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[1] The crustal structure across the Tonga-Lau arc-back arc system from the Lau Ridge to
the Pacific Plate (178°—170°W, 18°19°S) is modeled, using data from an 840-km-long air
gun refraction line over 19 ocean bottom seismometers and one land station. The data
reveal that the Pacific Plate crust is 5.5 km thick, with a velocity structure similar to that
found at the present-day East Pacific Rise (EPR). Beneath Tonga Ridge, an intermediate
velocity layer (6—7 km/s) is up to 7.5 km thick and has a velocity-depth distribution
similar to andesitic rocks found in continental crust. The crust is abnormally thin (4 km) at
the boundary between the Tonga Ridge and the Lau Basin. At the east end of Lau Basin,
the crust is 5.5—-6.5 km thick and resembles crust formed at the EPR except for a thicker
sheeted-dike section (2—3 km) and thinner lower crust (2 km). The Lau Basin crust
thickens to 7—8 km near the Central Lau Spreading Center (CLSC), mostly through
thickening of the lower crust. The crust thickens again to 8.5—9.5 km at 50 km west of the
CLSC, mostly through thickening of the midcrust. In the thick westernmost section, the
crustal structure is uniform even though one part of this section formed through extension
of arc-type crust while the rest was created at an oceanic spreading center. The relative

homogeneity of these rocks suggests that their petrology may be dominated by
postemplacement magmatic infilling from a mantle source west of the spreading

center.
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1. Introduction

[2] The Tonga-Lau region is a compact microcosm of
plate tectonics, containing zones of lithospheric subduction,
island arc building, and oceanic crustal formation (Figure 1).
The Pacific Plate subducts beneath the Indo-Australian plate
at the Tonga Trench, and melt is believed to rise from the
subducting slab to form the volcanic Tonga Ridge. Since at
least 25 Ma, the Pacific Plate has moved away from the
Indo-Australian plate, splitting the original volcanic ridge
first by extension, then by seafloor spreading. The seafloor
spreading started approximately 6 Ma at the north end of the
Tonga-Lau region and has since propagated 700 km south to
form the V-shaped Lau Basin.
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[3] Lau Basin currently opens at two overlapping, south-
ward propagating spreading centers. The spreading rate is
comparable to that of the “fast spreading” East Pacific Rise
(EPR) [Bevis et al., 1995], making this basin a good place to
test fast spreading accretion models, which for the most part
are based on EPR studies. In fact, the Lau Basin crust is
noticeably different than that created at the EPR. The Lau
Basin seafloor is shallower (2—2.5 km versus 3—4 km) and
the crust appears to be thicker than near the EPR (8—9 km
versus 6—7 km [Karig, 1970; White et al., 1992; Turner et
al., 1999]). The crustal melt lens beneath the Lau spreading
center is also deeper than the EPR melt lens (2.2—3.5 km
versus 1.4—1.8 km [Collier and Sinha, 1992; Purdy et al.,
1992; Kent et al., 1993; Turner et al., 1999]) except on part
of the Central Lau Spreading Center (CLSC) where the melt
lens may be as shallow as 1.1 km [Harding et al., 2000].
Finally, most of the crustal thickness variations at the EPR
come in the form of lower crustal (gabbro) variations
[Harding et al., 1993; Barth and Mutter, 1996], while
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by open circles and the air gun track indicated by the thin solid line connecting the circles. Dotted lines
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spreading centers. Geological information compiled from Parson and Hawkins [1994], Parson et al.
[1994], Hawkins [1995], and Taylor et al. [1996]. WEB indicates Western Extensional Basin, CLSC
indicates Central Lau Spreading Center, ELSC indicates Eastern Lau Spreading Center, ETZ indicates
Extensional transform zone, 834 and 835 indicate ODP drill holes. Open squares mark centerpoints of
previous 1-D seismic surveys (R sites are from Raitt et al. [1955], P sites are from Pontoise and Latham

[1982]).

midcrustal (sheeted dike) variations appear to play a more
important role in Lau Basin [Turner et al., 1999], perhaps
indicating a more variable melt lens depth beneath the Lau
spreading centers.

[4] These differences may arise in part from differences
in the melt supply to the Lau Basin and the EPR. The source
of mantle melt to Lau Basin appears to be centered west of
the spreading centers and is relatively shallow. This melt
supply may directly feed the western part of Lau basin as
well as the spreading centers. Mid-ocean ridge basalt
(MORB)-type basalts subsequently filled grabens in west-
ern Lau Basin, originally formed by extension of island arc
rock. This asymmetric melt supply may continue today, as
indicated by a low-velocity anomaly in the upper mantle
teleseismically imaged beneath west Lau Basin [Zhao et al.,
1997; Roth et al., 1999].

[s] The velocity structure of the Tonga Ridge crust may
contain important information about how island arcs form.
Island arcs have been implicated as the source of continental
crust [e.g., McLennan and Taylor, 1982], and, since the bulk
composition of continental crust is andesitic, the simplest
form of this theory predicts that island arcs are also
andesitic. However, dredging and drilling indicates that
the bulk composition of island arcs may be closer to basalt,
and only a few island arcs have been well studied seismi-
cally to determine deeper structure. Some of these contain a
deep layer with velocities in the range 6—6.5 km/s, corre-

sponding well to andesitic rocks in continental crust (e.g.,
Izu-Ogasawara [Suyehiro et al., 1996]), while others contain
no such layer (e.g., the Aleutian arc [Holbrook et al.,
1999]). More island arcs need to be studied to determine
if andesitic rocks are often formed beneath island arcs and
to identify the factors controlling their formation.

