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Seismic evidence of effects of water on melt transport
in the Lau back-arc mantle
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Processes of melt generation and transport beneath back-arc spread-
ing centres are controlled by two endmember mechanisms: decom-
pression melting similar to that at mid-ocean ridges and flux melting
resembling that beneath arcs1. The Lau Basin, with an abundance of
spreading ridges at different distances from the subduction zone,
provides an opportunity to distinguish the effects of these two dif-
ferent melting processes on magma production and crust formation.
Here we present constraints on the three-dimensional distribution
of partial melt inferred from seismic velocities obtained from Ray-
leigh wave tomography using land and ocean-bottom seismographs.
Low seismic velocities beneath the Central Lau Spreading Centre and
the northern Eastern Lau Spreading Centre extend deeper and west-
wards into the back-arc, suggesting that these spreading centres are
fed by melting along upwelling zones from the west, and helping to
explain geochemical differences with the Valu Fa Ridge to the south2,
which has no distinct deep low-seismic-velocity anomalies. A region
of low S-wave velocity, interpreted as resulting from high melt con-
tent, is imaged in the mantle wedge beneath the Central Lau Spread-
ing Centre and the northeastern Lau Basin, even where no active
spreading centre currently exists. This low-seismic-velocity anom-
aly becomes weaker with distance southward along the Eastern Lau
Spreading Centre and the Valu Fa Ridge, in contrast to the inferred
increase in magmatic productivity1. We propose that the anomaly
variations result from changes in the efficiency of melt extraction,
with the decrease in melt to the south correlating with increased frac-
tional melting and higher water content in the magma. Water re-
leased from the slab may greatly reduce the melt viscosity3 or increase
grain size4, or both, thereby facilitating melt transport.

Sea-floor spreading in the Lau back-arc system began about 4 Myr
ago in the north of the basin5, propagated southwards and split the an-
cient arc into the Lau Ridge and the Tonga Ridge. This process formed
the V-shaped Lau Basin, with segments of the spreading centres farther
from the active Tofua volcanic arc in the north than in the south (Fig. 1a).
This variation in distance from the arc correlates with systematic
changes in the geological features of the spreading centres, with mid-
ocean-ridge basalt (MORB)-like geochemical signatures in the north-
west, and arc-like signatures and much higher inferred water content in
the south1,6,7. However, two questions remain unresolved. First, why is
there an abrupt change in the geochemical signatures of subduction2

and the structure of young ocean crust8,9 at about 20u 359 S along the East-
ern Lau Spreading Centre (ELSC), despite the fact that the distance from
the ridge to the arc changes gradually? Second, although the distance
from the ELSC to the arc is intermediate between the respective dis-
tances from the Central Lau Spreading Centre (CLSC) and the Valu Fa
Ridge (VFR) to the arc, why do the axial crustal properties of the ELSC
imply the lowest magmatic activity6? These questions suggest com-
plexities beyond the subduction-controlled melting process6. Previous
studies rely on petrological and geochemical measurements of erupted
basalts1,7, sea-floor morphology5 or the structure of the crust8,9 to infer

characteristics of the melt production region in the mantle. In this study,
we present new, high-resolution, three-dimensional seismic images of
the Lau Basin, placing constraints on mantle melting variations in a
region characterized by large gradients in mantle water content.

We used the two-plane-wave method of Rayleigh wave tomography10,11

and data from two networks of land and ocean-bottom seismographs
(OBSs) (Fig. 1b and Extended Data Fig. 2) to image phase velocity at pe-
riods ranging from 19 to 88 s, and then determined the three-dimensional
shear-wave velocity of the uppermost mantle. The derived azimuthally
averaged velocity structure of vertically polarized S waves (SV waves)
shows a wide low-velocity zone (LVZ) with a V shape in the shallow
part of asthenosphere (Fig. 1b, c and Extended Data Fig. 1), dipping to
the west away from the arc (Fig. 2). At shallow depths, for example
30 km, the LVZ occurs along the spreading centres and connects the
CLSC to the Fonualei Rift and Spreading Centre and the Mangatolu
Triple Junction (MTJ) to the north (Fig. 1c). At a depth of 50 km, the
anomaly becomes stronger beneath the northeastern Lau Basin (NELB),
but weaker beneath the southern ELSC and VFR (Fig. 1d). The Lau Ridge
and the Fiji Plateau are characterized by a high-velocity anomaly in the
uppermost mantle, implying that these relict island arcs are underlain
by cold lithosphere to a depth of about 70 km. The high-velocity anom-
aly beneath the Tonga Ridge delineates the subducting Pacific slab12

(Fig. 2).
The lowest mantle velocities are found at a depth of about 50 km

along a band extending from the MTJ southwards to the northern tip
of the ELSC, with a minimum SV-wave velocity of 3.5 6 0.15 km s21

(Fig. 1d), significantly lower than other well-studied upper-mantle
LVZs13,14 (Methods and Extended Data Fig. 7). The velocity anomaly
is considerably weaker and shallower to the south along the VFR
(Fig. 3, D–D9). Because the southward decrease in anomaly magnitude
correlates with a narrowing of the basin, the possibility that the de-
crease results from a lack of resolution for long-period Rayleigh waves
must be considered. However, the anomaly trend is apparent even in
mid-period phase velocity maps (for example those with a period of 37 s;
Extended Data Fig. 3), with good resolution to the southern tip of the
VFR (Extended Data Fig. 4). In addition, preliminary results from both
independent analyses of shorter-period Rayleigh and Love waves using
ambient-noise tomography15 (Extended Data Fig. 5) and body-wave
attenuation16 provide evidence supporting a weaker low-velocity anom-
aly in the south (Methods).

