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Abstract
P and S wave data from the L-SCAN active-source wide-angle reflection/refraction experiment are modelled to investigate 
upper crustal structure in the Lau backarc basin. A combination of ray tracing and finite difference numerical wavefield 
simulation is used to identify P and P-to-S converted seismic phases. The phases primarily arise from two shallow interfaces, 
one at ~ 80 m depth or less, and the other at 500–650 m depth. The shallower interface is deeper than the sediment base, is 
observed across the study area, and is interpreted as a ‘layer 2Aa’ boundary, proposed to result from a rapid change in crack 
density. The deeper interface is interpreted as the layer 2A–2B boundary, corresponding to a transition from lavas to sheeted 
dykes. Layer 2A, on average, is 150 m thicker in crust that formed at the spreading center when spreading was located near 
the arc (< 50 km away), as compared to when spreading was located farther away from the arc (> 70 km away). Layer 2A 
thickness and Vp/Vs values indicate that a thicker and more porous lava layer, dominated by basalts to basalt-andesites, 
cap near-arc crust, while a thinner and less-porous, mostly basaltic, volcanic layer caps the far-arc crust. These results are 
consistent with the waning influence of slab-derived volatiles on crustal formation as seafloor spreading moves away from 
the active arc.
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Introduction

Along mid-ocean ridges, spreading rate is a dominant factor 
that controls crustal formation and structure (Reid and Jack-
son, 1981; Parmentier and Morgan, 1990). In contrast, along 
oceanic back-arc spreading centers, slab-derived volatiles, 
principally water, appear to influence melting processes and 
crustal formation, overprinting spreading-rate trends (Mar-
tinez and Taylor, 2002; Eason and Dunn, 2015). The pres-
ence of water during melting is expected to enhance melt 
production (e.g. Davies and Bickle, 1991; Stolper and New-
man, 1994), with the water ending up in the melt (e.g. Hirth 
and Kohlstedt, 1996), and may lead to more silicic lavas (e.g. 

Sisson and Grove, 1992; Gaetani and Grove, 1994; Eason 
and Dunn, 2015). A principle observation is that when a 
back-arc spreading ridge is located close to an active arc sys-
tem, the magma supply to the ridge appears to be relatively 
high, with a corresponding thicker upper-crustal extrusive 
layer and a greater total crustal thickness (Martinez and Tay-
lor 2002; Dunn and Martinez 2011; Arai and Dunn 2014). In 
addition, lavas erupted at the ridge have higher water con-
tents, with compositions ranging from basalts, to andesites, 
to rhyolites (e.g. Jenner et al. 1987; Tamura et al. 2008).

Along the active Eastern Lau Spreading Center (ELSC) 
in the Lau back-arc basin, studies have revealed systematic 
variations in crustal structure formed at the spreading center 
as a function of distance to the volcanic arc. For example, 
as the axis of the spreading center approaches the arc to 
the south, seismic layer 2A (a proxy for the extrusive layer) 
is observed to thicken, while the average P-wave velocity 
of layer 2A decreases (Jacobs et al. 2007), an indication 
of greater porosity and more silicic lavas. More generally 
across the Lau basin, crust formed near the Tofua Arc is 
abnormally thick (8–9 km) and compositionally stratified, 
with a thick low-velocity upper crust and an abnormally 
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high-velocity lower crust (Arai and Dunn, 2014). Lava sam-
ples from these areas have arc-like compositional enrich-
ments and tend to be more vesicular and differentiated than 
typical mid-ocean ridge basalts (Pearce et al. 1994; Escrig 
et al. 2009). Eason and Dunn (2015) propose that slab-
derived water entrained in the near-arc ridge system not 
only enhances mantle melting, but also affects magmatic 
differentiation and crustal accretion processes.