[6] In 1994 a research team from the Scripps Institution
of Oceanography and Washington University deployed 30
ocean bottom seismographs (OBSs) across the Tonga-Lau
region as part of an active and passive seismic imaging
experiment. Nineteen of the OBSs were deployed on a line
perpendicular to the regional structure to create a two-
dimensional (2-D) cross section, and 11 OBSs were
deployed off-line to reveal 3-D structure. The passive
experiment was designed to listen to regional earthquakes
and thus improve the resolution of regional mantle structure,
while the active experiment was designed to constrain
crustal structure.

[71 We report here the results of the active seismic
experiment. We use 5148 air gun shots from the R/V
Melville on an 840-km line crossing the 19 aligned OBSs
and one island seismic station to construct a two-dimen-
sional model of the crust from the Pacific Plate to the Lau
Ridge. All of the seismometers recorded refractions in the
crust from the air gun shots, and most of them recorded
arrivals refracted in the upper mantle. We use a two-dimen-
sional inverse code [Zelt and Smith, 1992] to fit the crustal
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and mantle refractions and Moho reflections. We present the
resulting model and discuss the implications of this model
for the structure and genesis of Tonga-Lau crust.

2. Site Description

[8] The active seismic survey crosses the Tonga-Lau
region at 18°—19°S, crossing Lau Basin, the CLSC, the
Tonga Arc, the Tonga Trench, the southern end of Capricorn
seamount, and 100 km of Pacific Plate (Figure 1). Within an
Australian reference frame, the Lau Ridge and western Lau
Basin are fixed, eastern Lau basin and the Tonga Ridge
move ~130 mm/yr ESE, and the Pacific Plate moves ~75
mm/yr WNW [Bevis et al., 1995].

[¢9] The Lau Basin comprises crust formed at two south-
ward propagating spreading centers plus a 100-km-wide
strip created by extension of the original island arc. The
Eastern Lau Spreading Center (ELSC) started opening 4—
6 Ma near 17°S and has since propagated 700 km south.
The CLSC formed later, near 18°S and west of the ELSC,
and is now the spreading center between 18° and 19.5°S.
Seismic studies of the Valu Fa ridge at the south end of the
ELSC reveal a 0.6- to 4-km-wide melt lens 2.9 + 0.3 km
beneath the seafloor, overlying an ~4-km-wide, 3-km-thick
low velocity zone. There, the crust is 8—9 km thick within
60 km of the ridge [Morton and Sleep, 1985; Collier and
Sinha, 1992; Turner et al., 1999]. A recent seismic study of
the northern ELSC and the CLSC reveals an axial melt lens
2—2.6 km beneath the seafloor at the north end of the ELSC
and 1.1-1.6 km beneath the seafloor at the south end of the
CLSC [Harding et al., 2000].

[10] The Lau Basin is mostly floored by MORB-like rocks,
but the westernmost 80—120 km is floored by a mixture of
MORB, transitional, and arc-like basalts [Hawkins, 1995].
This western region, known as the Western Extensional
Basin (WEB), is believed to have been formed by extension
and rifting between the Lau and Tonga Ridges before
seafloor spreading started, followed by infilling of the
grabens by fresh magma from a mantle source that is chemi-
cally distinct from the CLSC/ELSC source [Hawkins, 1995].

[11] Earthquake tomography reveals a low-velocity zone
centered in the upper 100 km of mantle west of the CLSC.
The zone is centered ~50 km beneath the seafloor [Xu and
Wiens, 1997; Zhao et al., 1997; Roth et al., 1999], shallower
than the velocity minimum imaged elsewhere beneath
oceanic spreading centers [e.g., Zhang and Tanimoto,
1992]. Near the base of the crust, P-wave Q is as low as
95, and P-wave velocity is as low as 7.6 km/s. S-wave
velocity is 3.8 km/s in the center of the low-velocity zone.

[12] The Tonga Ridge contains an active and a remnant
volcanic chain. The eastern, remnant chain contains the
coral islands of the Tonga group and consists of uplifted
carbonates and gravity flow sediment deposits overlying
middle Eocene to late Miocene volcanic and plutonic rocks.
The western, active Tofua chain formed 0—3 Ma and is
made up of basaltic seamounts, shoals, and rocky islands.
On the forearc to the east of the chains, Miocene sediments
fault against flows, tuffs, and tuff breccias believed to have
been part of a prior island arc [Hawkins, 1995]. Seismic
studies image thick sediments on this forearc section and
between the two island chains [Raitt et al., 1955; Karig,
1970; Pontoise and Latham, 1982].
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Table 1. Seismometer Positions, Sampling Rates, and Channels
Used for Picking

Site Latitude Longitude Depth, Rate, Channel
Name South West m Hz Picked
S10 18°18.394 177°57.551 2565 32 P?
S11 18°20.684 177°40.429 2444 128 z°
S12 18°22.832 177°18.047 2610 32 P
S13 18°25.812 176°55.219 2423 128 z
S14 18°25.907 176°43.905 2413 32 Z
S15 18°28.292 176°29.932 2540 128 Z
S17 18°31.453 176°06.278 2695 32 V4
S18 18°32.912 175°46.736 2035 128 Z
S19 18°35.998 175°24.466 2455 32 V4
S20 18°37.714 175°01.223 2074 128 V4
S21 18°40.245 174°40.803 1459 32 P
S22 18°42.029 174°22.196 1246 128 V4
Vavau 18°39.850 173°58.617 -5 25 Z
S23 18°44.232 173°39.025 2403 32 P
S24 18°44.560 173°21.725 4943 128 V4
S25 18°46.498 172°55.639 5190 32 Z
S26 18°47.968 172°22.519 5148 128 V4
S27 18°52.300 171°55.608 4698 32 z
S28 18°54.925 171°26.017 5388 128 Z
S30 19°00.262 170°24.029 4917 128 V4

7, seismometer vertical component.
°P, pressure gauge.

