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ABSTRACT

The sedimentary succession drilled at Sites 840 and 841 on the Tonga forearc allows the sedimentary evolution of the active
margin to be reconstructed since shortly after the initiation of subduction during the mid Eocene. Sedimentation has been dominated
by submarine fan deposits, principally volcaniclastic turbidites and mass-flows derived from the volcanic arc. Volcaniclastic sedi-
mentation occurred against a background of pelagic nannofossil sedimentation. A number of upward-fining cycles are recognized
and are correlated to regional tectonic events, such as the rifting of the Lau Basin at 5.6 Ma. Episodes of sedimentation dating from
16.0 and 10.0 Ma also correlate well with major falls in eustatic sea level and may be at least partially caused by the resulting
enhanced erosion of the arc edifice. The early stages of rifting of the Lau Basin are marked by the formation of a brief hiatus at Site
840 (Horizon A), probably a result of the uplift of the Tonga Platform. Controversy exists as to the degree and timing of the uplift
of Site 840 before Lau Basin rifting, with estimates ranging from 2500 to 300 m. Structural information favors a lower value. Breakup
of the Tonga Arc during rifting resulted in deposition of dacite-dominated. volcaniclastic mass flows, probably reflecting a maximum
in arc volcanism at this time. A pelagic interval at Site 840 suggests that no volcanic arc was present adjacent to the Tonga Platform
from 5.0 to 3.0 Ma. This represents the time between separation of the Lau Ridge from the Tonga Platform and the start of activity
on the Tofua Arc at 3.0 Ma. The sedimentary successions at both sites provide a record of the arc volcanism despite the reworked
nature of the deposits. Probe analyses of volcanic glass grains from Site 840 indicate a consistent low-K tholeiite chemistry from
7.0 Ma to the present, possibly reflecting sediment sourcing from a single volcanic center over long periods of time. Trace and
rare-earth-element (REE) analyses of basaltic glass grains indicate that thinning of the arc lithosphere had begun by 7.0 Ma and was
the principle cause of a progressive depletion of the high-field-strength (HFSE), REE, and large-ion-lithophile (LILE) elements
within the arc magmas before rifting. Magmatic underplating of the Tofua Arc has reversed this trend since that time. Increasing
fluid flux from the subducting slab since basin rifting has caused a progressive enrichment in LILEs. Subduction erosion of the
underside of the forearc lithosphere has caused continuous subsidence and tilting toward the trench since 37.0 Ma. Enhanced
subsidence occurred during rifting of the South Fiji and Lau basins. Collision of the Louisville Ridge with the trench has caused no
change in the nature of the sedimentation, but it may have been responsible for up to 300 m of uplift at Site 840.

INTRODUCTION

The Tonga forearc of the southwest Pacific Ocean represents a
classic example of an intraoceanic forearc terrain. The Tonga arc sys-
tem occurs along a nonaccretionary destructive plate margin where
subduction has been continuous and west-dipping since its initiation
in the mid Eocene (Hawkins et al., 1984). Ocean Drilling Program
(ODP) Leg 135, by drilling the Tonga forearc basin, has provided an
excellent opportunity to chart its sedimentary evolution and to relate
this to tectonic and magmatic processes at the plate boundary. Two
sites were drilled during Leg 135: one on the Tonga Platform (Site
840), and another on the upper trench slope (Site 841). Particular
questions that were addressed by the drilling include the relationship
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between backarc spreading in the Lau and South Fiji basins to forearc
sedimentation, the role of subduction erosion/accretion in subsidence,
and sedimentation, the provenance of the volcaniclastic sediments
and their relationship to the arc volcanism, and the effect of eustatic
sea-level changes on the sedimentary evolution.

Site 840 did not reach igneous basement; however, by attempting
to reach a Miocene seismic disconformity within the succession (Ho-
rizon A; Austin et al., 1989), results achieved at this site provide a
detailed record of the last 7.0 m.y., including the critical pre- and
syn-rift period of Lau Basin opening (Parson, Hawkins, Allan, et al.,
1992). Site 841 allows the long-term sedimentary history of the forearc
to be examined, as Hole 84IB reached basement after penetrating a
condensed section of late Eocene to present age. The goal of this paper
is to summarize the principle features of the sedimentary sections
drilled at Sites 840 and 841 and to comment on their implications for
sedimentation in active margin environments, arc magmatic and chem-
ical evolution during backarc basin formation, as well as changes in
eustatic sea level.

Site 840 is located on the flank of the Tonga Platform (Fig. 1)
approximately 45 km east-northeast of Ata Island. At this site the
platform is about 60 km wide at the 1000 m isobath. The water depth
is 743 m at Site 840, deepening to more than 10,000 m eastward
(Tonga Trench) and to approximately 2,500 m westward (Lau Basin).
Toward the west the general trend of increasing water depth is broken
by the linear chain of seamounts and volcanoes of the Tofua Arc. Site
841 is located on the upper trench slope west of the axis of the Tonga
Trench (Fig. 1) in a water depth of 4810 m. The site is 150 km east of
the volcanic island of Ata and 235 km southeast from the uplifted
coral platform of Tongatapu.

The forearc has been affected by almost continuous extensional
deformation since the Eocene (MacLeod, this volume). In particular,
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Figure 1. Map showing location of ODP sites drilled in the Lau backarc basin, western Pacific, during Leg 135. Also shown are the main geological
features of the Tonga Trench and Lau Basin system. Islands shown are Tongatapu (T), 'Eau (E), 'Ata (A), Upolu (U), Vava'u (V), and Niuafo'ou
(NF). Locations of the Central Lau (CLSC) and East Lau (ELSC) spreading centers, Valu Fa Ridge (VF), and Mangatolu Triple Junction (MTJ)
are also shown.
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the volcanic arc has been rifted twice during formation of backarc
basins: the South Fiji Basin (37.0-24.0 Ma; Weissel and Watts, 1975)
and the Lau Basin (6.0-0.0 Ma; Parson, Hawkins, Allan, et al., 1992).
In each case, the forearc was separated from its volcanic arc, which
then formed a remnant arc before volcanic activity recommenced on a
new volcanic arc on the trench side of the basin. Thus, before the
initiation of rifting and backarc seafloor spreading in the Lau Basin,
the Lau and Tonga Ridges would have formed a single magmatic arc/
forearc succession (Packham, 1978; Hawkins et al., 1984). The two
sites drilled during Leg 135 allow comparisons to be made across the
forearc and provide the opportunity to examine the rift and immediate
pre-rift history at Site 840, whereas the more condensed section at Site
841 records the late Eocene-early Miocene history not reached at Site
840. Apart from the shallow-water carbonates of late Eocene-early
Oligocene age at Site 841, sedimentation has been characterized by
a pelagic, usually carbonate, background component with variable
amounts of volcaniclastic input. Throughout the Miocene, discontinu-
ous deposition of volcaniclastic sediment and associated pelagic/hemi-
pelagic sediments occurred in the forearc region of the Lau Ridge
(Scholl et al., 1985; Herzer and Exon, 1985). After 5.0 Ma, the Tonga
Platform (Site 840) evolved into a gently subsiding, shallow-marine
carbonate platform, whereas the upper trench slope at Site 841 contin-
ued subsidence and sediment starvation.