With a rough association between seismic layer 2A and 
extrusive basalts, we mapped out variations in layer 2A 
thickness and wave speed to better understand variations 
across these crustal domains with respect to extrusive layer 
properties. Upper crustal interfaces such as the base of a 
sediment layer and base of layer 2A are strong first order 
seismic discontinuities that can cause compressional seismic 
phases (P waves) to convert to shear phases (S waves) (e.g. 
White and Stephen, 1980; Christeson et al. 1997; Eccles 
et al. 2009). Such phase converted arrivals were strongly and 
consistently recorded on 3-component ocean-bottom seis-
mographs located across the Lau basin during the L-SCAN  
active-source seismic experiment (Dunn et al. 2013). We 
examine the phase converted arrivals here to reveal details 
of crustal structure and formation.

Study area

The Eastern Lau Spreading Center (ELSC) is located 
within the Lau Basin (Fig. 1a inset), which is a wedge-
shaped back-arc basin bordered by the Lau Ridge remnant 
arc to the west and the currently active Tofua arc to the 
east (Karig 1970; Hawkins 1995). The basin is proposed 
to have opened ~ 6 My ago (Hawkins  1994) as a result of 
arc rifting and crustal extension. The basin opening was 
accommodated by regions of localized seafloor spreading, 
along with more diffuse spreading and magmatic intrusion, 
giving rise to an uneven and discontinuous seafloor (Tay-
lor et al. 1996; Austin 2012). Between 2 and 4 My, crustal 
extension was dominated by the southward propagation of 
seafloor spreading (Parson et al. 1990; Hawkins 1994; Tay-
lor et al. 1996), which continues today along the Central 
Lau Spreading Center (CLSC), ELSC and Valu Fa Ridge 
(VFR). Along these spreading centers, the spreading rate 
decreases from north to south: from ~ 90 mm/year in the 
north at the CLSC, to ~ 60 mm/year at the southern ELSC, 
to ~ 40 mm/year at the VFR (Taylor et al. 1996; Zellmer 
and Taylor 2001).

Fig. 1   Bathymetry map of the study area and layout of the L-SCAN 
experiment. Panel (a) shows a bathymetry map overlain by dashed 
lines and labels to indicate the crustal domains, as described in 
"Crustal domains" sect. The inset shows the overall location of the 
study area. The black box indicates the area shown in b. Panel (b) 
shows locations of ocean bottom seismographs (squares) and the 

subset of seismic source lines (black lines) used in this study. The 
colored OBS and colored dashed lines (shown in blue, magenta, and 
green) refer to sources and source lines discussed in "Observations" 
sect. and shown in Figs. 3 and 4. Figure modified from Dunn et  al. 
(2013)
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Crustal domains

Along mid-ocean ridges, as the spreading rate decreases the 
melt flux due to passive upwelling decreases, and the ridge 
axis is expected to transform from an axial high, bounded 
by faults with relatively small throws, to an axial valley, 
bounded by faults with large throws (e.g. Small and Sandwell 
1989; Lin and Morgan 1992; Morgan and Chen 1993a, b). 
However, along the ELSC opposite trends are observed. 
From north to south, as the spreading rate decreases the dis-
tance between the axis of the ELSC and the active Tofua 
Arc decreases by ~ 40 km. As this happens, the ridge mor-
phology changes from a more faulted and deep rifted valley 
to a less faulted and broad axial high. Furthermore, lava 
samples from the ridge axis show stronger enrichments in 
subduction-related components relative to mid-ocean ridge 
basalts in the south (Escrig et al. 2009). In addition, lava 
samples from the southern ELSC are more evolved (basaltic 
andesites) and highly vesicular as compared to the northern 
ELSC (e.g. Jenner et al. 1987; Vallier et al. 1991; Pearce 
et al. 1994). Since this discovery, several studies have inves-
tigated the anomalous nature of crust formed along the ridge 
axis. Martinez and Taylor (2002) identified large domains 
across the Lau basin composed of differences in bathymetry 
and seafloor morphology, Bouguer gravity, rock chemistry, 
and other properties. They proposed that arc proximity over-
rides spreading rate controls on crustal formation.