[13] The Tonga Arc intersects the subducting Pacific plate
at the Tonga Trench. There is no intervening turbidite pond,
and the base of the trench contains less than 0.2 km of
sediments [Raitt et al., 1955]. The arc side of the trench is
rocky with a 10°—12° slope, and the oceanic side has a
slope of 5°—6° and is dominated by grabens up to 1 km
deep created by bending-induced fracture [Lonsdale, 1986].
The subducting slab has been extensively studied using
local and global earthquakes [e.g., Fischer et al., 1991;
Koper et al., 1998; Deal et al., 1999].

[14] The Pacific Plate is relatively flat beneath our survey
line except for a large guyot at the rim of the Tonga Trench.
Previous seismic measurements nearby indicate that the
Pacific Plate crust is about 5 km thick and is overlain by
thin sediments (0.4 km) [Raitt et al., 1955]. The guyot,
known as Capricorn seamount, is 4+ km tall with a 15-km-
wide flat summit that tilts slightly toward the trench [Raitt et
al., 1955; Wright et al., 2000]. This seamount is believed to
have formed in the Miocene and to be part of a partially
subducted hot spot chain that includes Niue Island 260 km
to the east [Brodie, 1965]. Capricorn seamount has a lime-
stone cap, but our study crosses a section of the flank that
was probably never less than 1 km beneath the seafloor, so
there are probably no significant limestones there.

3. Data Acquisition

[15] The 840-km seismic air gun line consisted of 5148
shots at a 90-s interval (160 m at 3.5 knots). The shots were
generated by a 73-L array of six 10.5—13.5 L air guns at 14
MPa (2000 psi) shooting pressure. The average seismometer
spacing on the line was 42 km. Each OBS contained a three-
component 1-Hz geophone and a differential pressure gauge
[Cox et al., 1984], and the land sensor contained a broad-
band three-component seismometer. Some OBSs sampled at
128 Hz and some at 32 Hz, while the land station sampled at
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25 Hz. Table 1 shows the location, sampling rate, and best
data channel of each instrument.

4. Data Processing

[t6] We corrected the OBS data for clock drift and
calculated instrument positions using acoustic surveys to
the OBS transponders and water wave arrivals from the air
gun survey. We calculated the shot locations from the shot
times, P-code GPS fixes at the ship’s antenna, and the
towing geometry. The OBS time uncertainty is less than
10 ms, the OBS position uncertainty varies from 16 to 29 m,
and the shot position uncertainty is approximately 10 m.

[17] We picked first arrivals and prominent secondary
arrivals for all instruments (Figure 2) using both raw data
and data filtered using a minimum phase (causal) digital
filter with a passband of 5—15 Hz and a cutoff slope of 24
dB/decade [Linville, 1994]. We picked arrivals using the
vertical seismic channel unless the pressure channel had a
much better signal-to-noise ratio (Table 1). On average,
shots could be picked out to 40—60 km offset. Sites on the
Pacific Plate generally had the best data quality and the
longest pick offsets, and sites in western Lau Basin had
lower quality and the shortest offsets. To help identify
arrivals in rugged areas such as the Tonga Trench, we
realigned the record sections using a bathymetric correction
in which the shots are relocated to the seafloor. This
correction combines recursively calculated travel time-dis-

tance relations with a Fresnel zone method to calculate the
mean seafloor entry point and time for the first arrivals (the
geometric mean of all seafloor points whose travel time to
the receiver is within one quarter phase of the fastest path)
[Sohn et al, 1997]. We assigned pick uncertainties as a
function of the instrument sampling rate and the arrival
signal-to-noise ratio (Figure 3 and Table 2) [Zelt and
Forsyth, 1994].

5. Modeling

[18] We used a layered model inversion to fit the seismic
travel times [Zelt, 1999]. We chose a layered model over a
tomographic inversion because the ray coverage is too

Table 2. Assigned Pick Uncertainties, in Milliseconds, as a
Function of Signal-to-Noise Ratio and Sampling Rate

Instrument Sampling Rate, Hz

Signal/Noise 128 32 25
>20 25 65 80
4-20 35 75 90
2-4 50 85 100
1.8-2 70 90 105
1.6—-1.8 85 100 110
1.4—-1.6 100 110 115
1.2-14 110 120 125
<1.2 120 130 150
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sparse for a well-constrained tomographic inversion. The
layered model is simpler and more stable for sparse data.
The layered model also easily accounts for bathymetric
effects by allowing very close node spacing at the seafloor
and larger node spacing for all subseafloor elements, with-
out any effect on the inversion stability or bias. To model
ray paths in the water column, we use sound velocities
measured down to 1750 m during the expedition and the
Carter Table Area 54 model [Carter, 1980] for greater
depths.

[19] We used a layer-stripping method to calculate the
velocity model fitting the arrival times, starting with a single
layer and adding as few and as flat constant velocity
boundaries as possible to roughly fit the data. We then used
a 2-D damped least squares inversion [Zelt and Smith, 1992]
to improve the data fit by adjusting boundary depths. Unless
required by the data, we did not change velocities laterally
along layer boundaries. Finally, we required the inversion to
reproduce crustal arrivals, sometimes at the expense of best
fitting the Moho reflection arrivals. With the exception of
the Moho and some sediment/rock interfaces, the model
boundaries do not correspond to clear breaks in the arrival
time functions, so our model only contains velocity jumps at
the seafloor and at the Moho.