THE SEDIMENTARY SEQUENCES

Sedimentology

Site 840

The sedimentary sequence recovered at Site 840 is 597.30 m thick
and is divided into three lithostratigraphic subunits (Fig. 2A; see
Parson, Hawkins, Allan, et al., 1992, pp. 500-520). Unit I (0-109.98
mbsf; upper Pliocene to upper Pleistocene) consists of clayey nanno-
fossil oozes and vitric nannofossil oozes with clay. Vitric silts and
sands, pumiceous gravels, and pyroclastic deposits occur in subordi-
nate amounts. The dominant lithology in the upper part of Unit I is soft,
homogeneous, pelagic, white to light brownish gray, clayey nannofos-
sil ooze. Bioturbation is pervasive in the lower part of the unit but de-
creases upward. The carbonate content of the pelagic sediments ranges
from 50% to 86%. Foraminifers are generally well preserved and abun-
dant, and bioclasts include shell fragments and echinoderm spines.

The lithostratigraphic boundary between Units I and II is marked
by a sharp downward transition at 109.98 mbsf from structureless nan-
nofossil ooze to indurated highly bioturbated pelagic and hemipelagic
marl. Unit II (109.98-260.50 mbsf; upper Pliocene to upper Miocene)
contains three depositional cycles fining upward from predominantly
unlithified pumiceous gravels into predominantly indurated nannofos-
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Figure 2. Simplified sedimentary log of the section at Sites 840 (A) and 841 (B). Logs derived from recovered core and associated FMS imaging (Clift, this volume).
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sil chalk. Volcaniclastic sediments typically consist of vitric sand and
sandstone with sharp sporadically scoured basal contacts. This lithol-
ogy fines upward into vitric silt or siltstone. The upper contact of the
volcaniclastic sediments with the pelagic marl or marlstone is usually
obscured by pervasive bioturbation. The CaCO3 content of the marls
and marlstones ranges from 53% to 41%, with a decreasing content
downhole. Carbonate bioclasts are absent in Unit II, and foraminifers
are poorly preserved and decrease in abundance downhole.

Unit III (260.5-597.3 mbsf; upper Miocene) consists of an indu-
rated sequence of vitric and volcanic siltstone and sandstone turbidites,
interbedded with highly bioturbated silty marlstones. The transition
from Unit II to Unit III is marked by a rapid fining of the section from
a sequence dominated by coarse volcanic sands and gravels above
260.5 mbsf to one dominated by pelagic chalks and volcaniclastic silt
below. In the lower part of the unit, beds of volcanic breccia and vol-
canic conglomerate also occur. A majority of the turbidites show sharp,
planar basal surfaces, but undulating, scoured basal surfaces. Surfaces
with load casts are also common. Downhole through Unit III, individ-
ual turbidites show an increase in thickness and both the average and
the maximum grain size of clasts in the turbidites increases. The pelagic
intervals show no systematic variation in bed thickness vs. depth;
however, the carbonate content decreases from a maximum of 50%
near the top of the unit to a low of 24% near the base as clay becomes
an increasingly dominant constituent of these pelagic intervals.

Site 841

The sedimentary succession recovered at Site 841 is 605 m thick
and is divided into five lithostratigraphic subunits (Fig. 2B; see
Parson, Hawkins, Allan, et al, 1992, pp. 585-598). Unit I (0-56.0
mbsf; middle Pleistocene-Pliocene) is composed of a sequence of
structureless clays, with thin- to medium-bedded turbidites of vitric
sand and vitric silt, as well as primary air-fall ash deposits. Below
17.5 mbsf, nannofossils disappear from the sediments, and the result-
ing clay appears homogeneous over long intervals. At its lower
boundary, Unit I passes down gradationally from volcanic clay into
a volcanic silty gravel and siltstone sequence.

The uppermost part of Unit II (56.0-333.2 mbsf; Pliocene-upper
Miocene) is composed of silty gravel and vitric silt, which passes
downward into clay with glass, vitric clay, vitric silt, vitric sand, and
thin pyroclastic deposits. Below 81.4 mbsf, the sequence consists of
clay, vitric siltstone, clayey siltstone, and vitric sandstone; below
169.8 mbsf the sediments are vitric siltstones and vitric sandstones.
Moving downsection, the proportion of sandstone, as well as bed
thickness and grain size, increases. These deposits show a wide vari-
ety of sedimentary structures (Parson, Hawkins, Allan, et al., 1992,
pp. 589-590).

Unit III (332.2^-58.1 mbsf; upper Miocene) is composed of vol-
canic conglomerate and breccia, vitric sandstone, and vitric siltstone.
The upper part of the unit above 385.0 mbsf shows an upward-fining
trend. Indeed, the transition downward from Unit II is one character-
ized by the appearance of volcanic conglomerate interbedded with
the volcanic siltstones and sandstones below the contact. A basaltic
dike occurs in the middle of the unit, and in the lower part of the unit
there is a fault breccia. Microfaulting is also observed throughout the
unit. The lower boundary of Unit III is a major fault.

Unit IV (458.1-549.1 mbsf; lower middle Miocene) consists of vol-
canic siltstones and sandstones, but below 535.0 mbsf volcanic con-
glomerates and breccias also occur. The deposits are organized in an
overall upward-fining sequence. Tectonic and soft-sediment deforma-
tion occur throughout the unit, and the sediments show a reticulate pat-
tern probably caused by hydrothermal fluid circulation and leaching.
The lower boundary of Unit IV is an unconformity spanning approxi-
mately 13 m.y. The boundary is faulted and consists of a fault breccia.

The upper part of Unit V (549.1-605.0 mbsf; lower Oligocene-
upper Eocene) is composed of clayey, calcareous, volcanic sandstone
with foraminifers, with beds of volcanic conglomerate, sandy clay-

stone, clayey sandstone, and claystone. Below this lies calcareous vol-
canic sandstones, and in the lower part of the unit the dominant lith-
ologies are calcareous volcanic sandstones with large foraminifers and
large foraminifer bioclastic volcanic sandstone. At the base of Unit V
there is a faulted contact with a rhyolitic volcanic complex.

Environment of Deposition

Site 840

The volcaniclastic sediments of Unit III at Site 840 were deposited
as turbidites. Numerous examples of complete Bouma sequences
(Bouma, 1962) occur. The majority of these were probably deposited
from low-concentration flows (e.g., Stow and Shanmugan, 1980;
B0e, this volume). In the lower part of the unit, traction carpet deposits
and turbidites possibly deposited from high-concentration turbulent
flows are also present (e.g., Einsele, 1991; B0e, this volume).