More recent seismic studies have also found correspond-
ing changes in internal crustal structure as a function of arc 
proximity (Dunn and Martinez 2011; Dunn et al. 2013; Arai 
and Dunn 2014). Basin crust that was produced when the 
ridge was close to the arc is thicker and unusually stratified, 
with a thick low-velocity (3.4–4.5 km/s) upper crust and 
an abnormally high-velocity (7.2–7.4 + km/s) lower crust 
(Dunn et al. 2013; Arai and Dunn 2014). Due to symmetric 
spreading, the ridge axis has produced this type of crust on 
both sides of the spreading center, leading to large semi-
symmetric domains of anomalous crustal properties across 
the basin (Domain II in Fig. 1a; Domain I is the crust pro-
duced in the basin before the ELSC propagated southward 
into its present location). On the other hand, crust produced 
when the ridge was farther away from the arc is less anoma-
lous, and has a similar thickness and velocity structure as 
that formed at intermediate-spreading rate mid-ocean ridges 
(Domain III in Fig. 1a).

The general consensus of these and other studies is that 
the change from anomalous crust to more typical crust is 
controlled by the waning influence of slab-derived volatiles 
on the magma supply as the distance between ridge and arc 
increases. The mechanism of this influence, and processes 
that generate the unusual crustal stratification, was further 
studied by Eason and Dunn (2015). They proposed that slab-
derived water entrained in the near-arc ridge system not only 

enhances mantle melting and crustal thickness, as commonly 
proposed to explain high crustal production in back-arc envi-
ronments, but also affects magmatic differentiation and crus-
tal accretion processes leading to the observed differences 
in lava composition and vertical crustal structure. In their 
model, slab-derived water in melts suppresses plagioclase 
crystallization and leads to the formation of an ultramafic 
lower crust, with higher seismic velocities, and a more fel-
sic upper crust with unusually low seismic velocities, while 
successfully predicting major element compositional trends 
of the erupted lavas.

Upper oceanic crustal layer 2A

Oceanic crust formed along intermediate-to-fast spreading-
rate ridges is often considered to have, on average, a simple 
vertical structure. From the top, the sequence first consists 
of a shallow crustal layer of a few hundred meters thickness 
characterized by low seismic velocities (< 5 km/s P-wave 
velocity) and high seismic attenuation, the lower boundary 
of which is marked by a strong velocity gradient that can 
be imaged with seismic reflection techniques (e.g. Harding 
et al. 1993; Vera and Diebold 1994; Wilcock et al. 1995; 
Detrick et al. 1998). Known as seismic layer 2A, it is often 
interpreted in terms of a lithology composed of high-poros-
ity extrusive basalts, based on analogy with ophiolite units 
(subaerial exposures of oceanic and back-arc crust) (e.g. 
Coleman 1977; Nicolas 1989; Dilek and Furnes 2011), the 
seismic velocity of laboratory samples of dredged and drilled 
rocks, in situ measurements in drill holes (e.g. Detrick et al. 
1994; Karson 1998), and observations within “tectonic win-
dows” into oceanic crust, such as Hess Deep (Karson et al., 
2002). By further analogy to ophiolites and other observa-
tions, seismic layer 2A is underlain by a higher-velocity 
region, with a lower seismic gradient, of sheeted dikes (seis-
mic layer 2B; 4.5–6 km/s P-wave velocity), followed by an 
even higher-velocity region of gabbro composition (layer 
3; 6.5–7 km/s P-wave velocity). These three layers together 
form the crustal assembly, which is generally 6–7 km thick 
(White et al. 1992). This simple model has served for many 
years to provide a framework for broader investigation and 
comparisons, but it is now known that ocean crust varies 
strongly from setting to setting, and does not always conform 
to these expectations (e.g. Livermore et al. 1997; Martinez 
and Taylor 2002; Becker et al. 2010).

A few seismic studies have investigated the structure of 
seismic layer 2A along and across the ELSC. The most sig-
nificant was published by Jacobs et al. (2007), which showed 
systematic variations in seismic layer 2A thickness and inter-
val velocities along the ridge crest as a function of distance 
to the volcanic arc. Along the ELSC within our study area, 
the average thickness of layer 2A increases from 0.5  to 
0.62 km from north to south, while the average P-wave speed 
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in layer 2A decreases from 3 km/s to 2.68 km/s, correlating 
with the change in lava composition from basalt to basaltic-
andesite and with increased porosity. Results from this study, 
however, were limited to source lines located strictly along 
the axis of the spreading center.