[20] We tried several other methods to construct velocity
models, including (1) starting with a best fit model based on
1-D inversions hung from the model seafloor, (2) allowing
velocities to vary laterally at each boundary node, and (3)
using constant velocity layers. The method we selected
gives the simplest models and the best travel time fits. In
theory, a complicated model should fit data better than a
simple one, but in practice inversions using more compli-
cated models were less stable than the simple versions,
probably because the 45-km OBS spacing gave relatively
few ray crossings.

[21] Sediment velocities are only constrained on the
Tonga Ridge, where the sediments are thick enough for us
to record rays turning in the sediments. These data are best
fit by a linear velocity gradient from 1.8 to 3 km/s. For lack
of other constraints, we use the same boundary velocities
for sediments in the rest of the model.

[22] To assure a stable inversion and to provide redundant
velocity estimates, we divided the survey line into four
overlapping sections, which we call West Lau, East Lau,
Tonga, and Pacific (Figure 4). The West Lau section
stretches from the eastern edge of the Lau Ridge to 10 km
east of the CLSC, the East Lau model stretches from 25 km
west of the CLSC to the Tonga Ridge, the Tonga model
stretches from the eastern edge of Lau Basin to the Tonga
Trench, and the Pacific model stretches from the eastern
edge of the Tonga Ridge to the eastern end of the seismic
line. The models overlap each other by 35—75 km (one or
two OBS sites). Table 3 shows the number of rays picked
and traced and the data misfit in each section.

[23] To estimate the range of possible upper mantle
velocities and crustal thicknesses, we calculate the data
misfit to PmP and Pn arrivals for a range of velocity and
thickness values (Figure 5). The PmP misfit is relatively
high in East Lau section, suggesting that the crust there is
more complicated than our model. In Lau Basin, the best fit
upper mantle velocity is 7.6—7.8 km/s. The best fit crustal
thicknesses are 8.5-9.5 km beneath the WEB and the
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western ELSC basin, 7.5-8.5 km beneath the CLSC, and
6—6.5 km beneath eastern Lau Basin. The Prn arrival misfit
decreases farther for upper mantle velocities slower than
7.6 km/s in eastern Lau Basin, but we reject these velocities
because they require a crust so thin that many of the
observed crustal arrivals are not reproduced. The best fit
mantle velocities beneath eastern Lau Basin are slightly
slower than those beneath western Lau Basin, but the
difference is within the uncertainty bounds (Figure 5a).
On the Pacific Plate, the best fit upper mantle velocity is
7.8—7.9 km/s and the crustal thickness is 5.5 km away from
Capricorn seamount and up to 9 km beneath the seamount’s
flank.

[24] To determine the model uniqueness, we estimate
node resolution (bottom rows in Figure 4) using the
diagonals of the inversion resolution matrix for a depth
variability of 0.1 km and a velocity variability of 0.5 km/s.
A resolution value of 1.0 at a node means that if we change
the depth (velocity) at that node, the resulting increase in
data misfit cannot be reduced by changing the depth
(velocity) at neighboring nodes. A value of 0.0 means that
a change at that node can be completely compensated for
by changes at other nodes. In general, a node with a
resolution value >0.5 is considered to be well resolved
[Zelt, 1999].

[25] The velocity values are generally well resolved, but
the depths are not. The depth resolution is low because there
are rarely more than two crossing rays at any point in the
model. Moho depths are better constrained because of the
simple PmP reflection geometry. We therefore fit the data
using the smoothest possible layer boundaries. The upper
crustal variations at 20 and 160 km in the West Lau section
may be offset from the position indicated in our model, but
their existence is well constrained because (1) we could not
construct models lacking these anomalies that fit the data
(either by hand or by using a Monte Carlo technique) and
(2) each anomaly significantly improves the data misfit on
at least two instruments.

5.1. Lau Models

[26] In the West Lau model (Figure 4a), a fairly simple
velocity model fits the data well (chi-square misfit of 0.7).
This model contains an eastern section with 7.5—8.5 km
thick crust and a western section with 8.5-9.5 km thick
crust overlain by up to 0.4 km of sediments. Most of the
crustal thickening occurs in the midcrust (6—7 km/s). The
boundary between these sections lies within crust created
approximately 1.8 Ma at the ELSC, approximately 50 km
west of the present-day CLSC [Zellmer and Taylor,
2001]. The model contains three localized upper crustal
velocity anomalies, each of which is required to fit clear
travel time breaks on more than one instrument. If we
remove these anomalies, the chi-square error increases to
1.27.

[271 A chi-square error less than 1 suggests that the
model overfits the data; that is, either the model is too
complicated or the estimated uncertainties are too large.
Since our model is less complicated than that suggested by
drilling and dredging [Hawkins, 1995], we believe that we
have overestimated the pick uncertainties. We could reduce
these uncertainties to force a higher error estimate, but we
opt to use the same uncertainty formula (Table 2) for all
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Table 3. Ray and Pick Statistics for the Final Velocity Models

CRAWFORD ET AL.: TONGA RIDGE AND LAU BASIN CRUSTAL STRUCTURE

West Lau East Lau Tonga Pacific
Pg PmP Pn Pg PmP Pn Pg PmP Pn Pg PmP Pn
Arrivals picked 946 168 310 1018 112 231 1269 0 124 802 146 297
Rays traced 903 155 305 885 57 196 1217 0 99 733 146 261
RMS residual, ms 63 116 83 77 110 59 96 NA 47 59 68 81
X2 error 0.63 1.10 0.70 1.22 4.93 0.59 3.20 NA 0.50 1.06 1.10 0.80

four model sections. This formula is based on handpicked
uncertainty estimates for the ensemble of the data.

