from carbonate reefs built upon the eroded Lau
Ridge. These are thinner and finer grained at Site 835 than at Site
834, suggesting a more distal deposition,

The sequence of clayey nannofossil ooze (termed UnitI at both
sites) is much thicker at Site 835 (130 m thick) than at Site 834
(42 m thick). However, the base of the sequences are of approxi-
mately the same age at both sites (2.6-2.8 Ma). Unit [ at Site 835
contains several medium to very thick beds of matrix-supported
mud-clast conglomerate. These are interpreted as muddy debris-
flow deposits. The total thickness of the mud-clast conglomerates
is at least 20 m. Micropaleontological data have also identified an
additional 12.4-m-thick resedimented deposit in the lower Pleis-
tocene. This redeposited sediment contains a few thin beds of
mud-clast conglomerate, but it mainly consists of structureless
mud that closely resembles the background pelagic deposits.
Assuming a constant rate of background pelagic deposition at the
two sites, Unit [ at Site 835 contains 88 m of additional redepo-
sited sediments as compared with Site 834, which contains 12 m.
The mud-clast conglomerates and the resedimented block in the
lower Pleistocene account for 30-35 m of this in Site 835. The
remaining extra thickness may be a result of the presence of thick
structureless, redeposited clayey nannofossil muds that resemble
the background pelagic ooze deposits. Indeed, the resedimented
block in the lower Pleistocene appears to consist largely of such
structureless mud. :

Redeposited sediments comprise about 70% of the total sedi-
ment thickness deposited in Unit I at Site 835 compared with 10%
for the same time-equivalent unit at Site 834. This probably
reflects that Site 835 is more proximal to the Central Lau Spread-
ing Center. Seismic activity associated with the spreading center
may have caused more sediment instability on the slopes adjacent
to the sub-basin containing Site 835.

There is much more volcanic glass in the sediments at Site 834
older than 2.6 Ma. The proportion of volcaniclastic material
increases with age, becoming the dominant lithology before 3.5
Ma. Most of this material is present as vitric turbidites consisting
predominantly of optically fresh, colorless vitric shards (up to 90
vol%). The interbedded oozes also show an increasing clay con-
tent downcore. A similar pattern of sedimentation before 2.6-2.8
Ma is seen at Site 835, although here the sedimentary sequence
only dates back to the late Pliocene (about 3.4 Ma). As at Site 834,
there is an abrupt increase in the amount of volcanic glass in the
sediments deposited before 2.6-2.8 Ma, and much of the upper
Pliocene section consists of clayey nannofossil mixed sediments
interbedded with vitric turbidites, consisting predominantly of
optically fresh, colorless vitric shards. As at Site 834, there is a
gradual increase in the clay content of the interbedded oozes
downcore. Toward the base of the sequence at Site 835 (153-154
mbsf), sparse, sand- to pebble-size, angular to subrounded frag-
ments of black manganese oxide (identified as todorokite) are
scattered within the clayey nannofossil ooze.

The lithostratigraphic units distinguished in the sedimentary
sequence at Sites 834 and 835 are clearly correlatable and time-
equivalent; however, in contrast to Unit I at Site 834, Unit I at Site
835 contains a very high proportion of redeposited material,
accounting for its much greater thickness.

Volcaniclastic Sedimentation

The volcaniclastic sediments at Sites 834 and 835 are mainly
epiclastic and predominantly mass-flow deposits that are inter-
preted as turbidites. Their deposition began at the end of the
formation of backarc basin crust at each site, at about 4 Ma (Site
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834) and 3 Ma (Site 835). Vitric shards are silt- to sand-size and
occur enriched at the bases of turbidite units, where they make up
80-90 vol% of the deposits. They are mainly colorless, clear, and
optically fresh angular, bubble-wall and bubble-junction shards.
The larger grain-size fraction present in individual samples is
normally dominated by fibrous pumice shards and pumice shards
with very elongate, tubular vesicles. Characteristic to all these
turbidites with bases enriched in vitric shards is the scarcity of
igneous minerals. Plagioclase. pyroxene, and opaques occur only
in trace amounts.

Volcanic glasses at both sites are predominantly evolved an-
desitic to rhyodacitic compositions, Less silicic, basaltic andesitic
to andesitic shards contribute minor amounts to most of the
turbidites (Fig. 8). Overall, samples studied from Site 834 are
distinctly more silicic with abundant rhyodacitic glass, whereas
those from Site 835 have a larger proportion of andesitic and
dacitic shards.

About 28 individual depositional events were distinguished at
Site 834 and 20 at Site 835. This is consistent with the greater
distance of Site 835 from the most likely source area, the Lau
Ridge, when compared with Site 834, and also with the different
crustal ages at the two locations. The thickness of vitric-enriched
turbidites or parts of turbidites at Site 834 extends to 1.85 m, but
usually they are 20-100 cm thick. However, Site 835 may receive
material from more proximal sources because the vitric-rich tur-
bidites at Site 835 do not exceed 37 cm in thickness, which is
distinctly thinner than those at Site 834. Nevertheless, maximum
grain sizes at the base of the turbidites are markedly larger at Site
835 than at Site 834, which may indicate that these sites were parts
of different sediment distribution systems with different source
areas and that individual units may not be directly correlatable.
This is consistent with the differences in chemical composition of
the shards; this needs to be confirmed by more detailed study.

A distinct epiclastic unit at 69.56 mbsf at Site 834 is about 1.35
m thick and is made up of alternating medium gray to black layers.
Its age is about 3.3 Ma. Overall, the unit fines upward with a
maximum grain size of about 1 mm at the base, greater than that
of other volcaniclastics at this site. The deposit is characterized
by basaltic andesitic, scoriaceous shards with up to about 60 vol%
vesicles, and by the presence of neritic foraminifers. The volcanic
component in these epiclastic deposits is interpreted as original-
ing primarily from the eruptions of a shallow seamount.

Well-preserved, distal primary fallout tephras (3.2-2.4 m.y.
old) are mainly restricted to the interval from 42.85 to 64.66 mbsf
at Site 834, where they form weakly graded beds 3-11 cm thick.
They are characterized by predominantly colorless vitric shards
(10-600 pum in diameter) and a complex phenocryst assemblage
that includes plagioclase, clinopyroxene, orthopyroxene, biotite,
amphibole, and opaques, occurring in varying proportions and not
always all present.

At Site 835, a proximal to medial primary fallout tephra con-
sisting of colorless shards of rhyodacitic composition with a very
minor population of brownish andesitic shards as recovered from
141.39 mbsf, which corresponds to an age of about 2.8 Ma. This
tephra layer is ungraded and 23 cm thick; it is characterized by
being extremely well sorted and by the presence of very delicate
glass shards of extreme length-to-width aspect ratios (up to 1:25).

Sites 836-839
Lithostratigraphy

These four sites, about 220 km to the southeast of Sites 834
and 835, are clustered in an area of about 100 x 50 km directly to
the west of the ELSC. Basement ages range from approximately
0.6 Ma (Site 836) to about 2.1 Ma (Site 837).

Sites 836-839 were drilled in three fault-bounded sub-basins
on the western flank of the ELSC. The four sites are <90 km apart;
in addition Sites 838 and 839 were drilled in the same sub-basin,
although separated by a low-relief flexure. All of the sites display
a very similar sequence of brown, iron oxy-hydroxide stained,
pelagic clayey nannofossil oozes containing rare volcaniclastic
horizons overlying thick sequences of volcaniclastic silts, sands,
and pumiceous gravels, with clayey nannofossil ooze and mixed
sediment interbeds (Fig. 9). This general sequence of a thick
sequence of pelagic clayey nannofossil ooze containing sparse
allochthonous interbeds overlying another very thick sequence
dominated by redeposited volcaniclastics is very similar to the
ones seen at Sites 834 and 835, except that the volcaniclastic units
at Sites 836-839 are very much thicker and coarser grained than
at Sites 834 and 835.

Site 836 was drilled on middle Pliocene crust in a small basin,
48 km east of the propagating rift (CLSC) in the central Lau Basin.
Only 20 m of pelagic and volcaniclastic sediments were cored
until basaltic basement was reached. These sediments range from
the middle to late Pleistocene in age (Fig. 9). The general sedi-
mentation pattern follows that for all the other backarc sites, with
12 m of clayey nannofossil ooze containing thin- to medium-bed-
ded volcaniclastic interbeds, overlying a sequence of clayey nan-
nofossil mixed sediments, volcanic sand, and hyaloclastites.

Site 837 was drilled in a narrow, north-trending basin, 30 km
southwest of Site 836. The sedimentary sequence recovered at
Site 837 consists of 82 m of clayey nannofossil ooze and vitric
volcaniclastics ranging from middle Pleistocene to late Pliocene
in age (Fig. 9). Like all the other backarc sites, the uppermost part
of the sequence consists of brown, iron oxy-hydroxide stained,
pelagic clayey nannofossil oozes containing rare, thin, calcareous
and volcaniclastic allochthonous interbeds (Unit I). This overlies
a 68-m-thick sequence of thick volcaniclastic sands and silts
interbedded with clayey nannofossil ooze (Unit II). This sequence
consists of beds (up to 17 m thick) of upward-fining vitric sands
and silts. These beds are interpreted as turbidites on the basis of
their sedimentary structures and normal grading. Many of the
units appear to have been deposited in rapid succession as there
is often very little pelagic sediment between the turbidite beds.
Within the turbidite sequence, five major upward-fining cycles
are identified that form the basis for the subunit division (Subunits
ITA-IIE; Fig. 9). This volcaniclastic-dominated sequence directly
overlies basaltic basement, and deposition of this lithofacies
ceased around 0.7 Ma.

Sites 838 and 839 were deposited within a sub-basin on the
western flank of the ELSC, 60 km south of Site 837. However,
they are separated by a flexure that forms a low ridge (400-600
m relief), which seismic data suggests may be associated with an
angular unconformity that occurs near to the boundary of litholo-
gic Units II and II1. Both sites display a very similar sequence
with brown, iron oxy-hydroxide stained, pelagic clayey nanno-
fossil ooze overlying a very thick volcaniclastic-dominated se-
quence that directly overlies basalt.

The sedimentary sequence recovered at Site 838 consists of
103 m of clayey nannofossil oozes and volcaniclastic sediments
ranging in age from the middle Pleistocene to the upper Pliocene.
However, the sedimentary sequence is known to extend to at least
260 mbsf, although recovery below 98 mbsf was very poor.
Sediments that were recovered from below 98 mbsf suggest that
volcaniclastic sediments may dominate the sequence at least to
the base of the cored section (260 mbsf). Like the other backarc
sites, the uppermost part of the sequence consists of pelagic
clayey nannofossil ooze containing rare thin- to thick-bedded
volcaniclastic interbeds (0-23 mbsf). This overlies a thick se-
quence (>80 m) dominated by very thick (up to 20 m thick)
massive vitric sands and silts and pumiceous gravels. Redeposited
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Figure 8, Histogram illustrating silica variation in volcanic glasses recovered from Lau Basin backarc sites (Sites 834-839). Note that the histogram is

not weighted for the modal composition of the samples studied.

volcaniclastic silts, sands, and gravels comprise 63% of the upper
100 m of the sediment column. These beds typically show normal
grading but are otherwise fairly structureless, except for occa-
sional short planar-laminated intervals. Three very thick pum-
iceous gravels (up to 20 m thick) were recovered between 45 and
98 mbsf. In this interval, poorly sorted, matrix-supported, disor-
ganized gravels or sandy gravels make up 65% of the sediment

sequence. These are composed of angular to rounded granule- to
pebble-size clasts of altered and fresh pumice, mafic volcanic
rock, and reddish brown indurated mud clasts, set in a matrix of
sand-size volcanic glass. Some gravel intervals show a crude
overall normal grading, although most of the beds are generally
structureless. Deposition of the volcaniclastic-dominated lithofa-
cies (Unit II) ceased around 1.0-1.1 Ma.
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Figure 9. Lithologic summaries for Holes 836A through 839A, illustrating the main lithologic units and ages as well as a generalized graphic lithology.

Site 839 was drilled 20 km to the northeast of Site 838. It
consists of a very similar sediment sequence to Site 838, except
that the pumiceous gravels are much rarer (Fig. 9). The sedimen-
tary sequence at Site 839 consists of 215 m of clayey nannofossil
ooze, turbiditic sands and silts, and rare pyroclastic fallout ashes,
ranging in age from the middle Pleistocene to the upper Pliocene.
At Site 839, a lesser thickness of brown, iron oxy-hydroxide
stained, pelagic clayey nannofossil ooze (18 m) (Unit I) overlies
the main volcaniclastic sequence (Units I1/I1I) than at Site 838.
However, preliminary data suggest that deposition of the volcan-

iclastic dominated sequence (Unit IT) ceased around 0.7-1.1 Ma.
The volcaniclastic lithofacies (Unit 1I) at Site 839 is generally
finer grained than at Site 838. The very thick pumiceous gravels,
characteristic of the volcaniclastic sequence at Site 838, are gen-
erally absent from the equivalent sequence at Site 839. Both sites
are proximal to scarps bounding the basin, although the gradient
of the slope adjacent to Site 838 is steeper than that adjacent to
Site 839. Greater instability on this steeper slope may account for
the coarser epiclastic lithofacies seen at Site 838. Alternatively,
if the volcaniclastic sands, silts, and gravels are laterally extensive
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Figure 9 (continued).
deposits, those at Site 838 may represent a more proximal facies.
Only one 3-m-thick pumiceous gravel was recovered at Site 839
(Subunit TIE; Fig. 9). This poorly sorted, disorganized deposit
consists of angular to rounded granules and pebble-size clasts of
pumice mixed with very coarse black hyaloclastite (which com-
prises 10 vol% of the deposit). Redeposited volcaniclastic silts,
sands, and gravels comprise 65% of the upper 100 m of the
sediment column at Site 839, the same proportion as at Site 838.

The volcaniclastic sediments present at Sites 838 and 839
consist of three different types of deposits: (1) very thick, mas-
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sive, silts, sands, and gravels; (2) thin turbidites with glass-rich
bases (typically up to 30 cm in thickness); and (3) rare thin
primary fallout tephra layers, The massive volcanic silts, sands,
and gravels occur as typically graded but otherwise structureless
beds that are often several m thick. They are absent from Unit I
but very common in Unit II and probably in Unit IIT (poor
recovery) at both sites. Volumetrically, they are the most impor-
tant type of volcaniclastic unit. The gravels are predominantly
pumiceous and matrix supported, and they often grade upward
into vitric sands that may themselves grade into vitric silts. The
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gravels are typically poorly sorted and show no organized internal
structure. These may be cohesive debris-flow deposits. The thick
vitric sands and silts are typically structureless and therefore fall
into the massive sandstone facies rather than into classical turbi-
dites in the scheme introduced by Walker (1978). These beds
usually consist of Bouma Ta divisions up to several meters thick.
These may have been deposited from sandy turbidity currents
developing into fluidized sand flows before being deposited.