A second seismic study was the L-SCAN active-source 
seismic tomography experiment (Dunn and Martinez 2011; 
Dunn et al. 2013; Arai and Dunn 2014; Dunn 2015), which 
spanned crustal Domains II and III, and the narrow transition 
zone between them. Although the smooth tomography mod-
els prevent the identification of the base of layer 2A within 
acceptable limits for this study, the tomographic images 
show detailed lateral variations of seismic structure in the 
upper crustal layers extending well away from the ridge. 
In particular, the upper 1 km of crust exhibits prominent 
domain-specific lateral variations in velocities, with aver-
age P-wave velocity of ~ 4 km/s in Domain II as compared 
to 5 km/s in Domain III. Furthermore, along the direction of 
spreading (perpendicular to the ridge axis) crustal domains 
exhibit step-like transitions in properties with as little as 
5 km of incremental spreading, matching observed changes 
in seafloor depth and Bouguer gravity structure (Martinez 
and Taylor 2002).

Experiment layout and data processing

The L-SCAN seismic experiment (Dunn et al. 2013) con-
sisted of 83 ocean bottom seismographs (OBS), each con-
taining a hydrophone and a gimballed 3-component geo-
phone, placed on the seafloor in a grid formation. The 
seismic source was the R/V Langseth’s 36-element, 6600 
in3 airgun array towed at 9 m depth with sources located 
every 450–500 m. Fifty-seven dense source lines were car-
ried out such that most OBSs were crossed by at least a 
ridge-perpendicular and a ridge-parallel pair of lines. See 
Dunn et al. (2013) for further details.

In this study, data processing steps included removing 
the instrument response from each channel, rotation of data 
components to increase the relative amplitudes of P-waves 
and S-wave in two principal directions with respect to each 
shot, frequency filtering, and a small amount of amplitude 
correction to adjust for geometric and intrinsic attenuation 
with increasing shot-to-receiver range. Because the in situ ori-
entation of the horizontal components of the sensor was not 
known, water wave polarisation analysis was used to estimate 
them. The direct water wave first breaks were picked on record 
sections of the hydrophone channel, and then a 0.1 s time win-
dow after each pick was used to extract particle motions on the 
geophone channels. The geophone horizontal component ori-
entation was then calculated by maximizing the radial energy 
as compared to the transverse energy, while maintaining posi-
tive polarity of the water wave on the radial component (e.g. 

Bratt and Solomon 1984; Anderson et al. 1987). Given the 
density of source lines around any one station, nearly com-
plete azimuthal coverage for most stations was available, and 
orientation uncertainties were ≤ 50. Out of 83 instruments, 50 
were selected for this study (Fig. 1b). The remaining instru-
ments were discarded due to one or more inoperative com-
ponents, component gain issues, poor signal-to-noise ratio, 
and/or intermittent ~ 6 Hz instrument noise issues. A complete 
listing is given in Online Resource 1.

Since wide-angle crustal P-wave refractions that arrive 
at non-vertical angles below the seafloor appear on radial 
records, this energy was minimised by performing another 
component rotation about the transverse axis to rotate Z-R 
components to L-Q components (Fig. 2b). This was done to 
increase the relative amplitude of P waves on the L compo-
nent and S waves on the Q component (a description is given 
in Online Resource 2), mainly for far-offset data. However, 
due to scattering, dipping layers, and other non-2-D effects, 
the isolation of the P and vertically-polarized S waves (SV) 
is approximate. In the following analysis, only ridge-parallel 
source lines were used to avoid directional effects on wave 
speed and travel time, since the upper 1 km of crust exhib-
its ~ 3% P-wave anisotropy with the fast axis oriented parallel 
the ridge (Dunn 2015).