The predominance in the lower part of Unit III of relatively thick
and coarse-grained turbidites with abundant convoluted bedding in-
dicates deposition from large flows in a setting not far from the source
area (B0e, this volume). Thinning and fining of turbidites upward
through Unit III probably resulted from reduced sediment supply
because of waning volcanic activity in the source area. The petrology
of the volcaniclastic grains and the phase chemistry of glass indicates
a decreasing supply of volcaniclastic material from a source of consis-
tent tholeiitic character possibly a single seamount or a volcanic island
(B0e, this volume; see below). Unit III was probably deposited as a
submarine sheet fan system with sediment transport eastward from
the forearc.

The boundary between Units III and II reflects a change back to
more coarse-grained and rapid deposition. The sediments of Unit II are
dominated by thick-bedded pumiceous gravels and sands interpreted
as sediment gravity-flow deposits, predominantly turbidites but debris-
flow deposits may also occur. Close proximity to the volcanic source
is suggested by the large volumes of rhyodacitic pumice deposited
within only 1.5 m.y. In the uppermost 10—15 m of Unit II, the sedimen-
tary sequence is dominated by nannofossil chalks, implying a decrease
in the rate of volcaniclastic sediment supply.

The lower part of Unit I, below 95.0 mbsf, is dominated by nanno-
fossil chalks slowly deposited with minimal terrigenous or volcani-
clastic input. At 95 mbsf, a 1-m.y. biostratigraphic hiatus marks the
boundary toward slowly deposited hemipelagic nannofossil oozes
interbedded with thin volcaniclastic turbidites. In the uppermost part
of the unit, thin pyroclastic fallout tephras occur.

Site 841

The first sediments deposited at Site 841 were the products of
rhyolitic, subaerial volcanism and were deposited as pyroclastic air-fall
tuffs. At the upper boundary of Unit V, a change occurs in the sedimen-
tary sequence that was deposited in a shallow-water marine carbonate
environment. The sequence shows evidence of episodic emplacement
of volcanic sand from a nearby volcanic center (Parson, Hawkins,
Allan, et al., 1992, pp. 594-595) in the form of two major upward-
fining cycles Units III to I and Unit IV.

The sedimentary hiatus between the early Oligocene and the early/
middle Miocene (boundary between Units V and IV) marks a change
toward a upward-fining sequence of volcaniclastic turbidites. Volcan-
iclastic sediments in the lower part of the upper Miocene (Unit II)
again comprise volcanic sandstones and conglomerates deposited as
turbidites and other sediment gravity-flow deposits. These sediments
accumulated rapidly, based on the high density turbidite facies and
the biostratigraphy (Parson, Hawkins, Allan, et al., 1992, pp. 602-
614), probably in a proximal position relative to the source area. Up-
ward, there is a transition into thin- to medium-bedded sands and silts
(Unit II) and finally into clayey siltstones with thin sandstones inter-
preted as distal turbidites. From the late Miocene to the middle Pleis-
tocene, hemipelagic clays with minor interbedded volcaniclastic tur-
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bidites and thin pyroclastic ash layers were deposited (Unit I; Parson,
Hawkins, Allan, et al., 1992, pp. 585-589).

SUBSIDENCE HISTORY

Sediments recovered at Sites 840 and 841 record the complex
interplay of tectonics and eustacy in controlling the sedimentation in
active plate margin settings. Sediment backstripping techniques (e.g.,
Sclater and Christie, 1980) can be used in conjunction with traditional
facies analyses to reconstruct the sedimentary and subsidence history
of the Tonga forearc. Critical in this approach is the accurate dating
of the recovered sections and determination of the paleowater depth
in which the sediments were deposited.

Estimates of water depth were made using the composition of the
microfaunal assemblages their state of preservation (Parson, Hawkins,
Allan, et al., 1992, pp. 523-526 and 602-614), and any associated trace
fossils (e.g., Ekdale, Bromley, and Pemberton, 1984) produced by macro-
fauna not preserved in the core. Clift (this volume) detailed paleowater
depth estimates at each site (Table 1). However, there are two oppos-
ing paleowater depth interpretations for Site 840 (see the following).

According to Clift (this volume), the sedimentary and paleontologi-
cal data at Site 840 suggest that the water depth has remained at approx-
imately the modern value throughout the section cored. This interpre-
tation is based on the pelagic and benthic microfauna assemblage, the
general lack of calcite dissolution (restricting deposition to being above
the lysocline), and the presence of the trace fossil Thalassinoides sp.
within the Zoophycos ichnofacies. Although Thalassinoides sp. is
known to exist as deep as 3000 m (Hayward, 1976), this is rare and it
is generally found in abundance in water depths of less than 600 m.
These features are interpreted by Clift (this volume) as indicating
deposition within a depth range of approximately 300 to 600 m.
Seismic data (Austin et al., 1989) and structural information from cores
point to subsidence of the platform in its present paleogeographic state
by the progressive rotation of the Tonga Platform at Site 840 and rule
out dramatic uplift or subsidence events (Clift, this volume).

Ledbetter and Haggerty (this volume) suggested a different inter-
pretation. Bioturbation is an ubiquitous feature of the pelagic intervals

in the cores recovered from Site 840, particularly in Units II and III.
According to Ledbetter and Haggerty, discrete bioturbated intervals
are comparable to the bathyal and abyssal assemblages described by
Berger et al. (1979) and Ekdale, Muller, and Novak (1984). Planolites
and Thalassinoides burrows show a slight but regular increase in
diameter upcore suggestive of increasing bottom-water oxygenation.
The diameter of the burrows with spreiten show more scatter but
decrease slightly with time. This is interpreted as implying an increase
in bottom-water oxygenation and a corresponding increase in the rate
of oxidation of organic matter in the sediments going upsection in the
upper Miocene (Unit III). Ledbetter and Haggerty considered the
upward increase in bottom water oxygenation to be the result of rapid,
tectonically driven shoaling caused by Lau Basin rifting, effectively
comparable to rift-flank uplift seen in continental rift settings (e.g.,
Keen, 1985).

The carbonate content of the pelagic and hemipelagic sediments
below 120.0 mbsf is uniformly low, and the abundance of foraminifers
decreases downward. Foraminifer preservation is generally poorer
within burrows filled with pelagic sediment derived from the seafloor
than in the redeposited volcaniclastic host sediment (Ledbetter and
Haggerty, this volume). The low abundance and poor preservation of
foraminifers observed in pelagic sediments below 120.0 mbsf is inter-
preted by Ledbetter and Haggerty as a result of dissolution. Foramin-
ifers in redeposited sediments are better preserved because they are
protected from this dissolution by rapid downslope transport followed
by rapid burial. The foraminifer lysocline during the late Miocene was
probably at about 2800 m (van Andel, 1975). This is interpreted as
suggesting that all of the sediments of Unit III were deposited at or near
this depth (Ledbetter and Haggerty, this volume). This dissolution is
seen to finish within Unit II. A conservative estimate of the paleowater
depth would be somewhere between 2000 and 2500 m. The better
preservation and higher abundance of foraminifers above 120.0 mbsf
suggest water depths similar to those found on the Tonga Platform
today (Ledbetter and Haggerty, this volume). This alternative scenario
involves a rapid uplift of around 2000 m of Site 840 during the upper
Miocene-early Pliocene (i.e., during the rifting of the Lau Basin). Clift
(this volume) contested that such large uplift is difficult to reconcile

Table 1. Sedimentary thicknesses, lithologies, ages, and interpreted paleowater depths for
Sites 840 and 841.