All the pelagic clayey nannofossil oozes recovered at the
backarc sites (Sites 834—-839) are stained a distinctive reddish
brown by hydrothermally derived, iron oxy-hydroxides, suggest-
ing that hydrothermal activity has been ongoing throughout the
history of the Lau Basin.

Volcaniclastic Sedimentation

Fallout Tephras. Primary fallout tephras are only rarely pre-
served at the four sites (3-9 occurrences at each site), and they
range in thickness from about 1 to 9 cm. They mainly occur in the
uppermost parts of the sequences. Their estimated ages range
from 70 ka to 1.2 Ma.

Epiclastic Deposits. These deposits, rich in volcaniclastic ma-
terial, consist predominantly of two types at Sites 837, 838, and
839: (1) vitric turbidites and (2) vitric mass-flows of pumiceous
gravel. These sediments account for up to 65% of the total sedi-
ment cored.

Vitric turbidites are normally graded overall with few internal
structures, apart from some planar lamination and rare water-es-
cape structures. They are composed of up to 90 vol% silt- and
sand-size vitric shards with a composition clearly dominated by
highly evolved rhyodacites containing 70-71 wt% SiO,. A second
population of medium brown to brownish green shards is much
less common and lies in the compositional range of basaltic
andesites to andesite (52-57 wt% Si0,). Vitric turbidites are up
to 17 m thick at Site 837 and up to 5.2 m thick at Site 838, At Site
839 vitric turbidites exceed 10 m in thickness.

One 4.5-m-thick vitric turbidite in Hole 838A (at 75.45 mbsf)
is dominated by shards of basaltic andesitic composition. Geo-
chemically, the glasses resemble basaltic andesites from the base-
ment of Site 836. Their distinctly lower TiO,, Zr, and Y concen-
trations indicate a mantle source, different and more depleted than
for N-MORB and many of the Lau Basin spreading-center mag-
mas.

Volcaniclastic beds/sediments rich in lapilli-size pumiceous
detritus dominate the epiclastic deposits at Site 838. Three of
these major mass-flow units, 7.6-18 m in thickness and with
maximum grain sizes of pumice clasts of about 7 cm at the bases,
constitute up to about 30% of the total thickness of the cores
recovered at Hole 838B. At Site 839 only one mass-flow unit, 21.3
m thick, was found at 86.2 mbsf. The basal 3 m contains large
pumice clasts up to 3 ¢cm in diameter. At Site 837, lapilli-size,
well-rounded pumice clasts up to 1.2 ¢cm in diameter are restricted
to a single well-sorted unit, 2 m thick, recovered from 74.52 mbsf.

Three X-ray fluorescence (XRF) analyses were made of pum-
ice clasts from Sites 837, 838, and 839. Each analysis represents
a bulk analysis of several pumice clasts, and they demonstrate that
the pumice clasts are derived from highly evolved, rhyodacitic to
rhyolitic magmas with 71-77 wit% SiO,, agreeing with SiO,
estimates made by refractive index measurements of glasses from
the same intervals. Pumice samples from Holes 837A and 838A
are very similar in major and trace elements with 2.2 and 3.0 wt%
Ca0, 2.2 and 3.1 wt% FeOr, 4.1 and 4.3 wt% Na,O, 1.7 and 1.5
wi% K,0, 164 and 145 ppm Zr, 62 and 49 ppm Y, 36 and 33 ppm
Ce, and 19 and 29 ppm V, respectively. The rhyodacitic pumice
from Hole 839A possesses a higher FeOy (4.32 wt%) and V (71
ppm), which may reflect a smaller proportion of Fe-Ti oxides in
the fractionating assemblage. The HFSE and REE concentrations
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of 85 ppm Zr, 30 ppm Y, and 19 ppm Ce are very low for a highly
evolved magma and could suggest a different, strongly depleted
mantle source for the magmas parental to this sample.

The grain-size variations and the thicknesses of the pumiceous
mass flows and vitric gravels at Sites 837, 838, and 839 display
no systematic spatial variation and preclude any correlation of
individual units as well as determination of a common origin. This
is most likely directly related to the structural division of the
weslern Lau Basin into elongate, north-extending sub-basins that
range from about 1 to 15 km in width and about 10 to 85 km in
length. Furthermore, the chemical data indicate distinct variations
that are not compatible with a single magma source. The bulk of
the highly evolved volcaniclastic detritus at Sites 837, 838, and
839 was probably derived from siliceous volcanic centers in
as-yet undetermined locations.

Hyaloclastites. Hyaloclastites, the dominant type of volcani-
clastic sediment at Site 836, make up about 50% of the lower half
of the sedimentary section. Individual hyaloclastite layers are up
to 1 m in thickness. They are predominantly made up of medium
brown glass shards with blocky, angular morphologies and me-
dium to low vesicularity. Grain sizes of up to 3 cm in diameter
(averaging around 700 pum) indicate relative proximity to the
source. These hyaloclastites are composed mainly of basaltic
andesites to andesite with 55-57 wt% SiO,; there is good agree-
ment between the refractive index and XRF data.

Hyaloclastites are interpreted to originate from the spalling of
glassy rinds of active pillow tube and/or sheet lava flows in the
vicinity (1-10 km?) of the site. They may be related to spreading,
as they are only slightly younger than the underlying basement or
they could be from isolated volcanic centers. Evolved basement
lavas are probably rare in the Lau Basin (e.g., Hawkins, 1976),
but lavas with major and trace element characteristics very similar
to the hyaloclastites of Site 836 have been recovered from the top
of the basement at neighboring Site 837,

In the other Lau Basin sites, hyaloclastites are much rarer and
are only found in the lowermost cores and as intralava sediments,
consistent with a direct genetic relationship to the basement
volcanism. In the thick pumiceous mass-flow deposits of Hole
838A, angular black hyaloclastites occur in varying amounts, with
increasing abundance and grain size in the basal parts, especially
of the lowermost two mass flows.

Alteration. Vitric shards and igneous minerals in all the Lau
Basin sites are typically very fresh. However, slight birefringence
of shards, indicative of hydration and early stages of hydration,
may occur throughout the cores. Enhanced alteration was encoun-
tered at Hole 838 below 98.7 mbsf, where all the volcanic glasses
are replaced by brownish yellow smectite, and pore spaces are
completely filled by fibrous zeolites (probably natrolite-
thompsonite) and minor carbonate.

Site 840
Lithostratigraphy

Site 840 was drilled on the shallow carbonate platform of the
Tonga Ridge (Fig. 2). The sedimentary sequence consists of at
least 600 m of clayey nannofossil ooze, vitric siltstones and
sandstones, pumiceous gravels, volcaniclastic breccias and con-
glomerates, and clayey nannofossil chalks. The sequence ranges
in age from the late Pliocene to the Miocene, and is divided into
three lithologic units based on texture, composition, sedimentary
structures, and degree of lithification. The uppermost part of the
sequence consists of white or grey, mottled, clayey nannofossil
oozes interbedded with normally graded, vitric silts and sands,
which become increasingly common downhole (UnitI). The vitric
sands and silts usually have sharp, scoured bases and are inter-
preted from their grading and sedimentary structures as turbidites.



Small amounts of pumiceous gravel were recovered between 47
and 69 mbsf. The clayey nannofossil oozes and interbedded sands,
silts, and gravels of Unit I overlie a sequence of heavily biotur-
bated, nannofossil chalks and calcareous mudstones, which in
turn overlie a thick sequence of redeposited, normally graded,
vitric siltstones, vitric sandstones, and fairly monomict pum-
iceous gravels (Unit II). Such volcaniclastic sediments are the
most common lithologies recovered between 124 and 260 mbsf,
This sequence was deposited between 5.2 and 5.4 Ma; therefore,
sedimentation rates at this time were very high. These beds overlie
a 337-m-thick sequence of thin- to thick-bedded volcaniclastic
turbidites interbedded with heavily bioturbated, nannofossil
chalks and calcareous claystones, interpreted as hemipelagites
(Unit III). The interbedded turbidites increase in thickness down-
core as does overall grain size. This is interpreted as reflecting a
change from distal to more proximal deposition, with the turbi-
dites in the upper part of Unit III being deposited farther from the
source area than those in the lower part of the unit. The turbidite
sequence comprises thin- to thick-bedded vitric siltstones and
sandstones and volcaniclastic clast- and matrix-supported brec-
cias and conglomerates. These deposits generally consist of gran-
ule- to pebble-size, angular to subrounded, gray pumice clasts in
a matrix of medium- to very coarse-grained sandstone. The brec-
cia and conglomerate beds are either structureless or planar-strat-
ified. The volcaniclastic breccias and conglomerates range from
0.02 to 2 m in thickness and increase in thickness and number
downhole. These coarse-grained beds are interpreted as the de-
posits of cohesive debris flows.

The sequence at Site 840 shows that between 5.1 and 6.6 Ma,
sedimentation on this part of the Tonga Ridge was dominated by
volcaniclastic turbidites and debris flows. Low in the sequence,
these are fairly proximal deposits, but they become more distal
and hence finer grained upsection. These beds were deposited in
water depths comparable with those of today (around 800 m).
Between 5.1 and 5.3 Ma, deposition of proximal, coarse-grained
volcaniclastics again occurred. This was followed by arather long
period (corresponding to 3.0-5.1 Ma) of very slow deposition and
possibly local erosion. Since 3.0 Ma, sedimentation has been of
mainly pelagic, clayey nannofossil oozes with only minor volcan-
iclastic input.

Site 841

Site 841 was drilled on the Tonga forearc, about 140 km
south-southeast of Site 840 (Fig. 1). The sedimentary sequence at
Site 841 consists of 605 m of clays, vitric siltstones, vitric sand-
stones, volcanic conglomerates and breccias, and calcareous vol-
canic sandstones. These sediments range in age from the middle
Pleistocene to the late Eocene. Below 605 mbsf, the hole pene-
trated a rhyolite volcanic complex. Recovery below 72 mbsf was
poor (approximately 30%).

The sedimentary sequence at Site 841 consists of a sequence
of greenish gray and yellowish brown, structureless clays contain-
ing very thin- to medium-bedded vitric sand and silt turbidites and
thin fallout tephra interbeds (Unit I, 0-56 mbsf). This sequence
ranges from middle Pleistocene to Pliocene? in age. The sedimen-
ts here overlie a 277-m-thick sequence of thin- to thick-bedded
vitric siltstones and sandstones that increase in thickness down-
sequence (Unit 11, 0-333 mbsf). The proportion of sandstone also
increases downcore, and the sediments correspondingly become
coarser grained. Individual beds show sharp, often scoured, basal
contacts and normally graded bases. Convolute-, planar-, and
cross-laminated intervals are common. We have interpreted the
sediments here as being a sequence of turbidites. The upsequence
thinning and fining of the beds may be the result of a change from
proximal to more distal deposition. This sequence overlies a
125-m-thick sequence of poorly sorted, matrix-supported, volcan-

INTRODUCTION, BACKGROUND, AND PRINCIPAL RESULTS

ic conglomerates and breccias interbedded with vitric siltstones
and sandstones (Unit 111, 333—458 mbsf). This unit is dated as late
Miocene in age. The volcanic conglomerates and breccias consist
of mainly subrounded to rounded, pebble-size clasts of altered
lava, held in a sandy matrix. The conglomerates, breccias, vitric
sandstones, and siltstones are interpreted as debris-flow and
proximal turbidite deposits. This sequence of beds overlies a
91-m-thick layer of deformed, greenish volcanic sandstones and
siltstones, which show an overall coarsening downsequence to
volcanic conglomerates (Unit IV, 458-549 mbsf). These beds are
separated from the overlying unit by a brecciated, mineral-veined
zone, interpreted as a fault breccia. This sequence is dated as early
middle Miocene and is moderately deformed.

There is a general increase in the inclination of the bedding
downsequence, and meso- and microscopic faults and fractures
are common. The most common faults are high-angle, normal
faults with listric or planar fault planes. Bed displacements are on
millimeter or centimeter scales. The vitric siltstones are fre-
quently banded and show reticulate patterns caused by hydrother-
mal alteration along bedding planes and along convolute, wavy-,
cross- and planar laminae within the beds. These paler colored,
altered zones are typically 2-3 mm thick and are probably a result
of migrating hydrothermal fluids. These beds are interpreted as a
series of turbidites, possibly deposited on a submarine fan. Con-
glomerates within the lower part of the sequence are interpreted
as proximal gravity-flow deposits. This sequence overlies a 56-
m-thick series of calcareous volcanic sandstones with thin inter-
beds of sandy claystone, clayey sandstone, and claystone (Unit V,
549-605 mbsf). Faunal evidence indicates that these rocks were
deposited in shallow water under low energy conditions, probably
on an open platform shelf. These beds directly overlie a rhyolitic
volcanic complex. The boundary between Units IV and V is a
major unconformity, spanning approximately 13 m.y. from the
early Oligocene to the early middle Miocene.

Structural Studies

Introduction

Leg 135 sites were drilled in three distinct tectonic provinces
within the supra-subduction zone of the Tonga arc-trench conver-
gent margin. Sites 834-839 were situated within the western part
of the actively spreading Lau backarc basin; Site 840 lies on the
Tonga platform, to the east of the presently active Tofua volcanic
island arc; and Site 841 was drilled farther to the east again, on
the trench slope in the forearc.

Sites 834-839

Sites 834-839 were drilled in the western part of the Lau Basin
between the remnant volcanic island arc of the Lau Ridge and the
active Lau backarc spreading centers. The regular, subdued to-
pography (typically 100-200 m relief) thought to have been
created by normal seafloor-spreading processes at the CLSC and
ELSC was not observed across the entire Lau Basin; instead, a
transition to a much more rugged bathymetry, with relief of up to
1500 m, occurs in the western part. The regional topography in
this western area is made up of elongated, predominantly north-
trending horsts, separated by linear grabens. The graben floors are
on the order of 1-15 km wide and 10-85 km long. Sites 834-839
were drilled within several of these basins at differing distances
from the Lau Ridge and Lau spreading centers so as to examine
the opening history of the Lau Basin.