Observations

In an oceanic environment, P-to-S wave conversions can 
occur at sharp structural boundaries such as the seafloor 
and upper crustal layers, either along the downgoing ray 
path or the upgoing path beneath the receiver. Figure 2 sche-
matically depicts example phase conversions, which are just 
a few of several possibilities. Those shown, as discussed 
below, are dominant in seismic record sections in this envi-
ronment. S waves can be identified by their unique orienta-
tions and slower travel times than P waves. However, the 
S waves may be coincident in time with P wave multiples, 
especially reverberations in the upper crustal or sediment 
layers, and because the P and P-to-S converted waves may 
have differing ray parameters, the S wave may appear on 
data records rotated to show P waves alone. Therefore, fur-
ther distinguishing characteristics of S waves are required, 
such as their traveltime moveout and amplitude variation 
with range.

Several phase converted arrivals were identified in data 
recorded across the entire compliment of the 50 receivers. 
Figure 3 shows examples of common-receiver-gather record 
sections, to 10 km range, for three receivers located within 
the different crustal domains (Z and R data components). 
The source lines and receiver locations are shown in Fig. 1b. 
Within 2 km range, the first waves to arrive are water waves; 
their arrival times at all ranges are marked in blue. At ranges 
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greater than a few hundred meters, the water wave appears 
on both the vertical and radial components due to oblique 
arrival at the seafloor. Behind the water wave arrival, at 
larger travel times, additional arrivals are clearly observed 
at stations 47 and 1, located 11 km and 20 km from the 
ridge crest (in the transition zone and Domain II), respec-
tively. These nearly ‘water-wave parallel’ arrivals could be 
reflected PP, PS, or SS converted waves from the base of a 
sediment or upper crustal layer (Fig. 2a), or multiples within 
layers. “Methods and Preliminary Results” describes how 
the different phases were identified and modelled.

At shot ranges of ~ 2–30 km, seismic phases travelling 
through the crust arrive before the water wave. Figure 4, 
shows these deeper arrivals for the same stations in Fig. 3. 
Here L and Q component records are plotted rather than Z 
and R (as in Fig. 3) to isolate the P and S arrivals. These 
include crustal P-wave refractions from layers 2 and 3 
that appear strongly on the L component. Layer 2 P-wave 
refractions are detected at 2–10 km range, with apparent 
speeds of 4–5 km/s and arrive at the station with estimated 
incidence angles between 10º and 15º (on the basis of wave 
polarizations). Layer 3 P-wave refractions are detected at 
8–30 km range with apparent speeds of 6.8–7.4 km/s and 
arrive at the station with estimated incidence angles of less 
than 10º. The P-to-S converted waves (Ps) closely follow 
the crustal P refraction and are recorded on the Q compo-
nent. The Ps arrivals have similar apparent velocities as 
the pre-arriving P phase, which indicates that the P-to-
S conversion occurs beneath the receiver (Fig. 2b). This 
conversion could occur at the strong upper crustal seismic 

discontinuities such as the sediment base, or deeper at 
a layer 2A-2B boundary within the igneous crust. Also 
arriving behind the Ps phase and closely following the Ps 
or P traveltime curve, are shear wave reverberated arriv-
als. These reverberations occur within the upper crustal 
layers, due to their near-parallel nature of traveltimes with 
respect to the P or Ps phase. The Ps and its multiples were 
not consistently observed on both sides of the receiver, 
possibly indicating source side scattering effects or local 
variations in structure beneath a receiver.

The mean traveltime difference between the P and Ps 
phases at each station is observed to spatially vary across the 
crustal domains (Fig. 4). For example, the receiver at station 
72, located in Domain III and 2 km away from the ridge axis, 
exhibits a Ps versus P traveltime difference of ~ 0.15 s. While 
the receiver at station 47, located in the transition zone and 
11 km from the ridge axis, recorded a delay of ~ 0.6 s. The 
greatest difference, ~ 0.8 s, was observed at station 1, located 
in Domain II and 20 km away from the ridge axis. Overall, 
the traveltime delays correlate positively with the distance 
of a receiver from the ridge axis. Since, in general, sediment 
thickness correlates positively with distance from the ridge 
axis, one possibility is that the observed S-wave arrivals 
are produced as a result of phase conversion of P to S at the 
base of sediments. To understand whether all or only part of 
the delay time is caused by a sediment layer, the near range 
data (e.g. Fig. 3) was used to extract a near surface delay. 
Once the near surface delays were removed from the delay 