[28] The data do not fit a previously proposed seismic
velocity model for the WEB, which was based on seismic
reflection and borehole data [Shipboard Scientific Party,
1992b, 1992a]. In that model, the basalt velocities are
greater than 4.2 km/s, the grabens are filled with 0.12—
0.16 km of very slow sediments (1.5—1.6 km/s), and the
horsts are sediment-free. The short-range arrival times for
this model approximately fit the travel times to site 12, but
our data require (1) thicker (0.2—0.3 km) sediments in the
graben containing site 10, and (2) crustal velocities slower
than 4.2 km/s beneath the site 11 horst.
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[29] In the East Lau model (Figure 4b), the crust thins to
the east and is very thin (4—4.5 km) at the boundary between
Lau Basin and the Tonga Ridge (Figure 4b, x = 145 km).
This very thin crust, required to fit a break in the travel time
curve at site 20 (Figure 6), was previously revealed by a 1-D
seismic survey approximately 90 km to the south [Pontoise
and Latham, 1982, Figures 1 and 7A, site P17]. A sediment
layer begins approximately 65 km west of the Tonga Ridge
boundary (Figure 4b) and thickens to the east.

[30] PmP errors are very large in the East Lau section
(Table 3 and Figure 4b), because we could not create a
model fitting the Pg arrivals that also had PmP arrivals as
carly as those observed west of site 18. To better fit the PmP

B
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Figure 5. Effect of changes in model crustal thickness (top row) and upper mantle velocity (bottom
row) on data misfit. (a) Lau Basin. “West” and “Central” data are from 20—120 km and 130—160 km,
respectively, in the West Lau section (Figure 4a). “East” data are from 50—120 km in the East Lau
section (Figure 4b). Crustal thicknesses are calculated relative to the average Lau Basin seafloor depth of
2.2 km. (b) Pacific Plate. “Seamount” and ‘“normal” data are from 60—100 km and 160—260 km,
respectively, in the Pacific section (Figure 4d). Seamount crustal thickness is calculated relative to the

shallowest seafloor depth of 4 km.
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Figure 6. Site S20 record section showing the effect of the shallow Moho at the eastern edge of Lau
Basin. The shaded lines show arrival times for models with and without the shallow Moho.

arrivals, we would have to impose a thinner crust or higher
lower crust velocities, neither of which is consistent with the
crustal arrivals.

5.2. Tonga Model

[31] The Tonga model (Figure 4c) reveals that the crust
thickens rapidly beneath Tonga Ridge, that the sediment
layer thickness varies significantly, and that the intermedi-
ate-velocity (6—7 km/s) layer is very thick. The sediment
layer is up to 1 km thick on the west side of this chain and is
generally thinner and more variable to the east. Rays turning
in the sediments beneath site 21 are best fit by a linear
gradient from 1.8 km/s at the surface to 3.0 km/s at its base.
The intermediate velocity layer is thickest (7.5 km) beneath
the remnant volcanic chain. Our model velocities generally
match those obtained from previous 1-D seismic studies
(Figure 7).

[32] The Tonga model has a chi-square misfit of 2.99, the
highest of the four models. Most of the misfit comes from
short-wavelength arrival time variations. A more compli-
cated model is needed to fit these variations, but our ray
coverage is too sparse to uniquely constrain the necessary
model variations. The sediment thickness probably varies
much more than in our model [Pontoise and Latham, 1982],
but there might be significant lower crustal variations as
well. We believe that our model is a smoothed version of the
actual structure, because it fits the overall trends quite well
with a minimum of structure.

5.3. Pacific Model

[33] The Pacific model (Figure 4d) reveals typical oceanic
crust to the east (5—6 km thick) and crust up to 9 km thick
beneath Capricorn seamount. The Pacific crust velocity

profile consists of a 1- to 1.5-km-thick upper crust (3—6.5
km/s), 1- to 1.5-km-thick midcrust (6.5-6.9 km/s), and 2.5-
to 3-km-thick lower crust (6.9—7.1 km/s). Beneath Capri-
corn seamount, the upper and lower crust thicken to 4 km
each, while the midcrustal layer does not thicken but dives
1-1.5 km deeper with respect to the sea surface.

[34] Previous seismic studies indicate that the Pacific
crust in the area is covered by a thin sediment veneer
(0.4 km) [Raitt et al., 1955]. No sediments are required in
the 2-D model, which ignores subtle breaks in the travel
time curves. Since the seafloor is relatively flat between
sites 28 and 30, we also built 1-D models based on ray entry
points between these sites. We relocated the shots to the
seafloor using a Fresnel zone method [Sohn et al., 1997],
then recalculated travel times and distances from these
seafloor shot points. The line fitting the first arrivals does
not pass through the origin, indicating that no rays turn in
the top layer, so we assume that this top layer consists of
sediments with a velocity of 2.5 km/s [Raitt et al., 1955].
The site 28 data are best fit by a 0.3-km-thick sediment
layer, whereas the site 30 data are best fit by 0.15 km of
sediments. Both sites require four layers beneath the sedi-
ments, with velocities similar to the typical oceanic crustal
sequence of basalts (5—6 km/s), diabase (6.3—6.8 km/s),
gabbros (6.8—7.2 km/s), and upper mantle peridotites (7.8—
8.2 km/s) [Spudich and Orcutt, 1980]. In both cases, the
upper/middle crust (<6.8 km/s) is 2—2.5 km thick and the
lower crust (>6.8 km/s) is 3 km thick, in agreement with
the 2-D model.