Many factors, including temperature, composition and melt, influ-
ence seismic velocity17–22. To investigate these effects, we estimated the
SV-wave velocity structure of a ‘wet’ but melt-free mantle wedge be-
neath the Lau Basin based on numerical models23, using experimental
results fitted with an extended Burgers model20 and corrections for the
effects of water24 and radial anisotropy14 (Methods and Extended Data
Fig. 8). Although the predicted velocity structures (Extended Data Fig. 8)
are similar to our observations (Fig. 2), the modelling is unable to ex-
plain the very low SV-wave velocities (#3.8 km s21) observed. The low
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velocities occur beneath the spreading centres at the depths expected for
melt generation in the mantle (Fig. 3), but not in regions showing high
water content, indicating that partial melt is the dominant factor. How-
ever, quantitative interpretation in terms of melt content is hampered
by incomplete knowledge of the effects of melt on seismic velocity18,19.

We suggest that the extent and intensity of the low-velocity anomaly
provide constraints on the distribution and characteristics of the man-
tle melting process. The inclined LVZ (Fig. 2) shows a broad, asymmetric
melting region originating at a depth of about 80 km, with the deepest
part offset to the west, implying a passive decompression melting
process governed by the mantle wedge flow pattern23,25. Although it is
difficult to quantitatively relate the low S-wave velocity observed beneath
the CLSC to mantle porosity filled with melt (henceforth referred to as
melt porosity), given the lowest S-wave velocity of about 3.9 km s21

imaged beneath the East Pacific Rise13, the porosity here is higher than
that beneath a fast-spreading mid-ocean ridge. This implies that the pro-
cess of melt segregation at the CLSC is less efficient, consistent with the
abnormally shallow depth of last melting equilibrium recorded in the
lavas (about 35 km), because perfect segregation favours retention of
high-pressure chemical signatures (Methods). The rapid spreading rate
(about 90 mm yr21, that is, a high mantle matrix ascending rate) and
high melt production due to high temperature both favour melt reten-
tion and high mantle porosities. Additionally, the higher spreading rate
at the CLSC weakens the magmatic focusing at the ridge, hindering the
extraction of melt26.

The tomography results indicate that the MORB-like lavas erupting
along the CLSC are derived from an upwelling zone (Fig. 2, A–A9)

originating from the ambient mantle to the west of the Lau back-arc,
well away from sources of water and fluid-mobile elements in the sub-
ducting slab. Although the northern ELSC is much closer to the slab than
is the CLSC, there is still a connection of the LVZ to the west (Fig. 2,
B–B9), suggesting that the source of melt may be dominated by ambi-
ent mantle near and west of the ELSC rather than by the subduction-
influenced mantle. However, the VFR, characterized by high water
content1, shallow axial depths6 and anomalous major element compo-
sitions2, lacks a sublithospheric melt zone to the west of the spreading
axis (Fig. 2, C–C9). The horizontal component of corner flow in the
mantle wedge beneath the VFR is probably slower than that beneath
the CLSC23, which may also lead to inefficient mantle supply from the
west along the VFR. Therefore, although map-view results in Fig. 1
cannot resolve the details of this transition, owing to the low lateral re-
solution, the contrast between cross-sections B–B9 and C–C9 in Fig. 2
suggests that the sudden change in magma chemistry beginning at about
20u 359 S along the ELSC2 represents the transition between spreading
centres fed by decompression melting west of the axis and those domi-
nated by flux melting near the Tonga slab (Fig. 2).

Interpreting the along-strike variation in seismic anomalies is com-
plicated, because both temperature and water content change from north
to south1. The seismic anomaly variations are strongest at a depth of
about 50 km, well beneath the lithosphere–asthenosphere boundary
according to the half-space cooling model (Fig. 2, dotted curves), and
so lithospheric cooling cannot be a cause of this north–south variation.
Furthermore, the trend in the seismic velocity anomaly is opposite to
the trend in the inferred source water content at the CLSC, ELSC and
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Figure 1 | Maps of the study region and mantle velocities. a, Tectonic map of
the Lau Basin and adjacent areas with back-arc spreading centres (red lines).
The Pacific plate subducts beneath the Tonga trench (delineated by water depth
contours of 7, 8, 9 and 10 km) from the southeast (bold arrow). Land areas
and water areas with depth shallower than 1 km are shaded in black and grey,
respectively. Features with active magmatism have red labels. Volcanoes of the
Tofua arc are outlined in red. ETZ, Extensional Transform Zone; FRSC,
Fonualei Rift and Spreading Centre; FSC, Futuna Spreading Centre; NWLSC,
Northwest Lau Spreading Centre. b, Seismic stations used in this study. A water
depth (colour scale) of 1 km is shown by the contour. Red triangles represent