Sites 834 and 835 are situated in the oldest part of the basin,
closest to the Lau Ridge, in small, roughly north-trending basins
that are superimposed upon a more regional deepening of the Lau
Basin as a whole toward the north. The oldest sediments in Basin
834 are late Miocene—early Pliocene in age, and those in Basin
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835 are middle Pliocene. Neither site preserves evidence for
tectonic activity on the structures that bound the basins during the
period of sediment deposition. At Basin 834, the infill of pelagic
sediments and volcaniclastic turbidites dip regularly at <1°
throughout. At Site 835, there is evidence for tectonic disturbance
in the form of mud-clast conglomerates and slump rafts within the
sequence; however, the general northward dip of turbiditic sedi-
ments there is thought to be essentially depositional, reflecting
sediment transport direction rather than tectonic tilting. Basin
835, therefore, appears to have acted as a passive channelway to
externally derived turbidite deposits being transported northward
into the deeper parts of the Lau Basin. The igneous rocks from
both sites are traversed by fractures, interpreted as extension
joints, that are parallel to the north-south elongation direction of
the basins.

Sites 836-839 are situated to the south and east of Sites
834-835, close to the transition from the horst-and-graben topog-
raphy of the western part of the Lau Basin to regular, topographi-
cally subdued seafloor associated with the ELSC (Fig. 2; Parson
et al., this volume). Site 836, drilled into a small basin bounded
by north-south lineaments, penetrated only a thin carapace of
sediment before encountering igneous rocks. The sediments are
20 m thick and of middle Pleistocene age. Site 837, drilled into
another basin nearby, preserves an 80-m-thick succession domi-
nated by turbidites of late Pliocene to middle Pleistocene age.
Sediments from both sites have a general dip toward the east,
which may indicate activity on the basin-bounding structures with
minor concomitant block rotation in the Pleistocene. Sites 838 and
839 lie approximately 50 km south of Basins 836 and 837. In
contrast to the previous sites, they are associated with northeast-
trending lineaments. Sidescan sonar records suggest that they are
separated from each other by a north-south structure that truncates
the northeast-southwest lineaments. Seismic reflection profiles
show clearly that Basin 839 is bounded to the northwest by a
steeply southwest-dipping normal fault; moreover, they reveal an
angular unconformity within the sedimentary sequence between
a lower sequence dipping 4° northwestward and an upper se-
quence dipping 0.5°-1° northwestward. Basin 838, however, is
less well constrained. Northwest-dipping sediments measured
from core at the top of the section in Hole 838A contrast with
southeast-dipping sediments measured from logging data lower
in the sequence in Hole 838, and appear to suggest that tectonic
rotation of part of the sequence, possibly coupled with large-scale
slumping, may have occurred. The location of the angular uncon-
formity at Site 839, and of the horizon at which the dip direction
in Site 838 appears to change, suggest that normal faulting along
the northeast-southwest structures took place in this region in the
late Pliocene—early Pleistocene. Creation of the north-south line-
ament that separates Basin 838 from Basin 839 must have post-
dated this episode.

Set in the context of SeaBeam, GLORIA, and seismic reflec-
tion data from the western Lau Basin, the basins within which
Sites 834-839 were drilled appear to have been formed by an
episode or episodes of tectonic extension that were broadly coeval
with magmatism on a regional scale. The horst-and-graben topog-
raphy of this part of the Lau Basin, with its considerable relief,
contrasts with the uniform low-relief fabric typical of regular
seafloor spreading. It is, however, more similar to the tectonic
fabric documented within the presently subaerial or shallow sub-
marine portions of the Lau Ridge to the west. Woodhall (1985)
and Cole et al. (1985) have described episodes of rifting and
subsidence accompanying the submarine extrusion of basaltic
arc-tholeiite type volcanics of the Korobasaga Volcanic Group on
the Lau Ridge from 4.5 to 2.5 Ma (i.e., at a similar time). Seismic
reflection profiles from the Lau Ridge (collated in Woodhall,
1985) show similar topographic highs and small basins at shallow
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depths, and a rapid, probably fault-controlled basin margin step-
ping down from water depths <500 m to depths in excess of 2 km.

Initial interpretations suggest, therefore, that the western por-
tion of the Lau Basin shows more structural similarity to the Lau
Ridge than to the present-day Lau spreading centers. Lithologic
evidence suggests that the sedimentary sequences of Sites 834—
839 were deposited at comparable water depths to those of the
present day. The volcanic basement of these sites, therefore, must
either have been rifted and subsided to abyssal depths very rapidly
after lava extrusion, for which there is little evidence; or volcan-
ism, with associated rifting, must have been distributed over a
broad zone and over a range of water depths from shallow subma-
rine to abyssal. The age ranges shown by the sites suggests that
the principal eruptive center migrated eastward with time.

The regional horst-and-graben topography across both the Lau
Ridge itself and the western Lau Basin suggests that the whole
area has been stretched. No evidence for this is preserved within
the sedimentary sections of Sites 834 and 835, and even in Sites
836-839 the amount of extension apparently accommodated by
syndepositional faulting is small. The creation of the grabens by
normal faulting appears largely to have occurred before the depo-
sition of the sediments, and possibly before the eruption of some
of the lava succession. Estimates of the degree of extension
undergone by the western Lau Basin over the period spanning the
initiation of rifting in the late Miocene until the onset of regular
seafloor spreading along the ELSC and CLSC in the early Pleis-
tocene is difficult, therefore, and must be based principally upon
the detailed interpretation of seismic profiles from the area.

Site 840

Site 840 was drilled on the Tonga platform, which is situated
to the east of the Lau Basin and immediately east of the presently
active Tofua island-arc chain. Seismic reflection profiles show
that the platform is dissected by a large number of normal faults
(e.g., Herzer and Exon, 1985; Austin et al., 1988), the majority of
which are north-northwest to north-northeast trending. The plat-
form is also segmented laterally into discrete blocks by east-west
to northwest-southeast structures. The profiles show that many
faults extend up to the seafloor, suggesting that they have been
active in geologically recent times.

No direct evidence for this faulting is preserved in core recov-
ered from Site 840. Bedding dips computed from formation mi-
croscanner (FMS) data (extending from 100 to 500 mbsf only)
reveal two, or possibly three, structural “units,” or domains of
similar orientation. Between 100 and 260 mbsf, dips range from
0° to 5°, with random strike. In marked contrast, sediment orien-
tations from approximately 260 to 500 mbsf are far more regular,
with the dip directions displaying a very consistent northward
trend. The 260-mbsf boundary corresponds to the subdivision
between lithologic Units II and III, separating sediments domi-
nated by coarse pumiceous gravels above from more regular
turbiditic volcaniclastic sediments below. Below the boundary,
the dips themselves increase progressively from an average of 2°
at 260 mbsf to 4°-5° at around 500 mbsf. Scatter of 2°-3° on either
side of the mean was observed throughout this interval and is
cyclical on a scale of tens of centimeters to a few meters, This
cyclical variation is on the same scale as the thickness of individ-
ual turbidite influxes in this stratigraphic interval. It is possible,
therefore, that the scatter may reflect a component of depositional
dip at the erosional bases of the turbidites that is superimposed
upon a background dip recorded by the pelagic interbeds.

A slight increase in sediment dip is evident in the lowermost
FMS dipmeter data, at approximately 500 mbsf. Core-derived dip
measurements, which continue to 590 mbsf, also show an increase
at around this depth, some to as much as 25°-30°. No lithologic
or biostratigraphic discontinuities have been noted at this depth,



which falls within upper Miocene volcaniclastic turbidites; how-
ever, it does correspond to a change in the physical properties of
the sediments, which show a marked increase in sonic velocity,
and a concomitant increase in bulk density, at 494 mbsf. The
significance of this boundary remains uncertain, although it is
perhaps the most realistic candidate at Site 840 for the “Horizon
A” seismic reflector that has been widely recognized across the
Tonga platform, and it is situated at a two-way traveltime that
corresponds approximately to this depth.

The regular increase in dip present between 260 and 500 mbsf
is most easily interpreted in terms of growth faulting. It implies a
progressive northward tilting of the block during deposition in the
late Miocene. Bathymetric and seismic evidence (Herzer and
Exon, 1985) shows that Site 840 is situated close to several small
north-trending faults that are truncated by an east-trending line-
ament. It is possible that these or other comparable structures were
responsible for the growth faulting, in which case the east-west
fault may have acted as a normal fault, and the north-south faults
in a hinge mode, with significantly greater throws at their northern
terminations than to the south.

Site 841

Site 841 was drilled slightly inboard of the trench-slope break
to the forearc of the Tonga Trench. It is the only site drilled on
Leg 135 for which evidence of significant deformation can be
documented from the core. Sedimentary bedding is inclined in
excess of 15°, even within 1 m of the mud line. Microfaults, with
consistent normal displacements on the order of a few millimeters,
were observed throughout the core. Paleomagnetic evidence sug-
gests that sediments at this depth are probably of a lower-middle
Pleistocene age. Therefore, the site was undergoing extension at
least as recently as that time, and extension may well be continu-
ing to the present day.

Two major fault zones intersect Hole 841B. The higher fault
zone separates upper Miocene from earliest middle Miocene vol-
caniclastic sediments at 458 mbsf. Three nannofossil and at least
seven foraminifer zones are omitted across the structure, suggest-
ing that it had a normal sense of displacement. This is confirmed
by the normal throws to microfaults associated with the fault zone.
Some fault gouge is preserved, together with several epidote-bear-
ing fragments. Significant hydrothermal alteration has affected
the footwall for a distance of at least 80 m below the fault zone:
microfractures and veins are surrounded by halos of intense leach-
ing, and the originally coarser grained portions of the volcani-
clastic sequence have also been completely leached.

The second major fault zone was encountered at a depth of 605
mbsf; it separates shallow-water upper Eocene limestones above
from sheared rhyolites and rhyolitic tuffs below. Although all core
beneath the fault is barren of fossils, normal motion is again
implied from the disposition of the overall lithologic relationships
and from the sympathetic microfaults with normal senses of
displacement. Within the fault zone itself, 0.64 m of extremely
soft white clay was recovered. This clay contains euhedral quartz
crystals, pumice, mineralized lithic fragments (including vein
quartz, ?andesitic lava fragments, and jasper), and disseminated
sulfides. Several minor discrete shear strands traverse the clay;
these are probably derived from the latest stage of movement, as
the weak clay would have been destroyed had significant displace-
ment along the fault zone continued after its deposition.

Several further zones of cataclasis, fault gouge, and shattering
are preserved within the core, at depths of 498, 573-585, 645, and
757 mbsf. These represent fault zones, but they do not juxtapose
differing lithologies, nor are they associated with gaps or repeti-
tions in the biostratigraphic record. Thus, they are thought to be
of lesser magnitude than those described above. All show evi-
dence for normal displacement.

INTRODUCTION, BACKGROUND, AND PRINCIPAL RESULTS

The structural history of Site 841 is complicated by the pres-
ence of reverse microfaults at certain intervals in the core. The
reverse faults are restricted to the approximate intervals 170-360
and 460-530 mbsf (entirely within the Miocene parts of the
succession). None has a displacement of more than a few centi-
meters. In the higher stratigraphic levels, at 200-220 mbsf, slump
folds and other structures clearly indicative of soft-sediment de-
formation are preserved. Microthrusts were observed in the axes
of some of these slump folds, and these have displacements
parallel to the sense of motion of the slumps. This may suggest
that the sediments were being affected by compression before or
during lithification (i.e., at a very early stage). The microfaults
may be cut by hydrothermal veins that have extensional geome-
tries, implying that the compression predated the episode of
extension and normal faulting described above. If this is so, a
change from a compressional to an extensional regime in the
forearc is implied in late Miocene times.

Rotation of the Forearc

The southward-convergent, trapezoidal-shaped form of the
Lau Basin leads to the supposition that part of the shape of the
basin may have have derived from the progressive rifting and
rotation of the Tonga platform and forearc from the Lau Ridge. If
this is the case, then the Tonga forearc today should be rotated
clockwise on the order of 20°-30° from a relative position adja-
cent to the Lau Ridge. This hypothesis can be tested paleo-
magnetically by looking for northeasterly declined remanent
magnetization vectors in discrete samples from the core. To ac-
complish this, accurate orientation of the core is necessary. Piston
cores only can be oriented using the multishot orientation tool;
therefore, only soft sediments can be oriented. A further means of
core orientation is possible, however, by integrating paleomag-
netic sampling with the core-based structural measurements and
FMS downhole logging data. The FMS tool carries a magnetome-
ter, allowing orientation of its microresistivity images. Dip meas-
urements of inclined strata from distinctive intervals within the
core can be restored, therefore, back to the orientation of their
counterparts on the FMS images, and the paleomagnetic declina-
tions of samples from the same strata can be rotated by the same
amount to give an original declination direction. Preliminary
analysis of logging, structural, and paleomagnetic data from Site
840 tend to confirm the initial paleomagnetic results reoriented
using the multishot tool; this suggests that some rotation of the
Tonga platform has indeed taken place.

Biostratigraphy

Calcareous planktonic microfossils were been studied from
sites in the Lau Basin (backarc) as well as the Tonga platform
(forearc). At most sites, assemblages were well preserved and of
moderate to high diversity. Some evidence of dissolution was
apparent in some planktonic foraminiferal faunas from Sites 834
and 835 in the Lau Basin; dissolution was strong in the deepest
water site, Site 841 on the Tonga platform, where much of the
upper Miocene to Quaternary section was barren. For most sites,
the top part of the sedimentary sequence was made up of nanno-
fossil-foraminifer oozes, with a few thin volcaniclastic deposits.
Passing downsection, these sediments become increasingly rich
in volcaniclastic material and, at the same time, the microfossil
assemblages deteriorate. Only one site was penetrated to sedimen-
ts older than upper Miocene; in Site 841 the top of the lower
middle Miocene unit of volcaniclastic sands and conglomerates
was faulted against the upper Miocene, and the base was discon-
formably underlain by lowermost Oligocene to upper Eocene
sediments.

Figures 10 and 11 summarize the biostratigraphic correlations
for the Lau Basin and the Tonga platform, respectively, in terms
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of section thickness. The relationship between the planktonic
foraminiferal and nannofossil biostratigraphic schemes is also
illustrated. Figure 12 compares the sections at each site in terms
of age. In general, the tropical and subtropical planktonic forami-
nifer zonal scheme of Blow (1969), with modifications of Kennett
and Srinivasan (1983), Bolli and Premoli Silva (1973), and
Chaproniere (in press), adequately described the Quaternary to
upper Eocene sequences where planktonic foraminifers were pre-
sent. The East Indian Letter Stage Classification (Adams, 1970)
was used for the upper Eocene, larger foraminiferal sequence in
Site 841. Similarly, the nannofossil zonal schemes of Martini
(1971), Bukry (1973, 1975), and Okada and Bukry (1980) with
minor modifications were successfully employed.