Fig. 2   Schematic ray diagram showing wave phase conversion. a A 
water wave incident on the seafloor with phase conversions at the sea-
floor and at a reflecting interface below the station are shown. PP is 
transmitted at the seafloor and reflected at the interface as a P-wave, 
PS is transmitted as a P-wave and reflected as a S-wave, and SS is 

transmitted and reflected as a S-wave. b An upgoing refracted P-wave 
below the station is shown, along with a P-to-S conversion at an inter-
face below the station, called a Ps wave. The orientation of rotated 
instrument components, about the transverse axis, is also shown
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times at longer ranges, the corrected delay times were used 
to estimate the interface depth of the phase conversion.

Methods and preliminary results

In the following two sections, P and S wave arrivals are 
examined at near  "Near-range data" sect. and far "Far-
range data" sect. ranges. To identify the seismic arrivals, 
we examined wave amplitudes and polarizations as a func-
tion of range using comparison with synthetic results. The 
near range data provides information on the shallow-most 
seismic structure, which is then used to correct the far-range 
data and determine deeper structure.

Near‑range data

Preliminary traveltime modelling of the shear waves in the 
near range data (red arrows in Fig. 3) indicated that these 

high-amplitude arrivals, with traveltimes closely follow-
ing the water wave at ranges up to 10 km, are of either 
PS or SS type (Fig. 2a). Here we show two possibilities. 
The first model mimics a low-velocity sedimented sea-
floor with a 40 m thick low-velocity layer (Vp = 1.58 km/s, 
Vs = 0.3 km/s) overlying a higher-velocity crustal layer. 
The second model mimics an un-sedimented seafloor 
with a shallow 110 m thick low-velocity crustal layer 
(Vp = 2.2 km/s, Vs = 0.7 km/s). In the first model, travel-
times of SS and PS phases match observed traveltimes 
of ‘water-wave-parallel’ arrivals, whereas in the second 
model travel times of SS phases match the observed travel-
times. In the simplest scenario, there are three unknowns, 
Vp, Vs, and layer thickness, requiring at least three pieces 
of information, such as the travel times of P–P, S–S, and 
P–S waves and their multiples. This requires careful phase 
identification using wave polarization information and 
amplitudes, and traveltime move-out in order to model 
the seismic structure around each station.

Fig. 3   Common receiver gathers, out to 10 km range, of the vertical 
(Z) and radial (R) components for three receivers. The corresponding 
source lines and receiver locations are given in Fig. 1b. (Top row) A 
station located 2 km from the axis of the spreading center and within 
Domain III. (Middle Row) A station located 11 km from the axis of 
the spreading center and within the transition zone. (Bottom Row) A 

station located 20 km from the axis of the spreading center and within 
Domain II. The water wave arrivals (blue line) and shear waves (red 
dotted lines and arrows) are marked in each plot. The data were band-
pass filtered 15–35 Hz (Butterworth filter with 24 dB/octave attenua-
tion roll off) and are amplitude adjusted by a factor of (1 + r)1.2 where 
r is the source-to-receiver range
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We used solutions (Fig. 5) to the Zoeppritz equations 
(Zoeppritz 1919) to estimate variations in amplitude of P and 
SV phases with source-receiver range (and ray parameter) 

for an incident water wave at the seafloor. The same models 
were compared as before (Vp = 1.58 km/s, Vs = 0.3 km/s, 
ρ = 2100  kg/m3 vs. Vp = 2.2  km/s, Vs = 0.7  km/s, 

Fig. 4   Common receiver gathers of L and Q component traces 
to 30  km range. From top to bottom, these are the same receivers 
shown in Fig.  3. Upper crustal (green dots) and lower crustal (pink 
dots) P-wave refractions are strongly observed on the L component. 
For reference, these arrivals are also indicated on the Q-component 
records. The water wave arrivals are indicated by a blue line. The 

records are displayed with a reduction speed of 7 km/s, so that lower 
crustal refractions and their multiples appear approximately horizon-
tal. The data were bandpass filtered 2—15 Hz (Butterworth filter with 
24  dB/octave attenuation roll off) and are amplitude-adjusted by a 
factor of (1 + r)1.2 where r is the source-to-receiver range