island-based stations operated from October 2009 to December 2010. Red dots
are OBSs deployed from November 2009 to November 2010. Yellow dots
and triangles indicate OBSs and island-based stations operated during
September to December 1994, respectively (Extended Data Fig. 2).
c, Azimuthally averaged SV-wave velocity (VSV; colour scale) at a depth of
30 km. Straight lines show the cross-sections in Figs 2 and 3. d, Azimuthally
averaged SV-wave velocity at a depth of 50 km. Black stars are the nodes
representing the CLSC, ELSC and VFR in the inset of Fig. 3 and Extended Data
Fig. 3. In c and b, S-wave-velocity contours at 3.7, 3.8, 3.9, 4.0 and 4.1 km s21 are
shown by dashed lines. The water depth contours are the same in b.
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VFR, with areas of higher water content showing smaller and shallower
seismic velocity anomalies (Fig. 3, inset). This contrast is surprising, given
that the presence of water reduces the S-wave velocity in subsolidus
olivine by enhancing attenuation21. We constrain possible thermal var-
iations along-strike by using lava composition and the thermobarometer
of ref. 27 to estimate the pressure (P)–temperature (T) conditions of
melting (Fig. 3, Extended Data Fig. 9 and Methods). Calculated melting
paths reveal that the mantle is hotter beneath the CLSC than beneath
the VFR, possibly owing to less cooling by the slab. At 50 km depth, the
temperatures beneath the CLSC and the VFR are about 1,400 uC and
1,350 uC, respectively. This difference would cause a reduction in shear-
wave velocity by only ,0.1 km s21 (Methods), much less than our ob-
servation of .0.3 km s21.

Therefore, we interpret the along-strike variations in seismic anom-
alies in terms of changes in melt porosity. Our results suggest that the
melt porosity is highest beneath the NELB and the CLSC, and from
there decreases southwards to the VFR. In contrast, higher melt pro-
duction is not expected for the NELB in numerical models23, and as
subaxial water content increases southwards, the onset of partial melt
would be expected to deepen1 and the extent of melting would increase
towards the VFR, opposite to our inferences (Fig. 3). However, melt
porosity and extraction are not expected to follow a simple relation-
ship with melt productivity, but rather may be governed by other fac-
tors such as permeability and melt viscosity.

We propose that the variations in seismic velocities along the Lau
back-arc spreading centres reflect differences in melt porosity due to
changes in the efficiency of melt extraction, which determines the re-
lation between melt content in the mantle and magmatic expression
near the surface. The pattern of seismic anomalies suggests two major
factors controlling the efficiency of melt transport. One factor is the
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S-wave-velocity contour is shown by the dashed line. Beneath the CLSC and the
ELSC, the decompression melting occurs in low-velocity regions interpreted
as upwelling mantle from the west. In contrast, beneath the VFR in the
south (C–C9), any connection between the ridge and the asthenosphere to the
west is impeded by the lithosphere of the relict arc (wide blue anomaly beneath
the Lau Ridge at 30–70 km depth), implying that the material supply of
back-arc mantle from the west is much weaker and that the spreading centre
samples only mantle in close proximity to the slab.
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Figure 3 | Cross-sections D–D9 and E–E9 of azimuthally averaged SV-wave
velocity with a schematic model showing the along-strike variations. The
SV-wave velocity colour scale is the same as in Fig. 2. The dashed curve in D–D9
represents a thin lithosphere with low permeability overlying the NELB. Mantle
temperatures, the extent of melting and the depth of melt equilibration (boxed
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of ref. 27, on the basis of the Si and Mg concentrations of primary melts in
equilibrium with mantle olivine1orthopyroxene (Methods). The melting
path beneath the ELSC is not available, owing to the limited data for water in
primitive melts. Black arrows in the cross-sections represent upward melt
transport, and blue wavy lines indicate water migration. In the north, where the
CLSC is far from the slab, melts equilibrate at the depth of about 35 km and the

maximum extent of melting is about 25%. In contrast, relatively colder mantle
with greater water content beneath the VFR generates melts that equilibrate
about 10 km shallower than do those at the CLSC, and with a total extent of
melting that is about 10% higher. As the distance between the spreading centre
and the Tofua arc decreases, more water enters the melting region, leading
to an enhancement in melt extraction (a wider arrow represents more efficient
melt transport). Inset, trends of water concentration in the melt (Methods
and Supplementary Table 1) and the mantle source1 compared with our results
for SV-wave velocity at a depth of 50 km. Error bars indicate the standard
deviation among all samples (absence of error bars indicates there is only one
measurement). The SV-wave velocity of each spreading centre is chosen as the
velocity of the corresponding node in Fig. 1d.
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existence of a nearby spreading centre as a focus for upward melt trans-
port. The lowest seismic velocities occur beneath the NELB at substantial
distance from active spreading centres, suggesting that the low perme-
ability of the overlying lithosphere and the lack of an effective magma
channel prohibit melt extraction. This implies that melt generated in
the mantle wedge beneath this region is not efficiently extracted, but
instead either slowly solidifies or migrates laterally large distances to
one of the spreading centres.

The second major factor affecting melt porosity is the water content
of the melt. Despite the high degrees of melting of the mantle at the
VFR, the seismic anomalies are weaker throughout the melting region
than they are beneath the CLSC, indicating lower melt porosity and
greater melt extraction efficiency beneath the VFR, where melts are wet-
ter. Compared with the CLSC, the water-rich VFR melts apparently
segregate from the mantle more efficiently, similar to the profile be-
neath the Tofua volcanic arc. Both the seismic images and the P–T cal-
culations suggest that melt rises efficiently, ponds and re-equilibrates
at the base of the thermal boundary layer (20–25 km depth) (Fig. 3).
Although the presence of water enhances melting1, it also reduces the
melt viscosity3 and facilitates grain growth4. If we assume the melt trans-
port to be an equilibrium porous flow, it follows Darcy’s law with q /
d2wn/m, where q is the melt flux, d is the grain size, w is the porosity, m is
the melt viscosity and n is about 2.6 (ref. 28). Thus, a decrease in melt
viscosity or an increase in grain size (or both) caused by higher water
content would decrease melt porosity for a constant melt flux. In sum,
our results and analysis indirectly imply that water greatly enhances
melt mobility.