For the Lau Basin sites, the main objective of Leg 135 was to
sample and date the igneous basement. Of the six sites, five were
penetrated through the sediment cover into basalt. For Site 834,
the oldest sediments directly overlying basalt were probably from
within Zones N19/N20 and Subzone CN11a, and from sediments
interbedded within the pillow basalt sequence, Zone N17B, and
the boundary between Subzones CN10a and CN10b. At Site 835,
the microfossil assemblages indicate that Zones N19/N20 and
Subzone CN12a overlie the basalts. Assemblages become pro-
gressively younger from Site 837 (Zone N22, Globigerinoides
quadrilobatus fistulosus Subzone; Subzone CN12d) to Site 839
(Zone N22, Globorotalia [Truncorotalial crassaformis viola
Subzone; Subzone CN13b), with the youngest assemblage at Site
836 (Zone N22, Globorotalia [Truncorotalia] crassaformis hessi
Subzone; Subzone CN14a). At Site 839, assemblages from Zone
N22, Globorotalia (Truncorotalia) crassaformis viola Subzone,
and Subzone CN12d were recovered from interbeds within the
basalt sequence. Igneous basement was not reached at Site 838,
but the oldest sediments recovered were slightly older than those
from Site 837, being typical of Subzone CN12a. A slump block
of upper Pliocene sediments (CN12a—CN13b) was found within
the lower Pleistocene (CN14a) of Site 835. This block was prob-
ably derived from the slopes above the basin in which Site 835
was located.

Site 840 was situated on the Tonga platform in 755 m of water
and was drilled to date the seismic unconformity Horizon A,
which is thought to occur within the upper Miocene part of the
sequence. Paleontologic data, however, did not identify this hori-
zon as a chronostratigraphic surface. The hole bottomed in upper
Miocene Zone N17 or Zone CN9. Nannofossil studies indicate
that a hiatus is present which spans the interval from the base of
Subzone CN12a to the base of Subzone CN10a; this was not
recognized in the planktonic foraminiferal zonal scheme. Forami-
niferal faunas, which are diverse and well preserved in the Pleis-
tocene and Pliocene parts of Site 840, deteriorate in the lower part
of the sequence as volcaniclastic deposits make up a large part of
the section.

Site 841 was drilled in water depths of 4821 m on the Tonga
forearc to test the nature of the igneous basement. The absence or
paucity of microfossil assemblages typify the upper Miocene to
Quaternary interval, indicating that the site was at or below the
carbonate-compensation depth (CCD) for most of this time, as it
is today. The lower part of this sequence contains reworked upper
Eocene, larger benthic foraminifers (Asterocyclina, Discocyclina,
and Pellatispira) scattered throughout the conglomeratic phases.
The presence of these fossils indicates that an upper Eocene
sequence was being actively eroded during the upper Miocene.
The upper Miocene to Quaternary section overlies, and is in
faulted contact with, lower middle Miocene volcanic conglomer-
ates, sandstones, and siltstones. In contrast to the overlying se-
quence, the faunal and floral assemblages are well preserved and
were deposited at neritic or bathyal depths. Unconformably un-
derlying the middle Miocene is a sequence of basal Oligocene to
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upper Eocene calcareous sands. The upper part of this sequence
is dominated by planktonic and smaller benthic foraminifers and
nannofossils. Below this, the assemblage gradually changes to
one dominated by larger benthic foraminifers in which the plank-
tonic component becomes very rare or absent. In these lower beds,
Halimeda and coralline algae, bryozoa, and echinoids are also
present, indicating water depths of <50 m. The age of this unit
ranges from Zones P18 to P16 (CP16b to CP15) where planktonic
microfossils are present. The lower part of the assemblage is made
up of Asterocyclina, Discocyclina, Spiroclypeus, Operculina, and
Amphistegina; Pellatispira was not recorded. This assemblage is
typical of the East Indian Letter Stages Ta3 to Tb. However, the
planktonic faunas and the lack of any evidence of a stratigraphic
break suggest that this part of the section is part of the upper
Eocene and probably therefore from Tb.

Although no study of smaller benthic foraminifers was made,
there is no evidence to suggest major changes in depositional
environment for any of the sequences studied except for that at
Site 841. At this site it is obvious that water depths have changed
from very shallow-water, inner-neritic depths in the upper Eo-
cene, to neritic or bathyal depths during the early middle Miocene,
to depths below the CCD down to depths close to 5000 m today.

Sedimentation Rates

Sedimentation rates were estimated from age vs. depth data for
each site, using nannofossil and planktonic foraminiferal datum
levels and paleomagnetic reversal data. The results for the Lau
Basin sites (backarc) are presented in Figure 13, and those for the
Tonga platform and forearc in Figure 14. The backarc sites cover
a time interval from the upper Miocene to the Quaternary. At Site
840 the time interval spanned the upper Miocene to the Quater-
nary, and at Site 841, the interval covered was from the upper
Eocene to the Quaternary. Calcareous plankton assemblages for
all of the Lau Basin sites were generally good to moderately
abundant although dissolution effects were noted for some levels,
as were those from Site 840 on the Tonga platform. For Site 841,
however, dissolution resulting from deposition below the CCD
through the upper Miocene to Quaternary prevented confident
estimates of sedimentary accumulation rates. Furthermore, paleo-
magnetic data over the early middle Miocene interval were not
used because of their lack of reliability. Sedimentation rates in the
upper Eocene section also proved difficult to calculate because of
their shallow-water nature and the lack of biostratigraphic reso-
lution afforded by the larger foraminiferal faunas within the lower
part of the unit. For all other sites, the biostratigraphic data were
well constrained and provided good results.

For the Lau Basin sites, the sediment accumulation rates were
high during periods of intense volcanic activity from the upper
Miocene to the upper Pliocene. Rates of up to 383 mm/k.y. were
obtained for a period in the upper Miocene (Site 834) when basalts
and thick vitric ash beds were deposited. At Site 839, high sedi-
mentation rates of 882 mm/k.y. were obtained from an upper
Pliocene basalt and vitric ash sequence. For the other sites, sedi-
mentation accumulation rates dropped to between 38 and 9 mm/
k.y. for the upper Pliocene to Quaternary sections. At Site 835,
the sedimentation rate curve is complicated by the presence of a
slump block of upper Pliocene sediments within the lower Pleis-
tocene.

A thick sequence of upper Miocene to Quaternary sediments
was penetrated at Site 840 on the Tonga platform. Sedimentation
accumulation rates range from 110 to 820 mm/k.y. during the
upper Miocene when considerable thicknesses of arc-derived
volcaniclastic sediments were deposited. With the decrease in
volcanic activity during the Pliocene, sedimentation rates de-
ceased to 39 mm/k.y., dropping to 14 mm/k.y. through the Pleis-
tocene. A short hiatus was noted within the Pliocene. Site 841, on
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the forearc, proved to be complicated by faulting and poor fossil
assemblages; despite this, there is good correspondence between
paleomagnetic and biostratigraphic data. Sedimentation rates
were low (14 mm/k.y.) during the upper Eocene to lower Oligo-
cene when larger foraminiferal and planktonic sediments accumu-
lated at neritic depths. Rates increased to 160 mm/k.y. over the
lower middle Miocene sequence of volcanic siltstone, sandstone,
and conglomerates. During the upper Miocene, sedimentation
rates over an deposition interval of volcaniclastic conglomerates
and sandstones reached 142 mm/k.y., decreasing to 53 mm/k.y.
as volcaniclastic input decreased, and finally reaching 11 mm/k.y.
during the Pliocene and Quaternary when the calcareous compo-
nent was removed by dissolution.

Paleomagnetism
Magnetic Properties

Sediments from the Lau Basin and Tonga Ridge are strongly
magnetic, with natural remanent magnetization (NRM) intensities
as high as 7262 mA/m but more typically averaging 100-750
mA/m. To a large degree, the high NRM intensities result from
the abundant volcanic material within most of the sediments. Also
contributing to the high intensities were low-coercivity magnetic
minerals, found in most Leg 135 sediments, that were susceptible
to the acquisition of an isothermal remanent magnetization (IRM)
from the drill string. Typical median destructive field (MDF)
values for Lau Basin sediments were 2-5 mT. Tonga Ridge
sediment MDF values were generally somewhat higher at 7-15
mT,

The highest recorded NRM in the igneous rocks (mostly ba-
salts) was 9614 mA/m, but NRM values typically averaged around
1000-2500 mA/m. Although the drill string IRM was also ob-
served to bias most igneous rock magnetizations, it was usually
not as pervasive as in the sediment samples. The MDF values for
the basalts were also usually higher, at about 10-20 mT.

The drill-string IRM was ubiquitous, contaminating the mag-
netizations of virtually all samples measured on Leg 135. This
overprint was recognizable by its consistent vertically upward

direction. Indeed, it was often possible to recognize mishandled
samples, placed in the core liner upside-down, by the direction of
this overprint. The drill-string overprint often masked the inherent
magnetic polarities of reversely magnetized samples. However,
because it resides mainly in low-coercivity grains, this IRM was
easily removed by alternating-field (AF) demagnetization. Unfor-
tunately, to remove the overprint, AF fields in excess of the 15-mT
limit were often applied to archive core halves. Thus, archive half
measurements sometimes yielded unreliable results.

Magnetic Polarity Stratigraphy

Magnetic polarity determination and matching of the polarity
sequence to geomagnetic reversal time scales was seldom
straightforward at Leg 135 sites. Hampering such efforts were the
ubiquitous and often strong drill-string overprint, slumps (Site
835), thick and unconsolidated ash turbidites (Sites 837-840), and
spotty recovery (Sites 840 and 841). Nevertheless, plausible mag-
netic stratigraphy models were constructed for all sites (Fig. 15).
Pliocene-Pleistocene reversals of the Gauss, Matuyama, and
Brunhes chrons were recorded at Lau Basin sites. The deeper
Tonga Ridge sites yielded cores that displayed parts of the Mio-
cene and Eocene reversal sequences (Fig. 15). The high sedimen-
tation rates in the basin enabled us to recognize even short sub-
chrons at most sites. For example, the Cobb Mountain Event
(Mankinen et al., 1978; Clement and Robinson, 1987) was visible
just beneath the Jaramillo Subchron at Sites 834, 835, 837, 838,
and 839. High sedimentation rates at the Tonga Ridge sites aided
magnetostratigraphy by expanding polarity intervals to the point
that most were recognizable even with low recovery.

The most reliable magnetostratigraphic model was obtained
from the advanced hydraulic piston (APC) cores recovered at
Hole 834 A, in which recovery was good, sedimentation rates were
fairly constant, biostratigraphic data were plentiful, and the drill-
string overprint easily removed. The least reliable record is prob-
ably that obtained from the APC core section of Hole 841 A, which
yielded biologically barren and moderately disturbed sediments,
with a drill string overprint that was not entirely removed by
15-mT AF demagnetization.
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Oriented Cores and Paleomagnetic Declination

Tectonic models suggest that the Tonga Arc has rotated 20°-
30° clockwise, away from the Lau Ridge, since the early Pliocene
(e.g., Weissel, 1977). To test this hypothesis, oriented APC cores
were obtained at the Tonga Ridge sites, so that paleomagnetic
declinations could be measured. Orientation data were obtained
for 16 APC cores from Holes 840C and 841A; however, lithologic
problems reduced the number of useful cores. In Hole 840C, loose
volcaniclastic gravels and sand made up most of the recovered
material. Moreover, lubricated by the water from the volcani-
clastic core sections, some of the pelagic sediment sections broke
free from the core liner and rotated, negating measurement of their
orientations. In addition, one APC core from Hole 841A hit a
resistant layer and returned empty.

Despite the scatter caused by these problems, a definite clock-
wise trend of paleomagnetic declinations was noted (Fig. 16). The
average of all declination measurements is 16.5° £ 10.7° (95%
confidence). Ignoring the results from cores with <3 measured
samples, an average declination of 23.0° + 13.1° was determined.
These results are from sediments of middle Pliocene to early
Pliocene age and imply that the Tonga Arc has indeed undergone
a clockwise rotation of about the hypothesized amount and timing.

Magnetic Susceptibility

Susceptibility values from Leg 135 cores varied widely, from
1 % 107 cgs to 5013 x 107 ¢cgs. Much of the variation observed
within sediment cores reflects the amount of volcanic material.
Ash layers and ash turbidites typically give high susceptibility
values whereas nannofossil ooze yields low readings. Indeed,
within the ooze sections, ash layers barely visible to the eye often
stood out by their susceptibility peaks. Not surprisingly, the
highest susceptibility values were recorded from basalt cores.

Several different types of susceptibility signatures were noted
in Leg 135 cores. Aside from occasional ash-layer peaks, nanno-
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Figure 16. Summary of paleomagnetic declinations from oriented mid-
dle-early Pliocene APC cores, Holes 840C and 841A. Open circles show
mean declinations for oriented APCs. Gray declinations are least reliable,
being derived from only two samples. Mean declination, 23° £ 13°, is
shown by filled circle.

fossil oozes often showed low-amplitude oscillations (about 50 +
10-% cgs) with wavelengths of several tens of centimeters. These
oscillations appeared similar to susceptibility cycles noted in
deep-sea cores elsewhere and attributed to fluctuations in mag-
netic grain input caused by Milankovitch climate cycles (e.g.,



Bloemendal and deMenocal, 1989), To reduce the effect of mate-
rial variations, a modified Koenigsberger Ratio was calculated by
dividing the magnetization intensity demagnetized at 15 mT by
the susceptibility (Q15). Comparing Q15 cycles to the magnetic
stratigraphy, approximate periodicities of 21 k.y. (Site 836) and
37-41 k.y. (Sites 834, 837, and 839) were calculated, similar to
Milankovitch orbital perihelion and obliquity periods, respec-
tively (Berger, 1978; Ruddiman and McIntyre, 1981).

In many Leg 135 cores, turbidites were evident from the
presence of susceptibility signatures that showed exponentially
increasing values toward the bottom of the graded layer. The
susceptibility enhancement is apparently caused by the preferen-
tial settling of heavy magnetic minerals to the bottom of the
turbidite while it is still a slurry (Sager and Hall, 1990). Particu-
larly striking examples were observed from thick ash turbidites in
Hole 837A. At Site 838, similar susceptibility signatures were
observed in pumiceous gravel layers that showed no obvious
grading, implying a subtle, gravity-induced compositional grad-
ing.