Depth to
base of

interval (m)

Site 840:
752.5
771.4
780.9
800.0
819.0
838.7
848.4
935.0

1002.7

1031.8
1041.5
1070.5
1166.9
1340.3

Site 841:
5426.0
5413.9
5370.1
5366.0
5269.5
5096.6
4886.5

Depth to
top of

interval (m)

743.0
752.5
771.4
780.9
800.0
819.4
838.7
848.4

935.0

1002.7
1031.8
1041.5
1070.5
1166.9

5413.9
5370.1
5366.0
5269.5
5096.6
4886.5
4821.0

Age at
base (Ma)

0.50
1.80
1.90
2.65
3.00
3.50
4.90
5.20

5.25

5.30
5.60
5.80
6.50
7.10

37.50
37.30
35.50
16.20
10.00
9.00
5.30

Age at
top (Ma)

0.40
1.70
1.80
1.90
2.65
3.10
4.50
4.90

5.20

5.25
5.30
5.60
5.80
6.50

37.30
35.50
35.00
14.90
9.00
5.30
0.00

Paleowater
depth (m)

740
300-600
300-600
300-600
300-600
300-600
300-600
300-600

300-600

300-600
300-600
300-600
300-600
300-600

0-100
100-2700

2700-3200
100-3800

3900-4200
4200-4500

4800

Lithology

Chalk
Chalk
Chalk
Sandstone
Sandstone
Chalk
Chalk
Conglomerate/

sandstone
Conglomerate/

sandstone
Sandstone
Chalk
Siltstone
Siltstone/chalk
Sandstone

Chalk
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Shale

CCD

4400
4300
4300
4200
4200
4100
4100
4000

4000

4000
4000
4000
4000
4000

3400
3200
3700
4300
3900
4200
4300

Lysocline

3900
3800
3800
3700
3700
3600
3600
3500

3500

3500
3500
3500
3500
3500

2900
2700
3200
3800
3400
3700
3800

Notes: InteΦreted paleowater depths according to the model of Clift (this volume). Two models have been
set forth for Site 840 (see discussion in text),, the first (Model A; Clift,, this volume, tabled here) proposing
consistent moderate depths, and the second (Model B; Ledbetter and Haggerty, this volume) indicating
greater water depths during the Miocene.
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Figure 3. Decompacted and water-unloaded subsidence curves calculated for
the sedimentary section drilled at Sites 840 (A) and 841 (B), showing the sub-
sidence of the basement relative to present sea level. No correction for paleo-
water depth is made.

with the modest post-rift subsidence, as well as the seismic stratigra-
phy of the Tonga Platform (Austin et al., 1989).

The sedimentary section at Site 841, which presently lies at 4850
m, spans a much longer time period, representing 37.0 m.y. Water-
depth determinations are difficult at such extreme depths. Neverthe-
less, the presence of shallow-water foraminifers Discocyclina sp. at
the base of the section provides a precise water depth within the photic
zone at 37.0 Ma (Parson, Hawkins, Allan, et al., 1992, p. 614). How-
ever, by 35.0 Ma the corrosion of nannofossils and the disappearance

of benthic foraminifers indicates that Site 841 had subsided below the
lysocline. Although water depth estimates for the time between 35.0
and 16.2 Ma cannot be made because of a sedimentary hiatus during
this time period, the excellent preservation of nannofossils above the
unconformity indicates that water depths were then above the lyso-
cline. Exactly whether this implies an uplift of Site 841 during the
period of the hiatus or not is debatable because van Andel (1975)
showed that the depth of the carbonate compensation depth (CCD) and
lysocline had deepened significantly in the Pacific between the early
Oligocene and the middle Miocene. Structural information (MacLeod,
this volume, chapter 20) shows a gradual tilting of Site 841 toward the
trench since the start of sedimentation. Although not conclusive, this
fact argues against any dramatic uplift and favors either a small amount
of uplift or even some subsidence over the period of the hiatus. Further
water deepening is demonstrated by a subsequent appearance of cor-
roded nannofossils, and thus deposition close to the CCD (3900 m) by
10.0 Ma, and eventually their final disappearance as Site 841 passes
through the CCD (4200 m) at 5.3 Ma.

Using the water-depth estimates of Clift (this volume), and the age
and lithologic information (Table 1), the subsidence history of the two
sites has been calculated using the backstripping technique of Sclater
and Christie (1980). This reconstruction assumes that the crust behaves
according to Airy isostacy, a condition most likely to be met if the fore-
arc has been in extension throughout the period concerned. The pres-
ence of normal faults throughout the core at Sites 841 and 840 suggests
that this has been the case, except during the collision of the Louisville
Ridge with the section of the Tonga Trench directly opposite Site 841
at approximately 2.0 Ma (Dupont and Herzer, 1985). Because this
would affect only a small section of the reconstruction at Site 841, and
does not seem to have any effect within the errors of the water depth
estimate at Site 840 (Clift, this volume), the isostatic criterion can be
met. Additional compaction of the sediment, above that calculated by
Sclater and Christie (1980) for shallow-water depths, owing to the large
water load at Site 841 is thought to be negligible.

Figure 3 shows the calculated subsidence for the basement at both
Sites 840 and 841 (Clift, this volume). The two curves shown are cor-
rected, first, for compaction only and, second, for compaction and sedi-
ment loading. No attempt has been made to correct for paleowater
depth. As such, these diagrams reflect accumulation rates rather than
subsidence rates. Figure 3 shows rapid deposition at Site 840 up to 5.3
Ma, after which deposition increased for a short time but subsequently
slowed down to a relatively modest rate after 4.9 Ma. In contrast, Site
841 shows three depositional episodes. Modest rates of sedimentation
operated between 37.0 and 35.0 Ma. Sedimentation was probably
continuous from 35.0 Ma until almost 16.2 Ma, when erosion may have
removed large amounts of the section, leaving a fining-upward cycle
dating from 16.2 to 14.0 Ma. Similarly, sedimentation is assumed to
have continued between 14.0 and 10.0 Ma, a period removed by more
recent normal faulting. The upward-fining cycle dating from 10.0 Ma
may thus have been initiated before this time.