Fig. 5   Synthetic travel times versus range for the same source-receiver geometry in Fig. 3. (a) For a low-velocity seafloor and (b) for a high-
velocity seafloor. Medium properties are shown on each plot. The phases PP, PS and SS are defined in Fig. 2
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ρ = 2300 kg/m3). Density was determined from the rela-
tion ρ = 1.85 + 0.165Vp (Christensen and Shaw, 1970). 
For a downgoing water wave, Fig. 6 shows the efficiency 
of P-to-S conversions for the two seafloor types. Figure 6a 
shows the corresponding ray diagram and standard nomen-
clature. For a low-velocity seafloor (Fig. 6b), the transmitted 
P wave (dashed blue line) has an amplitude that is ~ 60% 
of the incident wave within the critical ray parameter, as 
opposed to ~ 45% for a high-velocity seafloor (solid blue 
line). Critical incidence, defined by a 90º refraction angle 
(= sin−1(Vpw/Vp1)), is marked by a local drop in S ampli-
tude and a jump in P wave amplitude. Due to the inverse 
relation of critical angle with seafloor velocity, the critical 
incidence is reached at a smaller angle (smaller ray param-
eter) and hence at a shorter range for a high-velocity sea-
floor as compared to a low-velocity seafloor. Conversion 
from P-wave phase to S-wave phase is greatest post critical 
incidence of the water wave (red lines). The amplitude of 
the P-to-S conversion is observed to increase with the angle 
of incidence of water waves in both cases. At post critical 
incidence, the low velocity seafloor produces a ~ 50% lower 
amplitude coefficient for the converted wave, as compared 
to the high-velocity seafloor case. In addition, the amplitude 
of converted waves increases post critical incidence, with 
stronger conversion for high-velocity seafloor. In summary, 
a high-velocity seafloor produces a relatively strong down-
going P-to-S conversion for post-critical incidence (roughly 
2.7 km range in 3 km of water), while a low velocity seafloor 
produces a weak conversion at all ranges. Considering that 

the water–sediment interface may have even more gradual 
increase in properties than modelled here, it is likely that a 
sedimented seafloor does not produce a strong P-to-S con-
version of the downgoing water wave.

P-to-S conversions could also occur at the base of a sedi-
ment layer or at deeper layer interface. To further understand 
converted waves and their amplitude variation with range as 
a function of seafloor type, we numerically modelled waves 
from a point source travelling into a layered velocity model. 
A finite difference numerical solution to the stress-velocity 
coupled wave equation (Levander 1988) was used to model 
phase converted reflections from an interface below the sea-
floor. The 1-D model (Fig. 7h, i) consisted of a 2400 m thick 
water layer, a 1-km-thick upper crustal layer, and a lower 
halfspace. The time and space steps were set to 0.001 s and 
0.03 km respectively. In the first case, the velocities and 
density of the layer are (Vp1 = 1.58 km/s, Vs1 = 0.3 km/s, 
ρ1 = 2100  kg/m3) and the lower halfspace is set to 
(Vp2 = 3 km/s, Vs2 = 1 km/s, ρ2 = 2400 kg/m3) (Fig. 7h) to 
mimic a sediment to layer 2A transition. In the second case, 
the velocities and density of the layer are (Vp1 = 2.6 km/s, 
Vs1 = 1 km/s, ρ1 = 2300 kg/m3) and the lower halfspace is set 
to (Vp2 = 4 km/s, Vs2 = 2 km/s, ρ2 = 2500 kg/m3) (Fig. 7i) to 
mimic a layer 2A-2B transition. The point source is located 
at the sea surface and the receivers are located on the sea-
floor with 500 m interval spacing.