5.4. Overall Model

[35] We combine the four model sections into an overall
crustal model (Figure 8). Figure 9 and Table 4 show typical
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Figure 7. Tonga Ridge velocity profiles compared to profiles from previous 1-D seismic studies. Left
plot shows models from the western half of the chain; right plot shows models from the eastern half. “P”
models are from Pontoise and Latham [1982], model RS is from Raitt et al. [1955] (see Figure 1 for their
location). Solid lines are from our 2-D model. The distances shown indicate the position of our profiles
within the Tonga model (Figure 4c).

velocity profiles for each major model unit. The most [37] 2. The Pacific crust thickens to 9 km beneath the
important model features are as follows: flank of Capricorn seamount. The thickening is restricted

[36] 1. The Pacific crust is 5.5 km thick, with a relatively to the upper and lower crust, while the midcrust deflects
thin midcrust (1—1.5 km) and less than 0.4 km of sediments. 1.5 km deeper.

LAU BASIN TONGA ARC PACIFIC PLATE
A 0 WEB Erl_eigd c(::rlégtoe-d ELSC created Active Arlc IIRemnant Arc
€
3
=
3
(0]
[m)] | |
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Figure 8. Overall velocity model. (a) Two-dimensional cross section. Bold lines show the seafloor and
the Moho, and thin lines show second-order velocity boundaries. Lines are solid where they are sampled
by rays and dashed where they are not. The shaded dashed vertical lines mark the position of the velocity
profiles shown in Figure 9 and Table 4. (b) Inferred seafloor magnetization (A/m) along the survey line,
with Brunhes (BR), Matuyama (Ma), and Gauss (Ga) periods identified [from Zellmer and Taylor, 2001].
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Figure 9. One-dimensional velocity profiles from the
overall model (positions indicated in Figure 8). Abbrevia-
tions are TR, Tonga Ridge; TF, Tonga Forearc; WLB,
western Lau Basin; ELB, eastern Lau Basin; CLB, central
Lau Basin; PP, Pacific Plate.

[38] 3. The Tonga Ridge contains a thick intermediate-
velocity layer (6—7 km/s, up to 7.5 km thick) beneath the
Tonga Ridge. This layer is thickest beneath the remnant
volcanic arc.

[39] 4. At the boundary between Lau Basin and the Tonga
Ridge, the crust is exceptionally thin (~4 km).

[40] 5. In Lau Basin the crustal thickness increases from
6 km in the east to 9 km in the west. All of the Lau Basin
crust has a thicker midcrustal section than is seen in the
Pacific Plate. Crustal thickening between the eastern and

EPM 6-13

central sections is concentrated in the lower crust, while
crustal thickening between the central and western sections
occurs in the midcrust.

6. Discussion

[41] We present an interpretive model of the Tonga-Lau
crustal structure in Figure 10, based on the model velocities
and the lithologies expected in each tectonic setting. The
principal features of this model are the andesitic rocks
beneath the Tonga Ridge, the existence of a mantle melt
source west of the Lau Basin spreading center, the varia-
tions in crustal thickness in Lau Basin, and the very thin
crust at the boundary between Lau Basin and the Tonga
Ridge. We will first discuss the “oceanic” crust of the
Pacific Plate and Lau Basin and then the Tonga Ridge.

6.1. Pacific Plate and Capricorn Seamount

[42] The seismic velocities in the Pacific plate crust
away from Capricorn seamount are similar to the
“generic” Pacific crust velocities indicated by numerous
other seismic studies and correlate well to the inferred
lithology of the present EPR [Spudich and Orcutt, 1980;
Harding et al., 1993]. The thickness and seismic velocity
of the upper section match those of rise axis extrusive
basalts (3—6.5 km/s and 1—1.5 km thick), the parameters
of the middle section match those of intrusive diabase
dikes (6.5-6.9 km/s and 1.5 km thick), and the lower
section velocities match those of plutonic gabbros (6.9—
7.1 km/s). These associations are approximate since one can
trade off model layer velocities and depths, but they corre-
spond well to standard models. The lower crust, however, is
relatively thin (2.5 km versus 3—5 km for the EPR).

[43] Where the seismic line crosses the flank of Capricorn
seamount, the upper and lower crusts thicken to nearly 4 km
each. The midcrustal layer does not thicken, but it deepens
by 1.5 km with respect to the sea surface. The constant
thickness and the deflection of this layer suggest that the
oceanic crust here is relatively unaltered and has been
loaded from above by surface lava flows. The most likely
explanation for the thickening of the lower crust is mag-
matic underplating during the volcanic phase. Alternatively,
the lower crust may have thickened through serpentinization
of mantle peridotites by deep hydrothermal circulation, but
there is no compelling reason why hydrothermal fluids

Table 4. Velocity Profiles From Representative Sections of the Model (Same as in Figure 9)

West Lau Basin (WL)

Central Lau Basin (CL)

East Lau Basin (EL)

Depth, km Velocity, km/s Depth, m Velocity, km/s Depth, m Velocity, km/s
0.0 1.8 0.0 1.8 0.0 1.8
0.4 3.0 0.5 3.0 0.4 3.0
2.9 6.0 1.7 6.0 2.4 6.0
6.2 7.0 3.7 7.0 45 7.0
8.4 7.4/7.6 7.1 7.4/7.6 6.1 7.4/7.6

Tonga Ridge (TR) Tonga Forearc (TF)

Capricorn Seamount (CS) Pacific Plate (PP)

Depth, m Velocity, km/s Depth, m Velocity, km/s Depth, m Velocity, km/s Depth, m Velocity, km/s
0.0 1.8 0.0 1.8 0.0 3.0 0.0 3.0
0.8 3.0 0.4 3.0 4.0 6.5 1.3 6.5
49 6.0 3.1 6.0 52 6.9 2.6 6.9
12.0 7.0 8.8 7.0 9.1 7.1/7.8 5.2 7.1/7.8
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Tonga Ridge
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Pacific Plate