Figure 4 shows the sections at each site corrected for variations in
paleowater depth, as well as the corrections applied in Figure 3 (Clift,
this volume). The two curves for each site correspond to minimum and
maximum depth estimates. At Site 840, the minimum and maximum
depths (assuming paleowater depths of 300-600 m) show parallel
trends similar in form to the uncorrected version, reflecting the way
that subsidence at Site 840 has been balanced by sedimentation. The
period up to 5.3 Ma shows rapid basement subsidence, which increases
again after 5.3 Ma and subsequently slows to a gradual decline from
4.9 Ma to the present. The apparent rapid subsidence between 1.69 Ma
and the present is purely the result of a poor water-depth estimate at
1.69 Ma because no major deepening is inferred for this time period
on the basis of the sedimentary evidence (Clift, this volume). Site 841,
however, shows significant differences between the calculated mini-
mum and maximum paleowater depths. Although both curves predict
a major basement subsidence event at 35.5 Ma, a significant discrep-



ancy is present between the two models from 35.0 Ma to the present.
The maximum water depth shows a steady subsidence since 35.0 Ma,
whereas the minimum estimate predicts some basement uplift between
35.0 and 16.2 Ma, and subsequent strong subsidence at 16.2 Ma. As
mentioned previously, structural data (MacLeod, this volume) suggest
a gradual tilting and subsidence of Site 841, thus favoring the maxi-
mum water-depth estimate.

The result of the subsidence analyses (Clift, this volume) at Sites
840 and 841 suggests that subsidence of the Tonga forearc has been
a continuous process since early in the subduction history. Subsidence
is seen to peak at 5.3 and 35.5 Ma, with a possible third event at 16.2
Ma. Interestingly, the events at 5.3 and 35.5 Ma correlate well with
arc-rifting episodes in the active margin, before the formation of the
Lau and South Fiji backarc basins, respectively (Parson, Hawkins,
Allan, et al., 1992; Weissel and Watts, 1975). If subsidence is present
at 16.2 Ma, this does not seem to correlate well with any known tec-
tonic event in the region. Instead, this event may be controlled by ex-
tensional faulting in the forearc, owing to the ongoing subduction
erosion of the plate margin. If a major fault was initiated close to Site

841 at 16.2 Ma, then this might explain the influx of coarse clastic
material as well as any deepening that may have occurred.

Although the influx of coarse clastic material at 10.0 Ma does not
seem to translate into tectonically driven subsidence when water depths
are accounted for, this may reflect the difficulty in making an accurate
water-depth estimate at such depths. One reason for thinking that the
forearc may experience a boost in tectonic subsidence at that time
comes from the rapid subsidence noted at Site 840 that was already
underway at 7.1 Ma (Clift, this volume). According to Clift, the shallow
water depths at this site provide much firmer evidence for subsidence
dating from at least 7.1 Ma and conceivably starting at 10.0 Ma. Exactly
what the cause of this tectonic subsidence would be is unclear. One
possible candidate could be the extension and rotation of the Tonga Arc
following the reversal of subduction polarity in the New Hebrides
section of the plate boundary (Moberly, 1971).

TheRoleofEustacy

As discussed previously, there are good reasons to think that tec-
tonics is the single most important factor governing sedimentation on
the Tonga forearc. Nevertheless, predicted large-magnitude falls in
eustatic sea level (Haq et al., 1987), which might be expected to accen-
tuate erosion of the arc edifice, correlate well with influxes of sedi-
ment at Site 841 (Clift, this volume). Although enhanced tectonic
subsidence may have started at 16.2 Ma and caused deposition of a
fining-upward cycle from 16.2 to 10.0 Ma, it is noteworthy that this
same period is marked by a long-term, large-magnitude fall (approxi-
mately 80 m; Haq et al., 1987) in eustatic sea level, which could
equally have been the cause of this sediment influx. Similarly, the in-
flux of sediment at 10.0 Ma at Site 841 correlates well with a major
fall (approximately 150 m) in sea level at this time.

The large number of sea-level fluctuations close to 5.3 Ma may
suggest that the peak in sedimentation at Site 840 at this time may also
be controlled by sea level. However, with so many proposed sea-level
falls in this time period, it is difficult not to correlate a sedimentary
event with a fall. Importantly, if sea-level fall is responsible for the
pulse of sedimentation seen at Site 840 at 5.3 Ma, then the absence of
similar sequences coinciding with other subsequent falls in sea level
of similar magnitude is problematic. In conclusion, it seems probable
that sea level has played some part in controlling sedimentation in the
forearc, principally in accentuating the effect of tectonic subsidence.
Large-scale, long-term (1-5 m.y.) variations in sea level seem to be
more obvious than the short-term variations. Fining-upward cycles
dating from 16.2and 10.0 Ma at Site 841 are the most likely candidates
for being principally controlled by eustacy, because of their good cor-
relation with the Haq et al. (1987) curve, and the difficulty in correlat-
ing them with regional tectonic events at times that might otherwise
have triggered the sedimentation observed.
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Figure 4. Decompacted and water-unloaded subsidence curves with correction

for paleowater depths (values of Clift, this volume) at Sites 840 (A) and 841 (B).

Tectonics and Sedimentation

Site 840 is situated in a heavily faulted region, and the sedimentary
sequence reflects the different tectonic events that occurred during
the history of deposition. Below approximately 500 mbsf (approxi-
mately 6.1 Ma), a sudden increase takes place in the bedding dip. This
change is accompanied by changes in physical properties, grain size,
clay content, and microfossil abundance (B0e, this volume; Ledbetter
and Haggerty, this volume) and can probably be explained by faulting,
with westward tilting of the block on which Site 840 is situated.

Between 500 and 260 mbsf (Parson, Hawkins, Allan, et al, 1992),
the bedding dip steadily decreases, which probably results from
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Figure 5. Diagram showing the variation in total silica contents of volcanic
glass grains with age for Site 840 (Tonga Platform).

progressive syndepositional tilting of the block on which Site 840 is
situated. At 383.0 mbsf (approximately 5.5 Ma), a change takes place
in physical properties, carbonate content, grain size, and mean silica
content of the volcanic sediment. A zone of strong sediment alteration
also occurs. This break may mark the onset of rifting in the Lau Basin
(B0e, this volume). The age of the break corresponds closely with the
age of the oldest known sediments in the Lau Basin, which are
approximately 5.6 m.y. old (Parson, Hawkins, Allan, et al., 1992).

Horizon A, which has been interpreted as a regional, angular,
seismostratigraphic unconformity (Herzer and Exon, 1985; Scholl et
al., 1985), may correspond to the break in sonic velocity and density
at about 383.0 mbsf (B0e, this volume) or, possibly, to a similar break
at about 500.0 mbsf (Ledbetter and Haggerty, this volume). Westward
thickening of the succession above Horizon A, as seen on seismic-
reflection profiles, occurs in conjunction with eastward onlapping
against the structurally and geomorphologically higher Pacific side
of the platform (Austin et al., 1989). This indicates post-Horizon A
subsidence toward the Lau Basin, with the main source region for the
sediments located to the west. A sudden decrease in grain size above
383.0 mbsf may be ascribed to a shift of the locus of coarse-grained
deposition toward the west (B0e, this volume). This occurred because
of the extension and subsidence of the Tonga Arc during early rifting,
curtailing the explosive, subaerial, volcanic eruptions that had previ-
ously formed the principle sediment source to the forearc platform
(Clift and Dixon, this volume).