Ideally one could quantitatively relate the melt porosity inferred from
seismology to melt extraction models of spreading centres. Unfortun-
ately, there is no well-established relation linking seismic velocity and
melt porosity. Many factors such as the grain size20 and the topology of
the partial melt within the matrix22 also affect seismic velocity, and other
factors such as the behaviour of ‘wet’ melt under high pressure are poorly
understood. Further experimental studies may provide the necessary
constraints to relate seismic images directly to factors controlling melt
production and transport.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Data processing and inversion. Most of the data used in this study were collected
from 49 broadband OBSs deployed from November 2009 to November 2010 and
17 island-based seismic stations operated from October 2009 to December 2010.
We additionally used data from 14 OBSs of the Lau Basin Ocean Bottom Seismo-
graph Survey (LABATTS) and 9 island-based stations of the Southwest Pacific Seis-
mic Experiment (SPASE) collected during September to December 199412 (Fig. 1b
and Extended Data Fig. 2).

On the basis of the Preliminary Determination of Epicentres (PDE) catalogue,
we selected seismograms of 357 earthquakes with surface-wave magnitudes (Ms)
larger than 4.5 and epicentral distances between 30u and 150u (Extended Data Fig. 2,
inset). The good azimuthal distribution of earthquakes guarantees a large number
of ray-crossings north and south of the station array, improving resolution in the
northern and southern Lau Basin (Extended Data Fig. 4). The raw seismogram of
each event was cut from the origin time of the earthquake to 12,000 s after. Prior to
the tomographic inversion, data were downsampled to 1 Hz and instrument res-
ponses were removed. For each period of interest, we used a narrow-bandpass filter
(fourth-order Butterworth, zero-phase shift) centred at the frequency of interest to
filter the seismograms. The filtered data were then windowed manually to isolate
the fundamental mode of the Rayleigh wave at each of 20 periods in the range 19–
118 s. Noise in seismograms at long periods (.50 s) due to ocean swell and assoc-
iated water pressure variations, as well as tilt caused by local currents, was removed
by correcting the vertical channel with horizontal and pressure channels30–32.

We then used the two-plane-wave method10 with two-dimensional (2D) Fréchet
kernels11 to invert phase velocity with isotropic and anisotropic components with
periods in the range 19–88 s. Periods longer than 88 s were not used because the
wavelengths are too long compared with the size of our array to provide good re-
solution. Unlike the traditional Rayleigh wave tomography based on ray theory,
this method considers scattering effects of Rayleigh waves outside the study region by
simplifying the scattered incoming wave as the sum of two interfering plane waves10.
Additionally, by using 2D Fréchet kernels based on the starting model, scattering
and multipathing effects within the study region can be also approximately addressed11.
Both the calculation of the 2D Fréchet kernels and the nonlinear tomographic in-
version require a good starting model of velocity. In the first step that determines
the average phase velocity at each period for the entire study region, we chose as
starting model the anisotropic model of the Pacific14 (henceforth the NF89 model)
with age ranging from 0 to 4 Myr. In the second step, we divided the study region
into four subregions according to tectonic settings: Lau Basin, Fiji Plateau/Lau Ridge,
Tonga Ridge and background. Then we used the average phase velocity as the start-
ing model to invert the 2D phase velocity map, with nodes spaced at 186.5 km, at
each period. In the third step, we refined the grid of nodes to spacings of first
124.3 km and then 58.7 km, and used the previously inverted phase velocity as the
a priori model.

Our results show strong azimuthal anisotropy in this region, consistent with pre-
vious studies33. For instance, at a depth of 50 km, the fast direction is trench-parallel
beneath the Lau Basin but convergence-parallel beneath the Lau Ridge and the Fiji
Plateau. Although the amplitude of anisotropy at each period varies by up to 5%
depending on the degree of regularization, the isotropic components of phase ve-
locity show only very small changes (,0.03 km s21) owing to the good azimuthal
coverage of the ray paths. Because the main purpose of this work is to image the 3D
structure of seismic velocity and the inferred partial melt, only the isotropic phase
velocities were analysed in the next steps.

Subsequently, we inverted the azimuthally isotropic phase velocity at each node
to determine the azimuthally averaged SV-wave velocity using a linearized method34.
We initially tried to invert the SV-wave velocity with different uniform starting
models based on NF89 models14 or on previous waveform inversions35. Because
this linearized inversion may depend on the starting model, we later divided the
study region into six subregions: Lau Basin, Fiji Plateau/Lau Ridge, Tonga Ridge,
North Fiji Basin, South Fiji Basin and Pacific plate. The starting model for each sub-
region was adopted from previous studies of seismic refraction36, body-wave tomo-
graphy37 and NF89 models14. Each individual node was then sorted into one of
these subregions, and the corresponding starting model was used in the inversion
for the SV-wave velocity structure at that node. Compared with the inversion re-
sults from a uniform starting model, the results inverted from starting models of six
subregions are almost identical for mantle structure deeper than 30 km but improve
a little for shallower structure that agrees with geological settings better. We there-
fore chose the latter technique to obtain the final results of SV-wave velocity. Fur-
thermore, to test the robustness of the extremely low velocity east of the CLSC, we
applied the Monte Carlo algorithm to invert the node that has the lowest velocity.
Tests show that the extremely low velocity east of the CLSC is robust, and SV-wave
velocity inverted by the linearized method34 is reasonable (see next section and
Extended Data Fig. 7).