Andesitic

E Oceanic Crust: Extrusives

Interpretive model. The Pacific Plate and central-east Lau Basin are interpreted as oceanic

crust created at magma-rich spreading centers. Capricorn seamount creates a thicker extrusive and
plutonic crust. In Lau Basin, variations in the thickness of crustal layers may reflect changes in the
amount of melt available and the depth of the axial melt lens at the spreading ridge. West Lau Basin
contains a mixture of crust created at an oceanic spreading center and extended arc crust, both overprinted
by recent volcanism from a mantle source centered west of the current oceanic spreading center. The
Tonga Ridge contains a thick layer of andesitic rocks similar to that observed beneath the Izu-Ogasawara

Ridge [Suyehiro et al., 1996].

would circulate this deep in the relatively low stress intra-
plate environment where the seamount formed.

6.2. Lau Basin

[44] The Lau Basin crust thickens from east to west in
two steps. We use these steps to divide the basin into east,
central, and west sections (5.5-6.5, 7.5-8.5, and 9 km
thick, respectively). The boundary between the east and
central sections lies at the boundary between crust created at
the ELSC and the CLSC, suggesting these two spreading
ridges have or had different internal structures. The boun-
dary between the central and west sections, on the other
hand, lies in the middle of crust created at the ELSC. The
west section therefore contains crust created both by oceanic
spreading and by island arc extension.

[45] The east section crust is about as thick as the Pacific
Plate crust, but the upper and middle crust are thicker (2—
2.5 km each) and the lower crust is thinner (1.5—2km). The
travel time data also require different boundary velocities
than those seen in the Pacific crust, which may indicate a
different source chemistry or emplacement mechanism. If
the boundary between the middle and lower crust corre-
sponds to the position of the melt lens at the spreading ridge,
the ridge that created the east section crust had a deeper melt
lens than the ridge that created the Pacific crust. The upper

and middle crust total 4—5 km thick, suggesting that the
source melt lens was between 2.5 and 4.5 km deep, depend-
ing on how much upper crust was emplaced off-axis. This is
consistent with present-day estimates of the melt lens depth
near the south end of the ELSC (2.9 £+ 0.3 km [Turner et al.,
1999]). However, the lower crust is much thinner beneath
our East Lau section (1.5-2 km versus 5—6 km).

[46] The central section contains mostly crust created at
the CSLC. The average crustal thickness is 7.5—8.5 km.
Most of the thickening between the east and central sections
takes place in the lower crust: The upper crust and most of the
middle crust are actually thinner in the central section,
suggesting a shallower source melt lens. A CLSC melt lens
has been imaged 1.1-1.7 km beneath the seafloor at these
latitudes [Harding et al., 2000], even shallower than our
midcrustal thickness. This difference might be explained by a
recent change in the melt structure of the CLSC, correspond-
ing to a recent change in the spreading rate. The present-day
spreading rate (from GPS measurements [Bevis et al., 1995])
is much faster than the long-term rate (from seafloor magnet-
ization [Taylor et al., 1996]), suggesting that the spreading
rate may have recently accelerated. In addition, the upper
crust is very thin beneath the OBS closest to the CLSC axis
(site 15, Figure 4a). This thin upper crust could reflect a
change in the melt structure near the rise axis, but our data do
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not constrain whether this thin layer extends to the CSLC or
if the middle crust is also thinner beneath the rise axis, as
would be expected for the present melt lens depth.

[47] The Lau Basin crust is thickest (9 km) in the west
section, which contains both the West Extensional Basin
(WEB) and crust created more than 1.5 Ma on the west side
of the ELSC. Most of this crust has intermediate velocities
(6—7 km/s). Within this section, there is no significant
change in crustal thickness or velocity structure between
the crust created in the WEB and that formed at the ELSC,
suggesting that the crust was modified postemplacement.
The most likely source of this modification is the mantle
source centered west of the Lau Basin spreading axis. This
source was active in the past, as indicated by Pacific-type
MORB sampled within the WEB grabens [Hawkins, 1995],
and it may still be active, as indicated by a low-velocity
anomaly imaged in the upper mantle west of the CLSC
[Zhao et al., 1997]. We suggest that this melt supply
modified both the WEB and the ELSC crust within the
west section and that it may continue to modify this crust
today.

[48] Isostasy predicts that the increase in thickness of Lau
Basin crust toward the west should result in shallower
seafloor depths to the west, but no such trend is observed.
The effect of this thickening is relatively small because most
of the thickening occurs in the denser middle and lower
crust and the eastern Lau Basin crust has the thickest low-
velocity (and probably low-density) layer. However, assum-
ing average midcrustal, lower-crustal, and upper mantle
densities of 2.75, 3.35 and 3.7 g/cm?, respectively [Chris-
tensen and Smewing, 1981], the seafloor should deepen by
approximately 0.8 km from west to east. If the sediment
layer overlying eastern Lau Basin has very low density (1.8
g/em?), this difference reduces to 0.6 km, but even this
small a change is not observed. Dynamic compensation
beneath the eastern basin seems unlikely since the only
imaged mantle low-velocity anomaly is beneath the western
basin [Zhao et al., 1997]. For lack of a better explanation,
we speculate that crustal and/or mantle densities decrease
toward the east because of compositional differences in the
mantle from west to east. Since the eastern Lau Basin crust
shows no evidence of significant change since emplace-
ment, we speculate that the material emplaced in the west-
ern Lau Basin crust may be relatively dense. To date, there
have been no gravitational studies to test this hypothesis.