At several sites, broad-scale susceptibility variations were
noted over tens of meters. Basalts from Holes 834B and 839B
displayed susceptibility fluctuations with an amplitude of about
1 order of magnitude over 50-100 m of depth. Such variations
indicate changes in the amount of magnetic minerals contained in
the basalts, perhaps indicative of subtle shifts in melt chemistry.
Sediments from the bottom part of Hole 840B showed similar
variations, indicating a long-term drift in the concentration of
magnetic minerals contained in turbidites, and, by extension, in
the composition of their source rocks.

Inorganic Chemistry

The main objective of the inorganic geochemistry studies for
Leg 135 was to understand the causes of variations in the pore-
water chemistry of the sediments of the Lau Basin—Tonga/Tofua
arc. The pore-water chemical constituent of greatest interest is the
calcium ion, concentrations of which are most directly related to
alterations of the volcanogenic material in the sediments or the
underlying basalts.

INTRODUCTION, BACKGROUND, AND PRINCIPAL RESULTS

In sites located to the west of the present Lau Basin spreading
centers (Sites 834 through 839), the concentration-depth profiles
of calcium ion dissolved in the pore water are characterized by
extremely low concentration gradients (Fig. 17). However, these
Ca profiles exhibit a systematic trend with a slight increase in
calcium in the upper part of the sedimentary column. Toward the
bottom of the sediment, a pore-water Ca decrease was observed
at Sites 834, 835, 837, and 839. At Site 838, below 30 mbsf, the
Ca concentration gradient is lower than that observed at the other
backarc sites. These features can be related to two major processes
that probably varied in intensity in time and space: (1) diffusive
exchange with the basement rock and (2) low advection of seawa-
ter at the boundary between hemipelagic sediment and basaltic
basement. This circulation seems to be aided by the occurrence of
permeable volcanic material overlying the basement, and it af-
fected the chemical signature of the pore water. This hypothesis
is also supported by the distribution in major (magnesium, chlo-
ride, sodium, potassium, and sulfate) and minor (manganese)
chemical components determined in Sites 834 through 839,

Site 840 is located in the shallow platform sequence of the
Tonga Ridge. The low recovery, the coarse-grained nature of the
volcanic gravel lithologies, and the rather hard and well-lithified
nature of the sediments, allowed us to collect only six samples at
Site 840. Alteration of volcanic material in the sediments is the
major factor causing the observed changes in the calcium, mag-
nesium, and potassium gradients in the Site 840 pore waters.
Concentrations of sulfate and ammonia do not vary much, indi-
cating that the bacterial activity in these low organic carbon
sediments is minimal. This is further substantiated by the low
level of dissolved manganese. In the most enriched carbonate
layer, the observed decrease in alkalinity is probably related to
the relative amount of volcanogenic materials in lithologic Units
I and II.

Site 841 is located on the Tonga forearc. The pore-water
chemistry indicates that the collected interstitial water is some of
the most intensively modified pore water of seawater origin yet
sampled during the ODP/DSDP programs and can be defined as
CaCl,-rich brine. The pore-water chemistry of the sediments at
Site 841 is similar to that obtained at only three other drilling sites
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Figure 17. Geochemical profiles for calcium at Leg 135 sites.

31



SHIPBOARD SCIENTIFIC PARTY

in the world: Sites 792 and 793 occupied during Leg 126 in the
Izu-Bonin arc sedimentary basin (Taylor, Fujioka, et al., 1990),
and Site 802 occupied during Leg 129 in the central Mariana Basin
(Lancelot, Larson, et al., 1990). Variations in the concentrations
of Ca, Mg, K, Na, and Cl are abnormal for normal marine sedi-
ments and are probably caused by the combined effect of abundant
volcanogenic material and the high rates of sedimentation leading
to a very low diffusivity. Chloride concentrations are higher than
those obtained in seawater and can be understood best in terms of
water uptake by secondary minerals, as also recorded at ODP Leg
126 and 129 sites. The changes observed in dissolved sulfate,
ammonia, and phosphate in the uppermost 200 mbsf are likely to
be related to decomposition of the organic matter by sulfate-re-
ducing bacteria. The changes observed in silica, strontium, and
manganese concentrations are probably controlled by diagenetic
reactions involving alteration of the volcanogenic material.

Organic Geochemistry

Methane was not detected above laboratory background levels
in any of the 123 head-space samples taken during Leg 135,
except in three samples from Site 841. Even at Site 841, the
maximum concentration of methane obtained was 15 ppm. These
samples, from 670 to 756 mbsf, contained igneous rocks, which
suggests that the methane was derived from a nonbiological
process. The lack of methane in any of the other head-space
samples indicates that methanogenesis is not occurring in the
sediments encountered during Leg 135. Ethane and propane were
not detected in any sample.

The average organic carbon content of the sediments recovered
during Leg 135 is 0.14%. This is based on 148 measurements
made with the Carlo-Erba NCS analyzer of total carbon and by
subtracting the inorganic carbon value. This very low figure is an
overestimate because of the tendency to avoid picking samples
for NCS analyses that obviously were predominantly volcani-
clastic. The highest organic carbon content (0.67%) was obtained
from Eocene carbonate-rich sediments that contain the larger
foraminifers at Site 841 (Core 135-841B-46R). When these and
other samples with higher organic carbon contents were analyzed
using the Rock-Eval instrument, the results indicated that their
organic matter has no hydrocarbon potential and is probably
reworked oxidized material (i.e., inertinite). The Leg 135 organic
geochemical results are similar to those reported by other workers
(Buchbinder and Halley, 1985; Sandstrom, 1985) who have made
organic geochemical analyses of samples from the Tonga area and
also found them to have low organic carbon contents, with the
organic matter being mostly inertinite.

Open-ocean sediments with a large volcaniclastic contribu-
tion, such as those cored during Leg 135, were expected to have
low total organic carbon (TOC) contents. Primary productivity in
the upper waters of the open ocean is low, and efficient scaveng-
ing by organisms or oxidation deeper in the water column means
that open-ocean sediments normally contain a low abundance of
organic carbon (Hunt, 1979; Tissot and Welte, 1984). The addi-
tion of volcaniclastic sediments further dilutes this carbon, which
is in any case mostly inertinite with no metabolic value for
bacteria. The lack of enough carbon for the sulfate-reducing
bacteria to metabolize is possibly the reason why sulfate levels at
the Leg 135 sites show little change with depth. Hence, two of the
diagenetic stages that are generally observed in marine sediments,
sulfate reduction and methanogenesis, do not occur in these Leg
135 sediments, which should have important consequences for the
diagenesis of inorganic species.

Nitrogen and sulfur were generally in very low abundance. In
most samples, they were below the detection limits of the NCS
analyzer. AL Sites 834 and 835, nitrogen appeared to be associated
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with organic matter and sulfur with volcaniclastic material. At
other sites, there was no obvious relationship between carbon or
carbonate contents and the amount of nitrogen or sulfur.

Igneous Petrology

Introductory Summary

One of the major objectives for Leg 135 was to sample the
igneous crust of the basin so as to understand the petrologic
evolution of magmas that were erupted as the basin opened. The
tectonic setting of the basin, between an active and a remnant
volcanic arc, suggested that the mantle beneath the basin might
be heterogeneous and could be expected to give rise to melts
having variable expression of an “arc” signature as well as more
MORB-like compositions. Data from other backarc basins such
as the Mariana Trough (e.g., Fryeretal., 1981; Mattey et al., 1980;
Hawkins and Melchior, 1985; Volpe et al., 1987; Hawkins et al.,
1990) and previous studies of rocks dredged from the Lau Basin
(e.g., Hawkins, 1976; Hawkins and Melchior, 1985; Volpe et al.,
1988; Ernewein et al., in press) have provided evidence that this
was the case and that there is spatially related compositional
variation within these basins.

Six sites were drilled on Leg 135 in the Lau Basin so as to
determine spatial variations in the composition of the crust and to
make a detailed study of geochemical responses to the temporal
and spatial evolution of mantle sources under the basin. Volcanic
rocks, presumed to be igneous basement, were reached at five of
the drill sites. The drill sites were situated in small north-trending
sub-basins more or less subparallel to the present axial ridge
system. Basal sediment ages indicate that there is a general west
to east younging of minimum basement ages from 4 Ma (with the
oldest recovered basement rock age being 5.6 Ma) in the north-
west portion of the basin (Site 834) to 0.7 Ma at Site 836, about
50 km west of the ELSC. There does not seem to be any direct
relationship between basement ages in these sub-basins and their
position relative to the present spreading centers in the Lau Basin.
The initial rifting of the basin may have proceeded with sequential
crustal extension, subsidence, volcanism, and sedimentation op-
erating in a number of small sub-basins that share a common trend
and form. Volcanism and sedimentation no doubt were synchro-
nous initially; either process may have been dominant at any one
time, but eventually volcanic activity ended and the basins have
continued to be filled with sediments. Rather than evolving by
classic “seafloor spreading” processes, the early history of the Lau
Basin may have been more similar to the formation of intraconti-
nental rifts or basin range structure. This difference may have
been important in the evolution of the erupted magmas as a
“non-seafloor spreading” process may have provided opportunity
for assimilation and mixing with older arc or forearc crust. Ther-
mal gradients, depths of melt separation from mantle sources, and
near-surface crystal fractionation processes all may have differed
from those envisioned for true mid-oceanic-ridge settings during
the early history of the backarc basin. Supra-subduction zone
mantle-wedge chemistry, modified by prior depletion during pre-
vious extraction of melts and by subsequent addition of volatiles
(and melts?) derived from subducted oceanic lithosphere, may
have been the fundamental control on erupted magma composi-
tions.

Results from the shipboard XRF analyses indicate that the Leg
135 igneous samples possess some trace and minor element abun-
dances considered as typical of an “arc-source” signature. The
most significant are a depletion in Nb relative to MORB and an
enrichment in Rb, Ba, K, Sr, and Ce relative to Nb, Y, Ti, and Zr
(Fig. 18). The model proposed by Hawkins and Melchior (1985)
predicted that there should be a spatial, and by inference, a
temporal variation from a greater to a lesser arc-like signature as
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Figure 18. Average compositions of incompatible elements in igneous units from Leg 135 backarc sites normalized to values for N-MORB (from Sun
and McDonough, 1989). A. Site 834. B. Sites 835, 837, and 838. C. Site 836. D. Site 839. Reference fields for modern Lau Basin and Tonga-Kermadec
lavas from Ernewein et al. (in press) and Ewart and Hawkesworth (1987).

the basin opened. Drilling results show that there is no simple be parental to the more evolved rocks of the Tofua Arc (Ewart and
change in the chemical composition in space or with time. The Hawkesworth, 1987).

erupted volcanic rocks vary from more “arc-like” to more . ,
“MORB-like,” but the oldest basalts (recovered at Site 834 in the [ €ctonic Setting and Ages

western basin), which presumably were erupted during the earliest All six sites in the backarc were drilled in roughly north-trend-
stages of backarc rifting, are closer to normal MORB in compo- ing sub-basins. Sites 834 and 835 are located along a latitudinal
sition, and to basalts that form at the present axial rift zones of the line at 18°30°S, west of the CLSC. Sites 8§36 and 837 were drilled
basin, than any of the samples from the other drill sites. The drill in the central Lau Basin at about 20°10°S, and Sites 838 and 839

sites in basins with the youngest basement ages in the central Lau were drilled in the same sub-basin near 20°45’S. Sites 836, 837,
Basin have trace and minor element signatures that are more 838, and 839 are all located west of the present ELSC,

arc-like and are intermediate to those of normal MORB and the Crust drilled at Sites 834 and 835 in the northwest portion of
modern Tofua Arc. The most distinctive chemical signatures in the basin has the oldest basement ages. Minimum basement ages
the intermediate rocks are enrichments in Rb, Ba, and K, and are 4 Ma at Site 834 and 3.5 Ma at Site 835 (Fig. 10). Sediments

pronounced depletion in Nb. Basaltic andesites and basalts recov- interbedded with lavas at Site 834 confirm that volcanism was
ered at Site 839 are the most arc-like recovered and show the most ~ active at least 5.6 m.y. ago. The four sites drilled between 20° and
extreme relative enrichments in alkalis and alkaline earth ele- 21°S are closely spaced in longitude and indicate a consistent
ments. They resemble, respectively, the modern Tofua Arc basal-  younging eastward (Fig. 19). Basement was not recovered at

tic andesites and the island-arc tholeiitic basaltic lavas thought to westernmost Site 838, although the oldest sediments recovered
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there require that volcanic basement be older than 3 Ma. The
minimum basement ages at the other sites range from 0.7 Ma at
Site 836 to 2.0 Ma at Site 837 (Fig. 10). Site 836 is nearly on the
same north-south line, but it is more northerly and its basement is
I m.y. younger than at Site 839, The very large-scale basin and
ridge topography suggests that the rifting proceeded in a manner
more akin to continental rifting than to normal seafloor spreading.
The basement ages at the drill sites indicate sequential magmatic
episodes younging eastward. However, neither these basement
ages nor the regional magnetic anomaly patterns should be used
to estimate rates of seafloor spreading during the early history of
Lau Basin opening.

The cessation of volcanism at all of the sites was followed by
a period of rapid sedimentation with a significant volcanic gravel,
sand, or silt component (Fig. 20). This suggests that all of the
basins continued to subside for some time after the end of volcanic
activity. The volcaniclastic debris appears to be arc-derived
(based on silica contents and trace element analyses). That such
arc-derived debris occurs from 4 to 0.7 Ma at the different sites
(Figs. 19 and 20) indicates that throughout the development of the
Lau Basin there was synchronous arc volcanism within the basin
or along its margins.

Petrologic and Geochemical Variability
Major Element Geochemistry

The various units recovered in Holes 834-839 represent a
remarkably diverse group of magma compositions, ranging from
high-MgO olivine and quartz normative tholeiites through olivine
and quartz normative tholeiites, to basaltic andesite, andesite, and
low silica (low K,0) rhyolitic pumices. The generalized compo-
sitions from each hole are presented in Figure 21 in terms of the
normative Ol-Di-Hy-Q system (Fe,04/FeO = 0.2). The data define
a broad field extending from the basaltic andesites and andesites
through to the olivine tholeiite field of Site 836, Unit 4, the most
chemically undersaturated lava encountered. In Figure 21, there
is a clear displacement of the strongly olivine phyric Units 3 and
6 from Site 839, relative to the other fields. The remarkable
feature of these highly magnesian compositions, however, is that
they are only mildly olivine-normative. In fact, the associated

magnesian Unit 4 (Site 839), which is nearly aphyric in the hand
specimen (olivine + clinopyroxene microphenocrysts) is quartz
normative. These high MgO, relatively high SiO, units encoun-
tered at Site 839 are considered significant as they may be parental
to the more siliceous quartz tholeiites and basaltic andesites
recovered at this same site. Data fields for Site 839 again lie on a
linear trend projecting away from the olivine composition (Fig.
21).