Resolution of phase-velocity inversion. Inversion of phase velocity involves an
inevitable trade-off between spatial resolution and model resolution. Although a
shorter smoothing length with a finer grid of nodes could lead to more small-scale
information (higher spatial resolution), the over-parameterized problem will be
poorly solved in the inversion, resulting in lower model resolution and failing to
provide useful details10. We thus chose the inversion parameters mainly on the basis
of the model covariance and checkerboard tests (Extended Data Fig. 4). For the
largest node spacing of 186.5 km, we used a smaller a priori standard deviation
(0.05 km s21) and a larger smoothing length (200 km), giving results more damped
to the starting model. As we reduced the spacing of nodes with subsequent itera-
tions, inversion parameters for shorter periods were changed accordingly38 so that
phase velocity had more variability (a priori standard deviation as 0.15 km s21 and
smoothing length as 80 km for the finest grid of nodes with spacing 58.7 km). The
lack of spatial resolution at long periods is an intrinsic problem for surface-wave
tomography owing to the large wavelength of the waves and the consequent great
width of the Fréchet kernel. For instance, the inferred subducting Pacific slab with
dip angle gentler than shown by the Slab 1.0 model29 (Fig. 2) is an artefact due to the
low resolution as the longer-wavelength Rayleigh waves smear the horizontal struc-
ture more at larger depth. Because we were able to obtain useful resolution up to
88 s, only phase velocity at periods shorter than 90 s were used for the next step of
S-wave-velocity inversion.

Ambient-noise tomography (ANT) uses ‘seismic noise’ to invert phase velocity
at shorter periods and to constrain shallower structures than are resolved by the
two-plane-wave tomography (TPWT). ANT results15 of phase velocity at the per-
iod of 18 s (Extended Data Fig. 5a) are consistent with phase velocity at 21 s obtained
from TPWT, both showing weaker signal of LVZ in the south. Furthermore, ANT
results of SV-wave velocity at the depth of 30 km (Extended Data Fig. 5b) show
great agreement with TPWT (Fig. 1c) not only in pattern but also in absolute values.
The smooth transition from shorter periods in ANT to longer periods in TPWT
suggests our phase-velocity inversion is robust. Additionally, high attenuation anom-
alies revealed by independent body-wave analysis16 have a similar pattern to the LVZ
in this study, supporting our results of a weaker low-velocity anomaly to the south.

Phase velocities at the CLSC are consistently lower than those observed at the
Mariana back-arc39 and the East Pacific Rise 12–18u S (ref. 13), whereas only short-
period phase velocities at the VFR are lower (Extended Data Fig. 3). In addition,
there are significant along-strike changes in the magnitude of this anomaly. To test
our results for phase velocity, we applied the traditional two-station method for
two sets of earthquake-station pairs (Extended Data Fig. 6). The first set contains
one earthquake at the Chile trench recorded by two stations north of the ELSC, and
the second set has one earthquake at the Mariana trench recorded by two stations
near the VFR. Extended Data Figs 6b and 6c show the seismograms of the fun-
damental modes of Rayleigh waves filtered (fourth-order Butterworth, zero-phase
shift) to 37 s. Given the differences in epicentral distance and phase delay time shown
in Extended Data Fig. 6, the average phase velocity between N01W and N03W is
about 3.59 km s21, and that between A12W and S01W is about 3.67 km s21, con-
sistent with phase velocity inverted by the TPWT (Extended Data Fig. 3). These
estimations of phase velocity are certainly approximate but lend evidence support-
ing our results for phase velocity.
Robustness of SV-wave velocity inversion. Linearized inversion34 provides a fast
way to invert S-wave velocity from phase velocity. However, the fixed thicknesses of
model layers used in this method may lead to bias in the inverted results. Therefore
we additionally applied a Monte Carlo algorithm to test the robustness of the ex-
tremely low velocity east of the CLSC (Extended Data Fig. 7). This method gener-
ates an ensemble of models using random perturbations to both velocity and layer
thickness in the linearized inverted model (starting model). It then calculates the
dispersion curve for each model, and compares it with the original dispersion
curve from the phase-velocity inversion. A ‘good’ model is defined by two factors:
(1) it should be as smooth as the linearly inverted model, and (2) its corresponding
dispersion curve should have similar mis-fit compared with the starting model’s
dispersion curve. The ‘best’ model is defined as the ‘good’ model that has smallest
mis-fit. Numerical experiments with the inversion for node 364 (Extended Data
Fig. 7) show that although the best model varies from inversion to inversion, the av-
erage of 500 good models is robust and almost identical to the linearly inverted model.
The largest standard deviation of S-wave velocity over all depths is 0.13 km s21,
much smaller than the range of perturbation set as 15%, that is, about 0.6 km s21.
We thus conservatively estimate the uncertainty of the lowest velocity as 0.15 km s21.
It is worthwhile to notice that the LVZ of our results is shallower than that from a
previous waveform inversion study35 (Extended Data Fig. 7, green curve), agreeing
with the geological setting better as melting commences 60–70 km beneath the pas-
sive mid-ocean ridge40. That is because the waveform inversion35 averages over the
whole back-arc and parts of the arc and the Fiji Plateau. Therefore, we conclude
that SV-wave velocity inverted by the linearized method34 is reasonable.
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After trying various starting models and inversion parameters, an unexpected
high-velocity zone (HVZ) deeper than about 100 km consistently appears in the
result model, mainly owing to the abnormally steep gradient of the dispersion curve
beyond 30 s. Beneath node 364, the subducting slab is presumably about 200 km
deep, making it difficult to explain the HVZ geologically. However, given the fact
that a segment of the slab 100 km deep is only 100 km east of the node, and that the
wavelength for a 70 s Rayleigh wave, which is most sensitive to the depth of 100 km,
is about 300 km, the HVZ can be explained as a smearing effect between the ‘fast’
slab and the ‘slow’ back-arc basin. As discussed in the previous section, the intrinsic
problem of low resolution at long periods is serious in the back-arc basin, because the
lateral variations are too dramatic to be accurately resolved by the long-wavelength
surface waves. We thus limit our interpretation to the velocity structure shallower
than 100 km, but have plotted structures between 100 and 120 km in the cross-
sections for reference (Fig. 2).