[49] In summary, the melt supply to the Lau Basin
spreading ridges has changed significantly over time and
a large portion of the crust west of the spreading ridge
appears to have been modified by melt emplacement after
formation. The westward offset of the melt supply may be
the result of the massive cold barrier formed by the
subducting slab to the east and may therefore be a common
feature of back arc spreading centers. If this is the case,
crust created in back arc basins should be systematically
different than that formed by “normal” oceanic spreading.

6.3. The Tonga Ridge-Lau Basin Boundary

[s0] Why is the crust thinned at the boundary between
Lau Basin and the Tonga Ridge? It may be related to the
start of spreading, since this crust was probably created near
the time when the propagating tip of the ELSC arrived from
the north. Perhaps there was an impulse of previously
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Figure 11. Comparison of the velocity profile beneath the

remnant island arc of the Tonga Ridge with profiles from
the Aleutian [Holbrook et al., 1999] and Izu-Ogasawara arcs
[Suyehiro et al., 1996]. The bold solid line shows an
alternative version of the Tonga Ridge midcrust with a
thicker 6—6.5 km/s layer whose misfit is within 1% of the
best value.

trapped mantle melt as the ELSC propagated south. Or
perhaps crust created by an isolated magmatic impulse was
subsequently thinned by extension. A more detailed study
of this feature would help to reveal its source and could
provide information about how seafloor spreading starts. It
would be interesting to determine if this feature is unique to
Tonga-Lau or if it exists at other arc-back arc boundaries.

6.4. Tonga Ridge

[5s1] The velocity profile beneath the Tonga Ridge strongly
resembles that beneath the Izu-Ogasawara arc [Suyehiro et
al., 1996] (Figure 11). Both volcanic arcs contain a thick
layer of relatively low velocities starting 4—5 km beneath the
seafloor. Suyehiro et al. [1996] suggest that this layer
consists of tonalites within the Izu-Ogasawara arc because
tonalites outcrops were found on that arc and because the
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velocities correspond much better to andesitic than to basal-
tic rocks at those depths [Christensen and Mooney, 1995].
The Tonga velocities may be even closer to those at Izu-
Ogasawara than suggested by our model. The data fit hardly
changes (from chi-square = 2.99-3.02) if we copy the Izu-
Ogasawara model structure by emplacing a 6—6.5 km/s layer
that is up to 5 km thick (bold solid line, Figure 11).

[52] The existence of andesitic rocks beneath island arcs
is crucial to a hypothesis that continental crust is formed
through accretion of successive island arcs. The existence of
low-velocity layers beneath both the Tonga Ridge and the
Izu-Ogasawara arc supports this hypothesis, but other island
arcs, such as the Aleutian arc (Figure 11)], show no 6—6.5
km/s layer [Holbrook et al., 1999]. Large-scale crustal
velocity studies at other arcs should help to determine the
factors that control the generation of andesitic rocks.

[53] Our data do not constrain the thickness of the Tonga
Ridge, but previous studies indicate that it is between 20
and 25 km thick [Raitt et al., 1955; Mitronovas and Isacks,
1971]. For comparison, the Izu-Ogasawara arc crust, which
has a similar velocity structure, is approximately 22 km
thick [Suyehiro et al., 1996].

7. Conclusions

[54] We conducted a seismic refraction (air gun) survey to
19 OBSs and one land seismometer across the Tonga-Lau
subduction/back arc system. Beneath our survey line, the
Pacific Plate crust approaching the Tonga Trench is 5.5 km
thick and the crust thickens to 9 km beneath the southern
edge of Capricorn seamount, with 1.5—-2 km of thickening
in both the upper and lower crust. The midcrust does not
thicken but deepens by 1.5 km beneath the edifice. The
excess upper crust is probably lava flows from the sea-
mount, while the excess lower crust is probably underplated
gabbros but could also be serpentinized mantle peridotites.

[s5s] The Tonga Ridge contains a thick layer of rock
whose low velocity matches that of andesitic rocks in
continental crust. The velocity structure of the Tonga Ridge
is strikingly similar to that of the Izu-Ogasawara arc, which
has been interpreted to contain andesitic rocks.

[s6] There is a section of extremely thin crust (4—4.5 km)
between Lau Basin and the Tonga Ridge. This thin crust
formed when seafloor spreading started with the arrival of
the southward propagating tip of the ELSC.

[57] The Lau Basin crust thickens from 5.5—6.5 km in the
east to 8.5-9.5 km in the west. The basin is divided into
east, central, and west sections by steps in the crustal
thickness. In the east section, the crust resembles that seen
in the Pacific Plate east of the Tonga Trench, except that the
midcrustal layer is thicker and the lower crust is thinner. We
interpret this as oceanic crust created more than 1.5 Ma at
the ELSC with a melt lens 2.5—-4.5 km deep. The crust is
1 km thicker in the central section, due mostly to a thicker
lower crust. Most or all of this crust formed within the past
1.5 Ma at the CLSC, and we interpret the difference
between these sections as reflecting the difference between
the rise axis structure at the ELSC more than 1.8 Ma and
that at the CLSC within the past 1Ma. The upper crust thins
by 1| km within 5 km of the CLSC, perhaps reflecting a
recent (~0.1 Ma) change in spreading center structure. Lau
Basin crust thickens to approximately 9 km in the west
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section. The primary difference between the west section
and the rest of Lau Basin is in the midcrust, which is 2 km
thick beneath the east and central sections and up to 5 km
thick beneath the west section. The west section contains
both crust formed at the ELSC more than 1.5 Ma and crust
formed through extension of the original Lau Ridge. We
suggest that these originally different crusts were modified
postemplacement by infilling of melt from a robust mantle
melt supply west of the CLSC.
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