Major and minor element comparison of the chemistry of the
sites is provided by Harker diagram plots (Fig. 22). An obvious
feature in all of these plots is the chemical distinction between
Sites 834 and 839. Sites 835 and 836 consistently plot close to the
Site 834 data, whereas the unit from Site 837 is closest to the
basaltic andesites of Site 839.

The behavior of individual elements on these diagrams
provides insights into possible phase controls on the liquid com-
positions and also suggests likely primary magmatic differences
(and presumably source differences). The most striking variations
are shown by MgO and Al,05. The MgO vs. SiO, (Fig. 22) clearly
shows the high MgO and yet high SiO, characteristics of Units 1,
3, 4, and 6 in Site 839. This is unmatched by the lavas in any of
the other sites. Al,O; decreases with increasing SiO, at all sites
(Fig. 22) except at Site 839, which shows a distinct positive
correlation. The most obvious explanation of the Site 839 trends,
fully in accord with the previously discussed phenocryst assem-
blages, is that olivine is the major fractionating phase, with minor
clinopyroxene, within the high MgO lavas of Site 839, resulting
in increasing Al,O; during fractionation. Interestingly, the basal-
tic andesites of this site seem to fall precisely at the high Al,O,
termination of this trend. Comparison of the CaO vs. SiO, plot
with the Al,O; plot shows that the olivine-rich Units 3 and 6 of
Site 839 are low in CaO compared with the clinopyroxene—oliv-
ine-bearing Unit 4; this may indicate an increase and then a
decrease of CaO with increasing SiO,, related to the incoming of
clinopyroxene after olivine. The remaining units at this site, as
indeed in the other sites, exhibit a regular negative correlation of
CaO and SiO,, consistent with plagioclase and clinopyroxene (+
olivine) controlled fractionation. Iron enrichment (expressed as
Fe,0; in Fig. 22) is characteristic of the lavas at most sites. This
is consistent with the generally observed absence of Fe-Ti oxides
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Figure 20. Timing of principal events in sites from the Lau Basin. Arrows along the volcanic intervals indicate where there are biostratigraphic age
controls. Several of the volcanic units are separated by datable interbedded sediments. Sedimentation rates and sediment characteristics are taken
from “Biostratigraphy™ and “Lithostratigraphy” sections of the relevant chapters. Age ranges for volcanism on Fiji and the Lau Ridge are taken
from Cole et al. (1985) and Whelan et al. (1985). The Korobasaga Group on the Lau Ridge is equivalent to the early rifting volcanics of Fiji; the
Mago volcanics to the late rifting series. Dashed line indicates occurrence of volcanic debris in the recovered section at Site 840 on the Tonga

platform; there is a long hiatus from 2.6 to 5 Ma in this hole.

in the phenocryst and microphenocryst assemblages. Units 3 and
4 of Site 836, which exhibit Fe depletion with increasing SiO,,
are exceptions.

The remaining elements (Na,O, P,0s, K,0, and TiO,) show
similar increases with 8i0,, illustrating their incompatible behav-
ior. Of particular note are the relatively higher abundances of
Na,0, P,0s, and TiO, (for given SiO,) of the Site 834 rocks, and
their low concentrations in Site 839, indicative of important
chemical differences in their respective sources. The basaltic and
basaltic andesites are, as a group, relatively low K,O, but positive
correlations with Si0, are well defined, as are the intersite differ-
ences.

Trace Element Geochemistry

Trace element signatures of all Leg 135 samples show moder-
ate to strong Rb, Ba, and K enrichments coupled with various
degrees of depletion in Nb, Zr, Ti, and Y. In this respect, they

more closely resemble island-arc magmas than typical mid-oce-
anic-ridge basalts (N-MORB). Figure 18 illustrates the average
incompatible trace element concentrations normalized to N-
MORB for each of the units defined at each site. Pattern shapes
defined on these diagrams should not be affected by fractional
crystallization and are likely to reflect variations in the mantle
sources of these rocks. Detailed examination reveals subtle, yet
significant, differences in incompatible element concentrations
and ratios in the rocks of the various units. To facilitate compari-
sons, shaded regions for the range in modern Lau Basin basalts
and Tonga-Kermadec arc compositions are included. Site 834 has
the least enrichment in large-ion-lithophile elements (LILE: Rb,
Ba, and K) and the least degree of depletion in high-field-strength
elements (HFSE: Nb, Zr, Ti, and Y) and most closely resembles
N-MORB (a horizontal line at 1 on these diagrams, Fig. 18). At
the other extreme, rocks from Site 839 have lower HFSE contents
and show pronounced enrichments in the LILE and most closely
resemble rocks from the modern Tofua Arc. The composition of
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Figure 21. CIPW normative OI-Di-Hy-Q for Leg 135 backarc sites.
Calculated with Fe,0,/FeO = 0.2.

rocks from the remaining sites show signatures intermediate be-
tween the extremes defined by Sites 834 and 839.

Incompatible element signatures of these rocks are further
illustrated in Figure 23, where the elements (or ratios) on the axes
have been chosen to best discriminate island-arc signatures from
those typical of N-MORB. In each of these plots, the Site 834
compositions plot within, or overlap, the fields defined by N-
MORB, whereas those from Site 839 clearly overlap the Tonga-
Kermadec field. The remaining sites tend to be in intermediate
positions, as are volcanics from the modern Lau spreading cen-
ters. The plot of Zr/Nb vs. Zr/Y (Fig. 23) suggests that the Site
834 rocks have some trace element characteristics intermediate
between island-arc magmas and N-MORB. Although they are
somewhat displaced to MORB-like Zr/Y, the Site 834 rocks plot
toward higher Zr/Nb values, more typical of the arc field. These
ratios are also potentially useful in highlighting melting and
source differences. Increasing Zr/Nb is an indication of higher
degrees of melting and/or increased source depletions, whereas
increased Zr/Y is correlated with lower degrees of melting and/or
increasingly enriched mantle sources. Thus, the general decrease
of Zr/Y ratios from Sites 834 to 839 may well reflect an increas-
ingly depleted mantle source.

Vesicularity

All of the volcanic rocks recovered in the backarc basin drill
sites are highly vesicular. This feature is shared by dredged rocks
from the CLSC and ELSC as well as nearly all parts of the Lau
Basin (e.g., Hawkins, 1976; Hawkins and Melchior, 1985). The
reason for this is their high content of volatiles, that is, H,0 and
CO, with H,0 being more abundant. The majority of the drill-site
samples have 10%-30% vesicles (Fig. 24), with >40% vesicles in
some rare samples. Only Unit 7 at Site 834 is nonvesicular. Glassy
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margins in all units tend to be either nonvesicular or poorly
vesicular, indicating that most vesiculation occurred rapidly after
eruption and during the lava flow.

Many larger vesicles (up to 10 mm), usually elongated and in
some cases forming vesicle pipes and trails, are partially infilled
by very dark gray, highly vesicular, aphyric, quench-textured
basalt. These fillings also are characterized by the development
of fairly large and usually irregular vesicles, and their degree of
vesiculation is much higher than that of the host lavas, in many
cases reaching >70 vol%. These dark infillings may be highly
vesicular analogs to the segregation vesicles described by Smith
(1968) that are common in deep-sea basalts (e.g., Sato, 1978).
Similar vesicles have recently been described in lavas from the
Troodos ophiolite (Bednarz et al., 1987). In this interpretation,
late-stage interstitial melt (partially fractionated chemically) is
squeezed into preexisting vesicles; presumably volatile enrich-
ment in the late-stage melt results in the high degree of vesicula-
tion in the segregations. Although partial infillings of low-tem-
perature alteration products/zeolites are variously present in
vesicles within many units, the segregation vesicles, where pre-
sent, are usually remarkably free of secondary mineral deposition.

Recent measurements of volatile abundances in Lau and North
Fiji Basin low-K,0O backarc basaltic glasses (Aggrey et al., 1988;
Newman, 1989) indicate H,O and CO, contents of 0.14%—1.4%
and 0.07%—0.17%, respectively. Volatile contents are even higher
in the more K-enriched and less MORB-like basalts. At the water
depths in which the Leg 135 backarc sites were drilled (approach-
ing 3000 m, or approximately 300 bars) volatile concentrations at
the higher end of these ranges would be required to produce the
observed levels of vesicularity (i.e., >1% total H,O and CO,;
MacPherson, 1984). Significantly, the almost complete absence
of sulfides within vesicles seems to indicate that sulfur contents
were below saturation levels in the volatile phase.

Regional Comparisons

It is useful to compare the compositions of the drilled rocks
with the volcanics of the modern Lau Basin spreading centers.
Although the data for the modern Lau Basin rocks show somewhat
more scatter than is exhibited by the trace element compositions
of individual drilled sites, the trace compositions from Sites
835-839, as well as the modern Lau Basin rocks, for the most part
are distinct from N-MORB. Chemical data for representative
modern Lau Basin (Hawkins and Melchior, 1985; Ernewein et al.,
in press), Tofua and Kermadec arcs (Ewart et al., 1977; Ewart and
Hawkesworth, 1987), and the major units occurring in Sites 834—
839 are summarized in Table 1. A comparison of the selected lava
compositions among the sites reinforces the previous discussion
of the main differences and gradations found between Sites 834
and 839. A particularly significant comparison is that between the
basaltic andesites of Site 839 (Unit 9) and those of the Tofua-Ker-
madec arc. Their similar geochemical signatures are matched by
the similarity of phenocryst assemblages (plagioclase-clinopy-
roxene-orthopyroxene) previously described. Further compari-
sons will need to await detailed analyses of trace elements and
mineral phases, but it is already clear that not only do lavas with
chemical and mineralogical arc affinities exist within the central
Lau Basin, but that the Unit 9 lavas at Site 839 are almost
indistinguishable from the Tonga-Kermadec arc lavas. This, cou-
pled with the chemical signatures gradational between MORB-
like and arc-like observed in the rocks from Sites 834-839,
emphasizes that such geochemical characteristics are not confined
to the active Tofua Arc as has been traditionally supposed. More-
over, the age range of the volcanic sequences at Sites 834 through
839 indicate that these geochemical features, interpreted as pri-
mary source characteristics, have evolved with the developing
Lau Basin over the past 4-5 m.y. (minimum age of Site 834).



The Leg 135 data tend to exhibit a generalized, but not regular
spatial (i.e., northwest to southeast), increase in the development
of arc-like geochemistry. It is, therefore, important to note that
the samples dredged from the neovolcanic zones associated with
the spreading centers of the central Lau Basin (Ernewein et al., in
press), as previously noted, exhibit increasing subduction-type
chemistry both eastward toward the ELSC and southward along
the ELSC to the Valu Fa Ridge (i.e., toward the Tofua Arc axis).
In contrast, Hawkins and Melchior (1985) and Volpe et al. (1988)
presented data supporting the inference that, except for Sr iso-
topes, the CLSC has a strong MORB-like signature. However,
none of the lavas analyzed from the ELSC show the degree of
resemblance to the Tofua basaltic andesites as do the Site 839
volcanic rocks (minimum age approximately 1.7 Ma). This can be
clearly seen, for example, by comparing the average compositions
of the Tofua basaltic andesites with similarly silica-enriched lavas
from the ELSC (Sample CD33-D25; Table 1). Thus, it is possible
that the current ELSC volcanism reflects a gradual reverse shift
away from arc-like geochemical imprints toward N-MORB. Pre-
vious studies in the northern and central portions of the Lau Basin
suggest that it is floored by MORB-type oceanic crust (e.g.,
Hawkins and Melchior, 1985; Volpe et al., 1988) with little, if
any, contribution from the subducted slab. Comparison of the
major element compositions (Table 1) of the T-type basalts from
these areas, however, reveals some marked similarities with the
Kermadec arc basaltic andesites (Ewart et al., 1977; Ewart and
Hawkesworth, 1987; Cole, 1982), although trace element differ-
ences are clearly apparent.

The available data demonstrate the complexity and hetero-
geneity of the Lau Basin mantle sources, as previously suggested
by Hawkins and Melchior (1985) and Volpe et al. (1988). The
results from Leg 135 show even greater diversity than previously
recognized. The tectonic implications of the recognition of arc-
like, and “near-arc-like,” lavas within the southern to central Lau
Basin and the implication of a long, continuous dynamic inter-
change between the Lau Basin mantle and the subduction zone
(the presumed source of the “arc-like” geochemical signatures)
remains to be explored. One possibility, however, is an eastward
migration of the Tofua Arc over the past 3 or more m.y., concur-
rent with the evolving Lau Basin.

A further aspect of petrological interest is the recovery of the
high MgO-high SiO, tholeiites (Unit 3, Site 839), certainly can-
didates for possible parental “arc-like” magmas, as previously
noted. These are quite distinct from the high-MgO lavas from the
Intermediate Lau Spreading Center (ILSC), the short active
spreading-ridge segment lying between the southern end of the
CLSC and the northern end of the ELSC (Fig. 1 and Table 1;
Sample CD33-D18; Ernewein et al., in press). Moreover, they
possess the “arc-like” trace element imprints, which are not as
well developed in the ILSC lavas, Compared with the calculated
parental magma composition of the Mariana Trough and north-
central Lau Basin (table 12 in Hawkins and Melchior, 1985), the
Unit 3 lavas (Site 839) are lower in Ti, Al, Fe, and Na and higher
in MgO, Cr, and Ni, although similar in SiO, to their more
silica-rich compositions. Thus, the Unit 3 lavas may be considered
even more “primitive” than the calculated model compositions
and, in certain respects, may even be considered as becoming
intermediate toward boninitic compositions.

It should be noted that silicic pyroclastic materials have been
encountered at all sites and range from Pleistocene to late Mio-
cene in age (see individual site reports, this volume). Pumice
clasts from Sites 837 through 839 are low-K,O rhyolites with
trace element abundance patterns showing the same “arc-like” or
“near-arc-like” features as found in the basalt and basaltic andes-
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ite lavas from Sites 836 to 839 (based on three XRF analyses).
The origin and sources of these rhyolitic rocks are unknown, but
the pumices clearly document a hitherto unrecognized and conti-
nuous silicic volcanism throughout the evolution of the Lau
Basin. The source of this volcanic material may well have been
the Lau Ridge or the Tofua Arc; however, silicic rocks are known
on Zephyr Shoal and on the Valu Fa Ridge, and arc-like andesites
were drilled at Site 839. Therefore, an intrabasin source is also a
possibility.