For the same reason, the artificially high phase velocity at long periods, and the
abnormally steep gradient of the dispersion curve, may also result in a slight bias
towards low values in the S-wave velocity at shallow depths. Nevertheless, the fact
that phase velocities at periods of 20–40 s are lower than those along the East Pacific
Rise (Extended Data Fig. 3) guarantees that the shear velocities at depths of 30–
60 km are consistently lower than the East Pacific Rise.

It is worthwhile to examine whether the observed structures at depths of less than
100 km are also artefacts due to this lateral smearing, especially the LVZ extending
westwards that is parallel to the dominant direction of the wave paths (Fig. 2, A–A9
and B–B9). Extended Data Fig. 4 shows that even at the period of 50 s, most sensitive
to the depth of about 70 km, the lateral resolution is still good enough to resolve
structures with a length scale of 200 km. In contrast, the results at 66 s show that
even a larger length scale of 300 km cannot be resolved at periods of 66 s and longer,
which are most sensitive to depths of 100 km and deeper. Additionally, preliminary
results from independent analyses of body-wave attenuation16 also reveal a connec-
tion between the CLSC and the asthenosphere beneath the Fiji Plateau, which is
expected from the numerical models23.
Predicting shear-wave velocity. The extended Burgers model constrained by ex-
perimental data20 provides a link relating temperature to seismic velocity, incorp-
orating the important effects of anelasticity. We first used recent 2D numerical
mantle wedge flow models23 to predict S-wave-velocity structures beneath the CLSC,
ELSC and VFR solely due to thermal variations. We corrected the predicted isotro-
pic velocities to compare with our observed SV-wave velocities by assuming that
the isotropic S-wave velocity is the average of VSV and the velocity of the horizon-
tally polarized S wave (VSH), and by using the radial anisotropic parameters of
NF89 0–4 Myr model14 (VSH/VSV varies from 1.010 to 1.016). Water content affects
seismic velocity via anelastic behaviour, by changing the characteristic frequency
of anelastic relaxation. We adopted the assumption that ggbs / Cwr (ref. 24), where
ggbs is grain-boundary viscosity, Cw is water content and r 5 2, and applied it to the
‘dry’ parameterizations20 to estimate water effects. Because the potential tempera-
ture used in the numerical models is 1,450 uC (ref. 23), consistent with the value
revealed at the CLSC but slightly higher than that at the ELSC and the VFR35, and
the exponent constant r lies at the upper limit of the assumption in ref. 24 (r 5
1–2), the predicted SV-wave velocity should be underestimated. We neglected the
effects of other compositional variations in seismic velocity in this study, because
previous geochemical studies suggest that the Mg# of the mantle matrix varies by
less than 61 as a result of melt depletion41 (Supplementary Table 1). These varia-
tions potentially lead to a change of60.015 km s21 in S-wave velocity42, much smaller
than the observed along-strike velocity change of .0.3 km s21 (Fig. 3, inset).

Extended Data Fig. 8 shows the calculated SV-wave velocity under the consid-
erations of temperature, water and radial anisotropy. We acknowledge that several
parameters for the numerical models23, the extended Burgers model20 and water
effects24 are poorly constrained. It is thus difficult to evaluate the uncertainty of
Extended Data Fig. 8. But these estimations at least provide a quantitative and visual
way to assess the importance of each physical property. However, previous studies
of geology, petrology and geochemistry all expected a large amount of melt beneath
the Lau basin1,8, where the low velocities are imaged. Therefore, we believe that it is
reasonable to interpret the extremely low shear-wave velocities as partial melting.
Melting paths and along-strike thermal variations. To estimate the temperature
of the melting region beneath the Lau spreading centres, we applied a thermoba-
rometer based on the Si and Mg contents of primary liquids in equilibrium with
olivine1orthopyroxene27. We downloaded data from PetDB (http://www.earthchem.
org/petdb)43–48, selecting only submarine glasses that have been analysed for H2O
and that are primitive enough to be related to primary mantle melts by olivine
crystallization only. The latter condition was met by selecting only those samples
with MgO greater than that calculated for the point of plagioclase appearance on
the cotectic (parameterized from the relationships in fig. 10 of ref. 49, as a function
of H2O, where MgO(plagioclase-in) 5 (8.18–0.93) 3 H2O). This resulted in only

four samples from the CLSC, only one from the ELSC and six from the VFR (Sup-
plementary Table 1).