Before 5.6 Ma, during the initial rifting of the Lau-Tonga Ridge,
sediments accumulated rapidly at Site 840. The sedimentary succes-
sion deposited between 5.6 and 5.3 Ma reflects a quieter period, with
rifting and subsidence of the Lau-Tonga Ridge and without extensive
volcanism (B0e, this volume). In the period 5.3-5.25 Ma, sedimen-
tation rates increased rapidly; and, at the boundary between Units III
and II, at approximately 5.25 Ma, a change to much more coarse-
grained and rapid deposition took place. This is interpreted as reflect-
ing the onset of extensive rifting and volcanism in the proto-Lau
Basin. Renewed progradation of large volumes of sediments into the
forearc basin occurred because of a large supply of volcanic material
in the source area (B0e, this volume; Tappin et al., this volume).
Similar influxes of rhyolite- and dacite-dominated material are known
from other rifting backarc basin systems, such as the Sumisu Rift of
the Bonin Arc (e.g., Nishimura et al., 1991; Taylor, 1992).

At approximately 5.1 Ma, near the top of Unit II, Dupont and
Herzer (1985) and Ledbetter and Haggerty (this volume) interpreted
the sedimentary sequence to reflect rapid uplift of the forearc and a
widespread planation. This was then followed by local intense ero-
sion. Uplift of the outer forearc may possibly have been a response
to thermal upwelling related to the opening of the Lau Basin. In this
case, the sedimentary hiatus near the base of Unit I (between 95.0 and
101.0 mbsf) probably resulted from the uplift of the forearc and may
be ascribed to a period of nondeposition or erosion.

Alternatively, Clift (this volume) indicated exclusively rapid base-
ment subsidence after 5.25 Ma, during final breakup of the forearc/arc
system. In this case, uplift would be restricted to the earlier pre-
breakup stage (i.e. the hiatus at 383.0 mbsf). Clift did not assign any
importance to Horizon A at 383.0 mbsf because no uplift is shown at
Site 840 by the reconstructed subsidence curves. However, other lines
of evidence and regional considerations suggest that this break is
significant as a pre-rift uplift unconformity. Importantly, within the
subsidence estimates, some motion between the minimum and maxi-
mum water-depth estimates can be accounted for at this time (<300
m). Paleowater depth indicators are not accurate enough to constrain
the uplift or subsidence at Site 841 because of the great water depth.
The sedimentary hiatus between 95.0 and 101.0 mbsf is principally
the result of the hiatus in arc volcanism on the trench side of the Lau
Basin between 5.0 and 3.0 Ma, before foundation of the new Tofua
Arc. Thermal heating of the forearc lithosphere would not have been
a significant factor, as the lithosphere would have been heated before
rifting by the volcanic arc itself, and in any case might be expected
to have affected the Lau Basin side of the Tonga Platform more than
the trench side, the opposite of what is observed. Following the final
breakup of the Lau-Tonga Ridge after approximately 5.25 Ma, the
Tonga Ridge developed into a carbonate platform with low sediment-
accumulation rates, at approximately 4.9 Ma.

VOLCANICLASTIC EVOLUTION

The Tonga Platform was adjacent to an active volcanic arc through-
out its history and provides a stratigraphic record of the adjacent arc
volcanism. The sediments recovered at Site 840 have been used to
reconstruct the volcanic evolution of the original Tonga Arc and
modern Tofua Arc.

The sedimentary rocks at Site 840 consist of volcaniclastic debris
and pelagic/hemipelagic components, the relative proportions of which
vary systematically throughout the succession. Diagenesis has also
resulted in some alteration and mineralization of the original sediments
and varies in intensity both vertically in the section and from lithology
to lithology. The volcaniclastic debris is immature and dominated by
angular and broken glass shards, pumice clasts, igneous minerals, and
rock fragments (B0e, this volume).

Within Unit III, the SiO2 content of volcanic glass ranges from 47%
to more than 75%, covering the compositional range from basalt to
rhyolite (B0e, this volume; Clift and Dixon, this volume). B0e used
electron microprobe techniques to record a decrease in the silica con-
tent upsection, with an additional increase in silica content at about
400.0 mbsf. In contrast, Clift and Dixon (this volume) did not find any
change in the range of silica values within Unit III (Fig. 5), but instead
showed a complete spectrum of compositions. Plagioclase feldspars
within Unit III show a range of compositions extending from An95 to
An48. The majority of the feldspars are bytownite in composition (B0e,
this volume). The composition of Plagioclase and volcanic glasses
indicates derivation from volcanic rocks of low-K tholeiitic composi-
tion. Although a small number of analyses appear to fall in the calc-
alkaline field, this may reflect mobilization of alkali elements during
diagenesis. No alkaline pyroxene compositions are known from any
part of Site 840 that may support the suggestion of calc-alkaline volcan-
ism at this time, or at any other time (Clift and Dixon, this volume;
Cawood, 1991). The trend to decreasing silica identified by B0e (this
volume) was ascribed to eruption from a fractionated magma chamber.
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Indeed, the coherent tholeiitic trend may indicate derivation from a
single volcanic source. This source must have been part of the original
Tonga Arc, situated to the northwest of Site 840. As such, it is now
preserved within the Lau Ridge or as rifted fault blocks within the
western Lau Basin (B0e, this volume).

Unit II at Site 840 is dominated by large volumes of rhyolitic to
rhyodacitic pumice (approximately 70 wt% SiO2), although again
Clift and Dixon (this volume) did not record any change in the total
range of the tholeiitic glasses. The coarse-grained nature of the gravels
suggests close proximity to the volcanic source, which must have been
either the Lau Ridge or a volcanic island within the proto-Lau Basin,
as the only active volcanic features in the area. Very little volcanic
material of any sort is present in the lower half of Unit I; however, the
pyroclastic deposits in the upper part of Unit I are interpreted as
proximal fallout tephras derived from the subaerial Tofua Arc, prob-
ably Ata Island. Although they occupy a similar range of silica contents
as the glasses in Units II and III, these Unit I glasses were recorded by
Clift and Dixon (this volume) as being principally of bimodal character
(i.e., dacitic and basaltic andesite). In this respect, these youngest
volcanic glasses are more like the glasses of the Lau Basin sediments
(Bednarz and Schmincke, this volume; Clift and Dixon, this volume)
than the glasses of Units II and III.