Alteration

The secondary minerals determined at Sites 834 through 839
are listed in Table 2. The most prominent are clay minerals,
smectite coated by iron-hydroxide (palagonitization of volcanic
glass), iron-hydroxide stains and calcite in veins, and aragonite
forming radiating crystals in cavities. Zeolites are less common,
occurring as partial infillings of vesicles and miaroles. Cela-
donite(?), talc, quartz, opal(?), and analcime/chabazite(?) are of
minor abundance and appear only occasionally in the sections.

Clay minerals (mainly of the smectite group, identified by
X-ray diffraction analyses) appear throughout the rocks, either
locally replacing the mesostasis or as a partial alteration product
of olivine. In addition, vesicles are partially lined by green to
bluish gray clays often extending to either side of an alteration
front. To a lesser extent, clays also occur as vein fillings and
fracture coatings.

Iron-hydroxide staining is most common on fractures and in
vesicles. It is also produced during smectite formation from vol-
canic glass (palagonization). Smectite that is stained yellow to
pale green forms vesicle linings and often shows a spherical
texture with radiating extinction under crossed nicols.

Aragonite and calcite only occur in rocks from Sites 834, 836,
838, and 839, where interbedded sediment layers have been re-
covered or recorded during logging. Aragonite appears as acicular
pseudohexagonal shapes, sometimes with radiating crystals up to
1 ¢cm in length. These are elongated parallel to the c-axis and grow
in large cavities, whereas veins are filled by calcite.

Although they are minor constituents, zeolites are widespread
throughout the cores as vesicle fillings and miaroles. They exhibit
acicular, globular, platy, and cubic shapes. Crystals differ in color
from clear and transparent to white, yellow, and sometimes light
red. Optical properties indicate that phillipsite is the major zeolite,
but natrolite and other zeolites may also be present.

The formation of quartz on fractures and the probable presence
of cryptocrystalline silica (opal?) as patches on the surface of rock
samples from Site 838 can be related to an elevated SiO, content
in the overlying sediment column. Here, dissolved SiO, is four
times higher than measured in other holes (see “Inorganic Geo-
chemistry” section, this chapter). The high dissolved silica may
be a result of the high temperature gradient in the sedimentary
sequence (8.7°C/100 m; see “Downhole Measurements” section,
this chapter).

Traces of other minerals have been observed only locally in
samples from Sites 834 (celadonite, stilpnomelane) and 839 (talc,
analcime/chabazite). Dark green celadonite appears as a devitri-
fication product in vesicles. White analcime/chabazite was ob-
served partly filling vesicles and replacing the groundmass in a
few samples of Unit 1 in Site 839. On a fracture of a single
hand-specimen of the same unit, talc could be identified, exhibit-
ing an unusual white, soft, globular form.

The least altered rocks occur in Units 2-9 of Site 839. Here,
the localized breakdown of volcanic glass is the only observed
alteration feature, accompanied by an early stage of yellow smec-
tite and minor iron-hydroxide formation.
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Figure 22. Harker diagrams for volcanic rocks from Leg 135 backarc sites. All oxides in weight percent.

Arc and Forearc Summary
Sites 840 and 841 Summary

Site 840 is located on the Tonga Ridge between Tongatapu and
Ata, and Site 841 is located near a trench-slope break approxi-
mately 30 km west of the axis of the Tonga Trench and 60 km east
of the crest of the Tonga Ridge at a water depth of 4825 m. One
of the principal objectives at both sites was to recover a sequence
of volcaniclastic sediments spanning the Eocene to the Pleisto-
cene volcanic history of the Tonga region. Volcaniclastic and
lithic sediments of middle Pleistocene, upper Miocene, lower
middle Miocene, lower Oligocene, and upper Eocene age were
recovered. The initial sedimentologic and biostratigraphic data do
not show any obvious, long hiatuses in arc volcanism in the
region. The recovered materials include basaltic andesites to
siliceous pumices. Shore-based investigations of their composi-
tions should provide some detailed constraints on the chemical
and petrologic evolution of the arc since the latest Eocene.

The second major objective of forearc Site 841 was to deter-
mine the age and composition of the forearc basement. In particu-
lar, determining the identity of the basement was critical for
testing hypotheses for the origin of the forearc as a trapped
fragment of old oceanic crust or as an Eocene arc volcanic com-
plex equivalent to the basement on 'Eua.
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Two major igneous sequences were recovered from Hole
841B. The first (Unit 1, 324,76-497.68 mbsf) is a sequence of
nine basaltic andesite intervals within upper Miocene and lower
middle Miocene volcanic siltstones and sandstones. The contacts
between the basaltic andesites and sediments include chilled mar-
gins in the volcanics, hyaloclastite breccias, and indurated sedi-
mentary material, all suggesting intrusion of the volcanics into the
sedimentary pile. Chilled margins suggest intrusion as relatively
steep dikes and flatter lying pillows or possibly sills. Their occur-
rence in upper Miocene sediments indicates that volcanism and
heating is possible in forearc regions much later in the history of
an arc than has generally been recognized. The basaltic andesites
are extensively veined. Thaumasite, and a suite of sulfide minerals
including mainly pyrite with lesser marcasite and chalcopyrite,
fill the veins. The pyrite in the veins has abundant silicate inclu-
sions and is rimmed by at least two generations of marcasite.
Pyrite and chalcopyrite also occur as secondary sulfide minerals
in the ground mass. Prehnite is a common secondary mineral in
the sediments intruded by the basaltic andesites.

The second major igneous sequence recovered at Site 841
(Units 2 through 6, 605.05-815.1 mbsf) comprises a series of
low-K rhyolites, rhyolitic tuffs, breccias, welded tuffs, and lapilli
tuffs and appears to constitute volcanic basement in this part of
the forearc. Evidence for welding in some of the rhyolitic clasts
and tuffs and the complete absence of interbedded sediments and
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Figure 22 (continued).

fossil flora or fauna indicate subaerial emplacement. The silicic
rocks are structurally overlain by upper Eocene shallow-water
calcareous volcanic sandstones with reef fauna (approximately 38
Ma). The eruptives are predominantly low-K,O rhyolites; they
generally have lower Ba contents than do similar high-SiO, pum-
ices from the modern Tonga Arc (Hawkins, 1985) and pumices in
Miocene to Pleistocene sediments recovered at Site 840. The
rhyolitic breccias are locally kaolinitized and illitized, accompa-
nied by extensive disseminated sulfide mineralization. Pyrite,
occasionally with pyrrhotite inclusions, is the dominant ore min-
eral. In the lowermost part of the section, magnetite(?) was ob-
served rimming pyrite and filling cracks.

The identification of these rhyolitic eruptives is important in
several regards. First, their inferred subaerial origin indicates that
this portion of the forearc was at or above sea level when erupted
and has subsequently subsided over 5000 m. The age of eruption
is not known, but the oldest sediments overlying the rhyolitic
volcanics are of late Eocene age. These late Eocene calcareous
volcanic sandstones are probably faulted against the volcanics but
they contain abundant rhyolitic debris that must have been eroded
from a nearby source. The absence of any older reworked fauna,
the lack of any flora or fauna within the volcanic sequence, and
the lack of any radiometric or biostratigraphic ages older than
mid-Eocene from any part of the Tonga Ridge, forearc, or Trench
all suggest that the upper Eocene is a reasonable minimum age for
the rhyolitic volcanic complex.
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This thick, high-SiO, eruptive complex is unusual in an intra-
oceanic island arc. High-silica rocks do occur in the Pacific (e.g.,
on Saipan and in the Mariana forearc; Meijer, 1982; Bloomer,
1983), but most are dacitic and few form true ignimbritic com-
plexes. There are two hypotheses that we have considered for the
origin of this low-K rhyolitic complex. The first is that they are
part of a mid-Eocene volcanic complex that formed during the
initial phases of subduction in the Tonga system. This arc plat-
form then formed the foundation for the Tonga platform and Lau
Ridge.

Although intraoceanic arcs may indeed produce high-SiO,
eruptives, perhaps in part by remelting or older arc material, the
position and composition of the forearc basement rocks raises the
intriguing second hypothesis that the Site 841 silicic complex is
related to similar rocks from rhyolitic complexes in northeastern
Australia and the Lord Howe Rise in the Tasman Sea. In DSDP
Hole 207 on the Lord Howe Rise (Burns and Andrews, 1973), 140
m of Late Cretaceous (93.7 + 1.2 Ma) rhyolitic lavas was encoun-
tered. The rhyolites, tuffs, and fragmental rocks are interpreted as
having formed subaerially or in shallow water (van der Lingen,
1973). The bottom of the rhyolitic series was not reached; they
are overlain by Upper Cretaceous (Maestrichtian) silty claystone
deposited in a shallow-marine environment (van der Lingen,
1973; Burns and Andrews, 1973). Cretaceous rhyolites are also
recorded from New Caledonia (Paris and Lille, 1977). The Lord
Howe Rise and New Caledonian sequences are both overlain by
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Figure 23. Incompatible element variation diagrams for volcanic rocks from Leg 135 backarc sites. Reference field for Tonga-Kermadec arcs is from
Ewart and Hawkesworth (1987); MORB fields are based on reference sources in Sun and McDonough (1989). Small open circles are values for Lau
Basin volcanics from Ernewein et al. (in press); other symbols as in Figure 22.

dolomite and shallow-water detrital sediments of Coniacian-Cam-
panian age (89-72 Ma; Paris and Lille, 1977). Both of these
occurrences are interpreted as associated with the formation of a
small rift basin along the extension of the present eastern Austra-
lian coast, which preceded the break-up of eastern Australia and
the opening of the Tasman Sea (Wilcox et al., 1980).

The occurrence of such a Cretaceous crustal fragment in the
Tonga forearc would require a major reevaluation of tectonic
models for the Southwest Pacific. Both the Australian and Tasman
Sea occurrences are Cretaceous in age, however. As no fossilifer-
ous horizons were encountered within the Site 841 rhyolitic units,
their age is unknown, except as pre-upper Eocene. Moreover, no
fauna or flora older than the upper Eocene have been identified
anywhere in the Tonga region (e.g., Vallier et al., 1985; Cawood,
1985).

Physical Properties
Index Properties and Compressional Wave Velocity

Physical property gradients of sediments sampled in the Lau
Basin, particularly at Sites 834 through 837, were negligible
within the sediment column. Observed variations in physical
properties were related to distinct changes in lithology. For exam-
ple, the nannofossil ooze recovered in the backarc sites displayed
a constant density of about 1.5 g/fcm?, water contents and porosity
of about 120% and 80%, respectively, and compressional wave
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velocities of about 1500 m/s. Turbidite layers showed signifi-
cantly greater values in both density and compressional wave
velocity; vitric ash layers were marked by lower bulk density.
Sites 838 and 839 showed considerably more variation in physical
properties than the earlier backarc sites because the lithologies
recovered were more varied. Nannofossil ooze was the dominant
lithology recovered at all sites, but Sites 838 and 839 had a larger
percentage of silt and sand interbeds within the nannofossil ooze
than the backarc sites. Water content (and related properties)
correlated positively with the carbonate content of the sediments.
Nannofossil ooze, the dominant lithology, had a higher water
content, porosity, and void ratio and a lower compressional wave
velocity than did silts and sands, which resulted in oscillating
values of index properties and compressional wave velocity.

The absence of physical property gradients within the sedi-
ment column and, in the case of Site 833, an increase in water
content, porosity, and void ratio and a decrease in density values
below 150 mbsf suggest that the fluid is carrying a significant
portion of the overburden load, thus preventing normal consoli-
dation of the sediment in the backarc sites. In addition, the high
water content of the sediment below 150 mbsf and above the
basalts in Site 835 suggest that fluid is migrating laterally between
the sediment and basalt.

Changes in density and velocity of the basalts sampled in the
Lau Basin are related to the degree of vesicularity and, therefore,
the effective porosity of the basalts. Basalt velocities measured
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Figure 24, A. Vesicularity distribution in volcanic rocks from the Lau
Basin based on point-counted modal data on 62 samples. B. Summary of
phenocryst percentages in volcanic rocks from the Lau Basin based on
point-counted modal data,

on discrete samples ranged from 3600 to 4500 m/s in vesicular
basalts and from 4500 and 5400 m/s on very dense basalt samples.
All of the basalts were isotropic with respect to velocity.

At Sites 840 and 841, the rapid lithologic changes in the
turbidites lead to wide variations in index properties and compres-
sional wave velocity. At Site 840, the turbidite signature was a
gradual increase upward in velocity, density, and related proper-
ties in marked contrast to the usual decreasing upward values
found in sand-shale turbidites. The increasing-upward values are
a consequence of the large grain-size fraction predominantly
composed of vitric and pumiceous volcanic grains with large pore
spaces.

One of the primary goals of drilling Site 840 in the Tonga
forearc was to penetrate a horizon identified on seismic reflection
data as an unconformity. The horizon was mapped at about 0.4 to
0.45 s TWT at the drill site. This reflector, termed Horizon A, was
presumed to mark a period of erosion or nondeposition within the
sedimentary sequence and was interpreted by Scholl et al. (1985)
to have formed during separation of the Lau Ridge from the Tonga
forearc. No pronounced lithologic break or paleontologic break
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was found in the drilled section at a depth corresponding to the
observed seismic reflection time for Horizon A. However, a
significant velocity and density break at 383 mbsf falls at a
two-way traveltime of 0.42 s, or almost exactly at the seismo-
stratigraphic level of Horizon A. Furthermore, we note that the
Horizon A seismic reflector corresponds to the zone of sediment
alteration and an increased smectite content that extends from
about 383 to about 420 mbsf.

Physical properties measured from Tonga forearc Site 841
samples reflect structural changes as well as lithologic changes
within a sedimentary section. For example, a basalt dike at 390 to
395 mbsf prevents the sediment immediately beneath it from
consolidating normally. This is reflected in the increased water
content and associated index properties below the structure.
Faults also have an effect on physical properties. In Hole 841B,
the values for density, compressional wave velocity, and thermal
conductivity decreased and the water content, porosity, and void
ratio increased significantly at about 460 mbsf, an intersection
with a major fault. A similar drop in measured values occurred
below 610 mbsf, the depth of a second fault, although “normal™
consolidation occurred below this fault.