Even after selecting the most primitive basalts (Supplementary Table 1), chem-
ical compositions still need to be corrected for olivine crystallization before being
input into the mantle melt thermobarometer. To accomplish this, equilibrium ol-
ivine was added stepwise to the most primitive erupted compositions. We first cal-
culated the composition of olivine in equilibrium with the erupted basaltic liquid
using an Fe–Mg exchange coefficient between olivine and liquid of KD(Fe/Mg)ol/
liq 5 0.3, next added 1% of that olivine to the melt compositions, and then calcu-
lated a new equilibrium olivine for the next 1% added, and so on. This procedure
iteratively continued until the calculated melt compositions are in equilibrium with
mantle olivine, here assumed to have the composition of Fo90 (90 mol% Mg/
[Mg1Fe]). Because only Fe21 participates in this exchange relationship, the Fe31/
Fe21 of the melt must be known. We estimated Fe31/

P
Fe from the concentration

of H2O in each sample, using the relationship in fig. 3 of ref. 50 for MORB and
back-arc magmas; this yielded values between 14% and 18% Fe31/

P
Fe. The cor-

rected primary (Fo90) melt compositions were then input into the thermobarom-
eter of ref. 27, and the resulting P–T values are interpreted here to represent the last
pressure and temperature of equilibration of melts in the mantle. Because the
assumption of the Mg/[Mg1Fe] of the mantle directly affects the T calculated,
we consider Fo90 to be a minimum given the significant melt fractions (extents of
melting) involved in this region, and so the calculated temperatures are minima for
each sample.

Results in Extended Data Fig. 9 show that the CLSC–ELSC melts record tem-
peratures about 50–75 uC higher than those beneath the VFR, and reflect slightly
higher pressures of equilibration (1.1 versus 0.75 GPa, or depths of about 35 versus
22 km). All pressures, however, are very low, and consistent with the top of the
melting region in both cases. Such a condition could exist either because melts re-
mained in equilibrium with the solid matrix during decompression, or because melts
were extracted efficiently but pooled at the base of the thermal boundary layer and
re-equilibrated there. We prefer the former interpretation for the CLSC, owing to
the very low seismic velocities observed in the melting region (30–100 km) there,
and the latter for the VFR, owing to the higher observed seismic velocities and very
shallow melt equilibration (comparable to the thermal boundary layer or the arc
Moho, probably a rheological boundary where melts stall).

To trace the shallow equilibration conditions back to those of the full melting
region, we calculated melting paths for average CLSC and VFR primary melts. First,
the extent of melting (F) was calculated for the final melt, from its P, T and H2O,
using the cryoscopic approach of ref. 49 and values for dT/dF from ref. 51 (3.7 uC
per percentage degree of melting, appropriate to 2 GPa; see fig. 1 in ref. 51), the
depression of the basalt liquidus temperature as a function of water (the 3-oxygen
mole curve at 1 GPa, from ref. 52), and the peridotite/melt partition coefficient for
H2O (0.007) from fig. 8 of ref. 53. The potential temperature of the mantle was
then calculated by adding the heat of fusion (assuming dT/dF56 uC per percent-
age degree of melting) for that melt fraction, and by projecting to 0 GPa along a
solid adiabat with slope of 10 uC GPa21. The H2O concentration in the initial
mantle is calculated from the H2O concentration in the primary melt, the partition
coefficient and the degree of melting. The melting path was then calculated from
the potential temperature and the initial water content, using the same cryoscopic
approach as above, taking into account the heat of fusion and solid adiabat.

The potential temperature (Tp) calculated in this way is about 1,500 uC for the
CLSC and about 1,475 uC for the VFR. These Tp are at the high end of those estimated
for mid-ocean ridges globally, and this has been a long-standing observation for
the Lau Basin1,35,49. The Tp calculated using the method here for northern Lau glasses
(1,449 uC for average MTJ and 1,463 uC for the Fonualei Rift and Spreading Centre
(FRSC)) are nearly identical to those calculated using an independent method based
on Na(Fo90) and Fe(Fo90) (Tp 5 1,449 6 23 uC; ref. 35). The full melting paths are
shown in Extended Data Fig. 9, with the CLSC mantle melting path remaining
about 50–75 uC hotter than the VRF mantle path throughout. The somewhat stee-
per trajectory for the VFR melting path reflects its higher water content, which leads
to greater overall extents of melting despite the lower initial temperature. The over-
all degrees of melting are very high (.30% for the VRF glasses), but this is con-
sistent with the eruption of boninite liquids at the VFR (for example SiO2 . 53%,
TiO2 , 0.5%, MgO .8%), which are generally taken to reflect equilibration with
refractory mantle that has melting past cpx-out54.

At the depth of 50 km, the temperatures beneath the CLSC and the VFR are
about 1,400 uC and 1,350 uC, respectively. It is important to examine the implica-
tion of this thermal difference of 50 uC to our seismic observations. According to
the extended Burgers model20, an increase of 50 uC at a depth of 50 km will lead to
a decrease in shear-wave velocity of ,0.1 km s21, much less than our observation
of .0.3 km s21. Additionally, experimental data for melt-bearing samples18 show
that attenuation becomes more dependent on temperature when melt is present;
thus, an increase in temperature may cause a larger decrease in shear-wave velocity
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than the melt-free model predicts20. Following ref. 55, we estimated shear-wave
velocity as a function of temperature T:
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Here V0 is the velocity at infinite frequency and a is the frequency-dependent ex-
ponent. Assuming that attenuation doubles (Q21 increases from 0.04 to 0.08) when
temperature increases by 100 uC (d(Q21)/dT 5 0.0004 K21; ref. 18), that reference
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So the thermal difference of 50 uC between the CLSC and the VFR may result in a
change of only 0.1 km s21 in shear-wave velocity. Therefore, we suggest that the
along-strike thermal variation is not sufficient to cause the observed change in seis-
mic velocity, which requires a significant decrease of melt porosity towards the VFR.
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Extended Data Figure 1 | Maps of azimuthally averaged SV-wave velocity at
depths of 20, 40, 60, 70, 80 and 100 km. S-wave velocity of 3.8 km s21 is
contoured. Star illustrates node 364, used in the Monte Carlo inversion