The transition at Site 840 from a volcaniclastic-dominated se-
quence in the Miocene/early Pliocene (Units II and III) to a carbonate-
dominated sequence in the Pliocene-Pleistocene (Unit I) supports the
idea that volcanism on the arc underwent a hiatus immediately after
rifting. The relatively small size of the modern Tofua Arc (Ewart et al.,
1973) and the voluminous seamount volcanism that characterized the
early history of the Lau backarc basin (Bednarz and Schmincke, this
volume; Clift and Dixon, this volume) also argue against a continua-
tion of arc volcanism adjacent to the Tonga Platform throughout the
rifting period. The ash record at Site 840 furthermore records a mini-
mum, partially in the form of a sedimentary hiatus, between 5.0 and
3.0 Ma (Tappin et al., this volume; Clift and Dixon, this volume).
Figure 5 graphically shows the absence of any chemical data from the
5.0-3.0 Ma interval, corresponding to the hiatus in arc magmatism.
The volcaniclastic hiatus is interpreted as the time between the rifting
of the original Tonga Arc and the start of activity on the new Tofua Arc,
during which time volcanic activity was concentrated in the Lau Basin,
and to a lesser extent on the remnant Lau Ridge (Gill, 1976). Of note
is the fact that the 3.0 Ma birth of the Tofua Arc is considerably older
than previous estimates, such as 1.0 Ma (Hawkins et al., 1984).

Geochemical Variations

The volcanic glass chemistry at Site 840 does have a number of
features that remain constant throughout the time sampled by drilling.
The glasses are consistently tholeiitic in character when plotted on an
alkali/iron/magnesium (AFM) diagram (Fig. 6). The low degree of
alteration of the glass permits some confidence in the AFM diagram,
despite some loss of alkalis, because of glass hydration and volatiliza-
tion under the electron probe beam. Chemical analysis of the basaltic
andesite grains at Site 840 using ion microprobe technology (Clift and
Dixon, this volume) allowed the determination of REE and trace
element concentrations to the parts per million level. Not surprisingly,
the basaltic and basaltic andesite glasses showed a rare-earth and trace
element pattern similar to that of a normal island-arc tholeiite. Spider
diagrams (Pearce, 1983) with elemental concentrations normalized
against N-MORB (Sun and McDonough, 1989) show the enrichment
in LILEs and marked Nb depletion that is typical of lavas generated in
subduction settings (Fig. 7). Nevertheless, important trends are identi-
fiable in the REE and trace element chemistry that show coherent
changes with time. In particular, the behavior of certain critical ele-
mental groups can provide important information about changes in the
sub-arc asthenosphere and the nature of the rifting process at depth.
The ratio of those elements compatible in mantle phases with those in-
compatible in the mantle provides a measure of the degree of depletion

M
Figure 6. AFM diagram for glass grains from Sites 840 showing that the vast
majority fall within the tholeiite field, as defined by Irvine and Barager (1971).

or enrichment within each elemental group. The degree of enrichment
of the magma is, in turn, controlled by the degree of depletion of the
source mantle and the degree of partial melting of that source. Of
particular interest are the REEs, the HFSEs, and the LILEs. As the
HFSEs are not considered to be affected by aqueous fluids, such as
those derived from the dewatering subducting slab, their enrichment
is used as a monitor of the sub-arc asthenospheric wedge. Enrichment
of the HFSEs is modeled by the ratio Nb/Zr.

In view of the low concentrations of Nb (<l ppm) in some speci-
mens, concern arises as to the reliability of Nb/Zr as a monitor of HFSE
depletion. However, Figure 8 demonstrates that, when Nb is plotted
vs. Zr, a straight line correlation is achieved. The correspondence be-
tween the two is all the more impressive, as estimated counting statistic
errors suggested that Nb would not be reliable below concentrations
of 0.4 ppm. The Nb data from Site 840 show that high-resolution ion
microprobe methods can be used with confidence to determine low
elemental concentrations within single grains in ash layers. This has
important implications for studies of marine ash layers worldwide.

Figure 9 shows the variation in Nb/Zr with time. A clear progres-
sion is visible toward decreasing values between 7.1 and 5.0 Ma,
followed by a less well-defined trend to increasing values from 3.0
Ma to the present. This indicates increasing levels of HFSE depletion
up to the point of Lau Basin rifting, followed by increasing enrich-
ment since the start of activity of the Tofua Arc. This, in turn, indicates
increasing degrees of partial melting in the mantle wedge before arc
rifting, or increasing degrees of depletion of the mantle wedge source,
or both. In the case of increasing degrees of partial melt, this might
be achieved in an arc environment because of thinning of the arc litho-
sphere, which allows the sub-arc asthenosphere to upwell to shallower
levels. This would increase the height of the melting column and thus
produce a larger total degree of partial melt, as rifting progressed
(McKenzie and Bickle, 1988). The subsequent trend to enrichment of
HFSEs would then reflect thickening of the arc lithosphere by mag-
matic underpteting of the new Tofua Arc after 3.0 Ma. Increasing
source depletion is less likely as an explanation of the increasing de-
pletion before arc rifting, but it might develop if a certain volume of
mantle had several batches of melt extracted from it. This would occur
if asthenospheric circulation under the arc stagnated before rifting.

In the case of the REEs, their relative depletion or enrichment can
be traced by the use of the ratio La/Sm, representing light REEs/heavy
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Figure 7. Spider diagrams of basaltic glass grains from Site 840, showing the

subduction zone enrichment in mobile elements and the depletion in Nb. Note

the consistent shape of the diagrams throughout the period of arc rifting and

basin formation. A. Late Miocene. B. Uppermost late Miocene. C. Late

Pliocene-middle Pleistocene. Elements are normalized to the N-MORB values

of Sun and McDonough (1989).

REEs. Figure 9 shows the variation La/Sm over time; like the HFSEs,
the trend is toward decreasing values up to the time of Lau Basin rift-
ing. After basin rifting, the REEs show a trend toward increasing LREE
enrichment with time, especially since 1.0 Ma. The similarity of this
pattern to that of the HFSEs suggests that what ever is controlling the
depletion or enrichment of the HFSEs is also controlling the REEs.
This is an important observation as previous workers (e.g., Pearce,
1983) have suggested that light REE enrichment in arc-volcanic rocks
could be caused by components added by aqueous fluids derived from
the subducting slab. However, the results from Site 840 indicate that
in Tonga no difference exists between the behavior of the HFSEs and
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Figure 8. Covariation diagram showing the excellent correlation of Nb with

Zr, even at Nb concentrations below 0.5 ppm.

the REEs, and that all variation can be accounted for by melting
processes in the asthenosphere below the arc.

Variations in the flux of aqueous fluids from the subducting litho-
spheric slab can be gauged, however, by an examination of the changes
in the LILE enrichment, as these are all water-mobile elements. Figure
9 shows that the trend to increasing depletion with time before arc rift-
ing is also seen in the LILEs (as measured by Ba/Sr). This confirms
that slab flux was insignificant in the melt generation process during
this time period. It is noteworthy, however, that after 5.0 Ma the trend
to increasing enrichment is more pronounced than is the case for REEs
and HFSEs, with Ba/Sr far exceeding its pre-rift maximum value by
0.5 Ma. In comparison, La/Sm and Nb/Zr attain values after rifting
comparable with their pre-rift values. This is the first indication that
slab flux has shown a steady increase since arc rifting. Figure 10 re-
inforces this suggestion by showing variations in Ba/Zr with time at
Site 840 and in the backarc basin (Sites 834-839). Because Ba is a
LILE and Zr is a water-immobile HFSE, this ratio shows the temporal
variation of water-mobile elements with time. The most important
point to note is that, although a wide range of values are seen in the
post-rift period (5.0 Ma to present), the maximum values are seen to
be consistently low before rifting and show a progressive increase with
time. This data from sediments at Site 840 and throughout the arc sys-
tem strongly suggests increasing slab flux in the arc volcanism since
arc rifting.