Thermal Gradients and Calculated Heat Flow

Considerable variability is evident in the temperature gradi-
ents and calculated heat flow values from the Lau Basin sites
(Table 3 and Fig. 25). Thermal gradients range from a low of
0.7°C/100 m at Site 839 to a high of 8.7°C/100 m at Site 838. The
heat flow values display a similar pattern. The heat flow measured
in all the backarc sites is low when compared with the theoretical
heat flow values of 175 to 200 MW/m? predicted for young crust
(Anderson et al., 1977). This suggests that the sediments are not
thick or diagenetically altered enough to function as a barrier to
fluid-flow exchange between the sediments and seawater and that
the fluid circulation in the backarc is sufficient to dissipate large
amounts of heat.

In contrast, thermal gradients from the two forearc sites are
similar to each other and to two earlier measurements from the
Tonga forearc (Maung et al., 1981). The sediment cover is much
thicker and undoubtedly impedes free fluid circulation, thus pre-
venting heat dissipation.

Downhole Measurements

Operations Summary

During Leg 135, eight sites were drilled, and six of these sites
were logged with either a partial or full set of logging tools. All
logging tool strings were run at Holes 834B and 839B; the quad
combination (or its component parts), the geochemical tool, and
the FMS were run at Holes 838B and 840B; and only the quad
tool and the FMS were run in Holes 835B and 841C. No logs were
run at Sites 836 or 837.

Backarc: Sites 834, 835, 838, and 839

Sites in the Lau Basin are similar in that they penetrate varying
thicknesses of nannofossil-ooze-dominated sedimentary se-
quences and then core into the underlying basalt; the exception is
Site 838, which bottoms in sediment. However, only a short
section of basalt was drilled at Site 835, and the logging tools
obtained measurements in only the uppermost part of that short
section, Thus, results for basalt logging are mainly confined to
Sites 834 and 839.

In the holes that were logged (834B, 835B, 838B, and 839B),
the logs commonly showed variable values within ash, vitric sand,
vitric gravel, and carbonate turbidite units, and showed only small
variations within nannofossil ooze sections between turbidite
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Table 1. Average analyses of representative units from backare sites drilled during Leg 135,

Site 834 834 834 834 834 834 835 836 836 837 839 839 839 839

Unit 2 5 6 7 10 12 1 4 5 1 1 3 4 9
Major elements (wi%):

Si0, 50.70 50.27 51.28 49.79 53.68 52.15 50.25 48.74 52.11 55.17 52.64 50.42 51.64 5398

TiO, 1.41 1.11 1.59 1,23 1.80 2.09 1.14 0.76 1.16 1.35 0.62 0.58 0.57 0.83

Al,O4 16.34 16.99 16.36 17.56 16.46 15.43 16.42 16.39 15.38 14.71 15.00 12.63 14.33 16.69

Fea04 10.39 8.98 10.32 8.76 10.77 13.61 9.90 9.24 12.44 12.66 10.02 10.16 9.42 10,93

MnO 0.15 0.14 0.17 0.13 0.16 0.18 0.16 0.14 0.20 0.21 0.17 0.17 0.17 0.18

MgO 6.33 8.39 5.59 7.67 3.62 3.83 7.53 8.85 5.35 341 9.28 14.74 9.72 4.84

Ca0 11.28 11.74 10.73 12.15 8.52 8.29 12.59 14.01 10.62 8.00 11.68 10.93 13.64 10.35

Na, O 3.08 2.61 350 2.62 3.99 3.90 1.94 1.88 224 2.62 1.35 1.24 1.15 1.95

K,0 0.30 0.12 0.40 0.06 0.56 0.44 0.22 0.05 0.32 0.69 0.25 0.29 0.22 0.50

Py05 0.16 0.11 0.20 0.11 0.24 0.20 0.11 0.05 0.11 0.16 0.07 0.07 0.04 0.10
Trace elements (ppm):

Nb 2 | 2 1 2 2 1 1 1 2 1 I 1 1

Zr 108 86 137 96 166 149 46 47 58 76 30 33 27 48

Y 29 23 37 26 48 41 23 18 26 36 15 14 15 20

Sr 203 176 182 163 178 193 133 224 150 161 144 146 117 196

Rb 4 1 7 | 9 8 4 2 5 10 9 4 3 7

Zn 64 42 72 47 95 110 63 44 88 104 99 76 105 74

Cu 66 81 6l 68 42 46 84 109 109 40 54 56 51 89

Ni 7 84 46 97 17 9 73 116 28 4 137 308 92 17

0 23 171 108 288 6 0 162 312 17 0 624 1456 445 14

A 285 200 266 200 305 373 275 241 415 322 287 243 256 EEE]

Ce 14 8 14 10 18 13 7 7 13 12 7 10 6 11

Ba 55 47 45 17 63 64 42 16 53 86 62 57 44 102
Ratios:

Ba/Zr 0.51 0.55 0.33 0.18 0.38 0.43 0.91 0.34 0.91 1.13 207 1.72 1.6 2.13

K/Ba 45 21 74 29 74 57 43 26 50 67 33 42 42 41

Y 37 7 37 3.7 3.5 3.6 20 2.6 2.2 2.1 2.0 24 1.8 24

Zr/Nb 54 86 68 96 83 74 46 47 58 38 30 33 27 48

Notes: Oxide values are given in weight percent, trace elements in ppm. For comparative purposes, analyses include N-type (normal) and T-type (transitional) Lau
Basin basalts from Hawkins and Melchior (1985); average Tonga and Kermadec Arc basaltic andesites from Ewart and Hawkesworth (1987); and analyses from
the Intermediate Lau Spreading Center (ILSC) and Eastern Lau Spreading Center (ELSC) from Emewein et al. (in press).

units. Within the turbidite units, velocity, density, and resistivity
all tended to show increased values, responding to the higher grain
size and density within the turbidites, whereas porosity decreased.

The most detailed variations were recorded on the FMS im-
ages, which showed light to dark banding in turbidite units, with
low resistivities (and thus dark bands) characteristic of nanno-
fossil oozes, and high resistivities (light bands) characteristic of
ash or calcareous turbidite horizons. Regions of mottled images
tended to be associated with thick, volcaniclastic gravels and are
clearly differentiated from the uniform response of relatively
featureless nannofossil oozes (e.g., at Site 838). Mottled textures
may also correlate to disrupted bedding or conglomeratic beds
(e.g., within and around slumped units at Site 835).

The FMS data were processed for dip information. Dips at Site
834 tended to be horizontal to dipping 1°-2°, and at Site 835, dips
on both measured cores and FMS data tended to lie between 0°
and 10°. At Site 838, the FMS data delineated a fracture zone with
amaximum dip of 75° separating gently dipping beds above from
bedded sediments with 15°-30° dips below,

All the logs showed large variations in the transition from
sedimentary rocks to basalt, with large increases in velocity,
density, resistivity, and geochemical values as well as gamma-ray
intensities. The logs are even more valuable in delineating the
depth and thickness of sedimentary rocks interbedded within the
volcanics at Holes 834B and 839B. Some of these sedimentary
interbeds were not sampled during coring and thus were not
recognized until the logging data were available.

Logging data clearly correspond to changing petrological and
physical characteristics within the basalts. In Hole 834B, for
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example, the transition from probable fractured and rubbly pillow
lavas at flow margins to the more solid flow interior was accom-
panied by distinct changes in the velocity, density, and resistivity
logs. The pillow lavas tended to correlate with widened areas in
the hole recorded by the caliper logs, whereas the solid flow unit
tended to maintain a narrow, straight hole. The characteristic
signature thus formed is a wide, extremely rugose hole that
narrows downward.

The FMS images in the basalts show numerous regions of
fracturing, both horizontal and vertical. Although no positive
pillows were identified, rounded forms are common within the
images and may be the edges of pillows. The FMS images com-
monly suffer from hole size and rugosity in the basalt sequences,
however, as the numerous washouts and rapid size changes re-
sulted in large segments of poor quality images.

Tonga Ridge and Forearc: Sites 840 and 841

Logs from Hole 840B all show significant variations that
correlate with changes in the lithology of the drilled section. In
particular, increases in velocity, density, and resistivity and a
decrease in porosity at 383 mbsf correlate with the zone of
sediment alteration where pore space is filled with clay cement.
The gamma-ray and Fe geochemical log also display correspond-
ing changes, reflecting the increased clay content of the section.
The changes were recognized in the shipboard physical properties
data, but they are more completely observed in the logging data.
When velocity data are combined with depth to yield a time-to-
depth conversion, the changes in the logging values from 383
mbsf are seen to occur at about 0.4-0.42 s on our single-channel



Table 1 (continued).
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Site Lau Basin  LauBasin  Tonga Kermadec  CD33-DI§  CD33-D25
123-74-1 Ant 225-1  basaltic basaltic
Unit N-type T-type andesite andesite ILSC ELSC
Major elements (wt%):
5105 50.24 53.59 52.80 52.83 48.2 52.53
Ti0, 0.76 1.05 0.51 0.90 1.14 1.94
AlyO5 15.80 14.56 16.96 16.98 16.94 13.87
Fe,04 10.13 12.82 10.91 12.07 9.90 14,40
MnO 0.21 0.21 0.18 0.20 016 0.22
MgO 7.39 5.27 5.33 4.68 10.12 4.09
CaO 13.37 10.22 11.36 9.78 11.68 8.25
Na,O 2.10 2.34 1.56 2.19 243 3.05
K;0 0.11 0.17 0.34 0.30 0.04 0.29
P05 0.09 0.11 0.07 0.06 0.04 0.17
Trace elements (ppm):
Nb 3 7 0.56 0.76 0.75 2.1
Zr 40 45 18 39 50 115
Y 21 26 12 21 245 44.8
Sr 166 98 196 174 103 98
Rb 2 0.5 4.4 4.9 <2 4
Zn 40 84 92 70 126
Cu 89 107 133 111 39
Ni 94 33 23 16 209 9
Cr 300 50 54 27 423 7
\Y 305 346 258 518
Ce 5.1 3.7 6.2 5.4 12.91
Ba 10.8 32.5 88 111 16 34.5
Ratios:
Ba/Zr 0.27 0.72 4.89 2.35 0.32 0.30
K/Ba 85 43 32 22 21 70
ZrfY 1.9 1.7 1.5 1.9 2.0 2.6
ZrfNb 13 6 32 51 67 55
Table 2. Secondary minerals observed in Holes 834-839.
Hole 834 Hole 835 Hole 838 Hole 837 Hole 839 Hole 836
(106-435 mbsf) (155-183 mbsf) (150-259 mbsf) (80-100 mbsf) (218-517 mbsf) (17-58 mbsf)
(8.8°-25.3°C) (5.9°-6.3°C) (16.6°-26.0°C) (5.2°-5.6°C) (5.0°-7.2°C) (no data)
Clay minerals Clay minerals Quartz, opal? Clay minerals Clay minerals Clay minerals
Palagonite— Palagonite— Zeolites Palagonite— Palagonite— Palagonite—
smectite smectite Calcite smectite smectite smectite
Cubic zeolites + zeolite-rim Fe-hydroxide Iddingsite Fe-hydroxide
Calcite veins Dark green Zeolites Aragonite in cavities
Iddingsite Vein infilling Analcime/chabazite?  Zeolites
Fe-hydroxide (sepiolite?) Aragonite in cavities
Celadonite?
Chrysotile? Remarks: Remarks: Remarks:
Stilpnomelane? No interbedded Interbedded Interbedded
sediments sediments; sediments
Remarks: Remarks: Remarks: talc on fractures
Interbedded No interbedded Poor recovery;
sediments sediments 600 uM Si in pore water;

highest temperature
gradient (8.7°C/100 m)

Note: Minerals have been listed from the westernmost to the easternmost location and include depths and estimated borehole temperatures.

seismic reflection profiles. The seismic unconformity at that trav-
eltime was interpreted as being related to the time of break-up of
the Tonga Ridge and the initial opening of the Lau Basin; this was
the primary target of drilling at Site 840. Previous interpretations
(by Scholl et al., 1985) that relate this horizon to the earliest rifting
and formation of the Lau Basin require modification.

All of the logs from Hole 840B contain a high degree of
variability about average values that may be caused by the large

lithologic changes within the turbidite units comprising the drilled
section. Velocity, density, and resistivity lows and porosity highs
coincide with the coarse, volcaniclastic-rich lower part of the
turbidite units and reflect the large amount of pore space within
these vitric sediments. The typical downlog profile of the turbi-
dites is a sawtooth with gradually increasing velocity, density, and
resistivity, followed by a sharp break to lower values. This is the
opposite to what is normally observed in nonvitric, sand-domi-
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Table 3. Calculated heat flow for
Leg 135 forearc and backarc

sites.
Temperature  Calculated
gradient heat flow
Site  (°C/100m)  (mW/m?)
Backarc:
834 5.0 50.0
835 1.5 14.5
837 2.1 244
838 8.7 50.6
839 0.7 9.3
Forearc:
840 29 27.5
841 2.8 29.5

Temperature (°C)
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Figure 25. Thermal gradients observed at Leg 135 sites.

nated turbidites, in which the sand component causes high veloc-
ity, density, and resistivity values at the base of the section,
gradually decreasing upward.

High-quality FMS images were obtained between 250 and 516
mbsf that show spectacular banding within the turbidite section.
Images from the upper part of the hole between 87 and 250 mbsf

were degraded by the large hole size and rugosity. In the sequence
imaged below 250 mbsf, high-resistivity light bands correlate
with the fine-grained turbidite chalk tops, and dark low-resistivity
bands correspond to the vitric- and volcanic-rich turbidite bases.
Banding within the FMS images may eventually permit corre-
lation of individual turbidite units sampled in the cores with the
units seen on the images, thus allowing us to make better estimates
of unit thickness and depth. This, in turn, will permit detailed
studies of sedimentation rates and lithologic changes within tur-
bidite units or groups of units.

High-quality dipmeter data was also obtained from the FMS
data. From 250 to 516 mbsf, the dip is extremely consistent and
averages about 2° from 250 to 350 mbsf, then gradually increases
to about 4.5° by 500 mbsf. The range of values is up to 10°, but
most of the values are within 2° of the average. The dip azimuth
averages 0° from 250 to 400 mbsf, with a range of about 30° west
and east. The azimuth gradually changes to a slightly western
direction beginning at about 350 mbsf and averages about 345° at
the base of the hole.

Hole 841B was logged with the quad and FMS tools. The
geophysical logs show changes that delineate the location of the
mafic igneous intrusions identified as dikes or sills within the
sedimentary section. These logs also show changes associated
with the fault at about 455 mbsf. The FMS data also image this
fault, and dip information from the FMS data indicate the presence
of an unconformity at around 555 mbsf.
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