(Extended Data Fig. 7). Spreading centres and bathymetry contours are labelled
as in Fig. 1c.
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Extended Data Figure 2 | Seismic stations and earthquakes used in this
study. Red triangles represent island-based stations operated from October
2009 to December 2010. Red and black dots are WHOI (Woods Hole
Oceanographic Institution) and LDEO (Lamont-Doherty Earth Observatory)
OBSs deployed from November 2009 to November 2010. Open circles mean

unrecovered OBSs. Yellow dots and triangles indicate OBSs and island-based
stations deployed during September to December 1994, respectively. Spreading
centres and bathymetry are labelled as in Fig. 1b. The inset shows the
earthquakes (blue dots) used in this study centred at the Lau Basin (red star).
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Extended Data Figure 3 | Maps of azimuthally isotropic phase velocity at
periods of 21, 28, 37, 45 and 60 s inverted with the finest inverting grid.
Spreading centres and bathymetry contours are labelled as in Fig. 1c.
Dispersion curves are shown for the CLSC (blue), ELSC (green), VFR (cyan),

East Pacific Rise13 (magenta), Mariana back-arc39 (black) and NF89 models14

(red and dark red). The CLSC, ELSC and VFR are represented by nodes shown
in Fig. 1d. Error bars indicate the standard deviations of phase velocity.
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Extended Data Figure 4 | Robustness of the phase-velocity inversion at
periods of 37, 50 and 66 s, which are most sensitive to depths of about 50 km
(where the velocity is lowest), 70 km (where the inclined LVZ extends away
from the trench) and 100 km (the maximum depth to be interpreted),
respectively. Left panels: maps of double standard deviation inverted with the
finest grid. Middle panels: resolution test of phase-velocity inversion with
the finest inverting grid (regularly spacing black points). Black dots and

triangles represent 63 OBSs and 26 land-based seismic stations used in this
study, respectively. The black polygon outlines the region in which we
display results because within it we achieved a reasonable resolution of phase-
velocity inversion at all periods. Spreading centres and bathymetry contours
are labelled as in Fig. 1c. Right panels: Rayleigh wave ray-paths (black lines)
used in phase-velocity inversion. Seismic stations are labelled as in Fig. 1b.
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Extended Data Figure 5 | Previous results of ambient-noise tomography.
a, Isotropic phase velocities of Rayleigh waves at the period of 18 s. Black
dots indicate the OBSs used in this study, red triangles represent active
volcanoes, and black lines mean the spreading centres. b, Azimuthally averaged
SV-wave velocity at a depth of 30 km. All ANT results from ref. 15.
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Extended Data Figure 6 | Two examples of phase velocity measured by the
two-station method. a, Surface waves (black curves) of two earthquakes
(red stars) propagated to four OBSs (red dots). b, The earthquake at the
Chile trench was recorded by stations N01W and N03W. The difference in
epicentral distances is about 171.5 km. The Rayleigh wave at a period of 37 s has

a delay time of 47.8 s, suggesting a phase velocity of 3.59 km s21. c, The
earthquake at the Mariana trench was recorded by stations A12W and S01W.
The difference in epicentral distances is about 165.1 km. The Rayleigh wave at a
period of 37 s has a delay time of 45.0 s, suggesting a phase velocity of
3.67 km s21.
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Extended Data Figure 7 | SV-wave-velocity inversion of Monte Carlo
algorithm for node 364. a, Models of SV-wave velocity. b, Forward-calculated
dispersion curves. Each grey curve indicates one ‘good’ model whose
smoothness and mis-fit are smaller than the criteria. Blue, magenta, black, red
and dark red curves represent the model from linearized inversion, the average

model, the best model from Monte Carlo inversion and NF89 models of two age
categories14, respectively. In a, the model of SV-wave velocity from ref. 35
(green) is shown for reference. In b, the green curve indicates phase velocities
inverted by TPWT, with error bars showing the standard deviations.
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Extended Data Figure 8 | Cross-sections of predicted SV-wave velocity.
Calculations are based on numerical models of temperature and water
content23, the extended Burgers model20, and corrections for radial anisotropy14

and effects of water24. The colour scale is the same as in Fig. 2. Although,

compared with that beneath the CLSC, the temperature beneath the VFR is
lower owing to slab cooling, which potentially increases the seismic velocity,
the much higher water content reduces the velocity more significantly and leads
to a stronger signal of low velocity in the prediction.
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Extended Data Figure 9 | Pressures and temperatures of equilibration of
Lau Basin glasses with Fo90 mantle. We used major elements, H2O
measurements, fO2 constraints and the thermobarometer of ref. 27 to calculate
P–T paths for most primitive melts (crystallizing olivine only). Back-arc
averages for the VFR and the CLSC–ELSC high-temperature cluster are shown
with smaller symbols and error bars of 1 s.d. Fields are given for the FRSC,
the MTJ and Tonga Arc Volcano A for comparison. All data are from
PetDB43–48 and ref. 54. The dry solidus is from ref. 57. Back-arc averages are
traced back along wet decompression melting paths, as described in Methods.
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