Thus, the volcaniclastic sediments from Site 840 indicate a signifi-
cant change in the volume and chemistry of island-arc volcanism up
to and after the time of Lau Basin rifting. A hiatus in volcanic activity
between 5.0 and 3.0 Ma is preceded by a changeover from volcanism
with a full range of silica contents, but dominated by dacite to a bi-
modal volcanism. Increasing depletion in HFSEs before rifting may
indicate increasing degrees of partial melting caused by thinning of the
arc lithospheric mantle before final rifting. The REEs and LILEs also
show the same trend to increasing depletion before rifting and do not
support an enrichment in the LREE content of the arc volcanics from
the dewatering subducting slab. The LILE enrichment between 3.0 Ma
and the present may be linked to increasing aqueous fluid flux from
the subducting slab since rifting. The recognition of trends within vol-
caniclastic sediments in itself implies that the sediments of the Tonga
forearc do record changes in the arc volcanism and that, consequently,
the time delay between eruption of volcanic material and its reworking
onto the forearc is geologically insignificant. This may be important to
the interpretation of ancient volcaniclastic sequences.
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CONCLUSIONS

Tonga Arc (Site 840)

Volcaniclastic turbidites and mass flows at Site 840 were deposited
in the forearc basin of the Tonga Arc, probably on a slope that built out
eastward from the volcanic front and across the forearc. Thinning and
fining of individual turbidite beds upward through this basal sequence
probably reflects reduced sediment supply and a change from large to
smaller volume flows. Decreasing volcanic activity before arc rifting
is inferred from a decrease in the coarse-grained volcaniclastic content
in the upper part of the basal series (Unit III).

Increased influx of coarse-grained detrital sediments at about 5.25
Ma correlates with the initiation of rifting of the Lau Basin. This influx
may be partially tectonically triggered, but it is probably also related
to a peak in the intensity of high silica volcanism. Following this peak,
the rapid fining of the sediments indicates a hiatus in volcanism adja-
cent to Site 840 between 5.0 and 3.0 Ma.

Arc rifting is preceded by uplift of the Tonga Platform and followed
by subsidence. The degree and timing of the uplift is controversial. In
one scenario, a modest uplift of <300 m at 6.0 Ma created the Horizon
A disconformity, which was then followed by rapid, then more gentle,
subsidence as the arc rifted (5.25 Ma) and the Lau Basin opened. Alter-
natively, a major rapid uplift of about 2000 m occurred before the
breakup at 5.2 Ma and continued until after 5.1 Ma, when the Tonga
Platform began to gently subside. The formation of Horizon A predates
a rapid uplift by 0.9 m.y. and must represent an earlier stage of the
pre-rift uplift (Fig. 11).

The Tofua Arc has been active since 3.0 Ma in its current position
close to Site 840, although it may have initiated earlier further north.

Geochemical analyses of detrital glass grains show compositions
lying mainly in the low-K tholeiite field, with a compositional range
from basalt to rhyolite. There is a trend to decreasing scatter of higher
alkali contents before arc rifting. A coherent tholeiitic trend may indi-
cate derivation from a single volcanic source situated on the rifted
part of the Lau-Tonga Ridge, possibly within the present Lau Basin.
The initial opening of the Lau Basin may have been at about 6.0 Ma,
although thinning of the arc lithosphere, as recorded by the trace-
element depletion of single grains, dates from at least 7.0 Ma.

The volume of volcaniclastic material deposited at Site 840 after
the initiation of rifting in the Lau Basin decreases markedly, which
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Figure 9. Diagrams showing the similar temporal variation in Nb/Zr, La/Sm,
and Ba/Sr at Site 840. Note trend to increasing depletion before 5.0 Ma,
followed by a poorly defined trend to increasing enrichment from 3.0 Ma to
the present day.
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Figure 10. Diagram showing the increasing flux of slab-derived, water-mobile
LILEs into the arc magma since Lau Basin rifting at 5.0 Ma as measured by
Ba/Zr. Solid diamond symbols represent analyses from Site 840; square
symbols represent analyses from the Lau Basin (Sites 834-839).
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Figure 11. Diagrams showing the two alternative tectono-sedimentary histories for the Tonga forearc since 7.0 Ma. A. Model of Clift (this volume) and

Tappin et al. (this volume). B. Model of Ledbetter and Haggerty (this volume) and Dupont and Herzer (1985). Relative magnitude of uplift and subsidence

is indicated by the length of the arrows.
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may reflect the cessation of arc activity on the east side of the basin
between 5.0 and 3.0 Ma.

Trace and rare-earth-element analyses indicate increasing deple-
tion with time in HFSEs, REEs, and LILEs in basaltic glass grains
before Lau Basin rifting. This may be the result of a stagnation of
asthenospheric circulation under the arc, but most probably it is the
result of thinning of the arc lithosphere before the opening of the Lau
Basin. After basin rifting, there is a trend to HFSE, REE, and LILE
enrichment because of magmatic underplating of the new Tofua Arc.
In addition, enhanced LILE enrichment indicates the increasing in-
fluence of the subducting slab since 3.0 Ma.

No sedimentary response or evidence of a change in paleowater
depth is present within the range of uncertainty (300-600 m) at either
Sites 840 or 841 during the collision of the Louisville Ridge with that
section of the trench.

Tonga Forearc (Site 841)

Three episodes of sedimentation have been identified at Site 841:
one initiated at 37.0, another before 16.0 Ma, and a third at 10.0 Ma.
Sedimentation at 37.0 Ma reflects a rapid deepening episode within the
outer forearc basin and is contemporaneous with the rifting of the South
Fiji Basin. Packages of coarse clastic sediments deposited between
16.0 and 14.0 Ma and between 10.0 Ma and the Holocene occur as two
upward-fining cycles. Sediments deposited between 35.0 and 16.0 Ma
were eroded away immediately before the start of high-energy, mass-
flow sedimentation at 16.0 Ma. A cycle of sedimentation from 16.0 to
14.0 Ma does not correlate with a known tectonic event but may be
related to extensional faulting caused by subduction erosion of the
forearc. Normal faulting has removed the sedimentary record from
14.0 to 10.0 Ma. However, fining-upward sedimentation dating from
at least 10.0 Ma approximately correlates with the initiation of subduc-
tion along the New Hebrides Arc immediately to the west, and may
have been caused by extension and rotation of the arc caused by
changes in plate boundary stresses. Sediment influx at 16.0 and 10.0
Ma may also be related to major falls in eustatic sea level increasing
erosion of the arc edifice. Both events correlate well with the sea-level
curve of Haq et al. (1987), although other predicted falls and rises are
not recorded at Site 841.
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