For the case of a low-velocity seafloor, the water wave 
conversion into the subsurface as an S-wave is minimal 
(as described previously using the Zoeppritz equations’ 

Fig. 6   Zoeppritz solutions for a downgoing wave. a Schematic 
ray diagram representing P-to-S conversion of a downgoing water 
wave at the seafloor for a specific ray parameter, p, related to inci-
dence angle by the given equation. b Relative amplitude of PPT 
(blue) and PST (red) with respect to the water wave, as a function 
of ray parameter, for the two cases discussed in the text. Both cases 
have a water layer (Vpw = 1.5  km/s, ρw = 1000  kg/m3), underlain 

by a halfspace (dashed lines on left corresponds to case with a low 
impedance contrast, Vp1 = 1.58  km/s, Vs1 = 0.3  km/s, ρ1 = 2100  kg/
m3, and solid lines on the right correspond to a higher impedance 
contrast,Vp1 = 2.2 km/s, Vs1 = 0.7 km/s, ρ1 = 2300 kg/m3). In both the 
cases, the vertical lines (solid or dashed) represents the ray parameter 
at critical incidence
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solutions), and a stronger transmitted P-wave is observed 
(Fig. 7a, b). The transmitted P-wave is then reflected back 
more strongly from the subsurface interface as a P-wave 
(labelled PPR), as compared to a reflected S-wave (labelled 
PSR). Note that due to the difference in propagation direc-
tion, the PPR phase is recorded with reversed polarisation 
with respect to the water wave on the vertical component 
(Fig. 7g). As the waves propagate, multiples of the P-wave 

within the sediment layer are observed (PPPR) with little to 
no conversion from P to reflected S at the lower boundary. 
An important observation is a strong downgoing transmitted 
S-wave at the base of the sediment layer, which would be 
important to creating S–S reflections from deeper layers not 
included in this simulation.

In the second case, with a high-velocity seafloor layer, 
the water wave efficiently transmits into the subsurface as 

Fig. 7   Numerically simulated elastic wavefields and seismic source 
gathers for the two models shown in Fig. 6. A point source at (0,0) 
generates waves recorded by receivers located at the seafloor at 2.4 
km depth with 500 m inter-spacing. Model properties are shown in 
(h) and (j) and the corresponding wavefields at different times are 
shown in (a–c) and (d–f) respectively. Labeled wavefields are direct 

water wave (WW), reflected P-wave (PPR), and reflected phase con-
verted S-wave (PSR, SSR). (g) and (i) show common source gathers 
for the given source-receiver geometry in the top figures, for receivers 
up to 10 km range. Also overlying the gathers are traveltime curves 
of WW (blue), PPR (yellow), PPPR (green), and SSR (red) phases, 
obtained by ray tracing
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a P wave, and as an S-wave at oblique incidence (Fig. 7d, 
e). This S-wave is reflected from the subsurface interface 
(SSR) and is recorded on both vertical and radial compo-
nents (being relatively stronger in the radial direction). 
The amplitude of SSR is low to zero at ranges within criti-
cal values (< 2.5 km), and it increases at ranges > 2.5 km. 
The wave polarisation of SSR is found to be the same as 
that of the water wave in the radial direction. The sec-
ond prominent wave recorded by the receivers is the PPR 
arrival, which is stronger on the vertical component and 
with reversed polarisation with respect to the water wave. 
The polarisation and amplitude variation with range of 
SSR and PPR phases were instrumental in identifying the 
arrivals in the real data. In all cases, ray tracing was able to 
predict the arrival times of each of the different observed 
phases, shown by the labelled lines in Fig. 7g, i.

While initial ray tracing indicated that the observed 
shear waves can be of PSR kind, numerical modelling has 
shown that the PSR wave has a very low amplitude as com-
pared to an SSR wave. Since high amplitude shear waves 
are observed consistently across the study area, examples 
of which are shown in Fig. 3, we interpret these waves as 
SSR waves, where the P-to-S conversion is likely occurring 
at the seafloor in the absence of appreciable sediments. 
In the presence of appreciable sediments, the P-to-S con-
version is most likely to occur along the downgoing ray 
path at the base of sediments (referred to as a pSSR wave, 
where the path “p” is within the sediments), since a P-to-
S conversion at the water–sediment interface is not likely 
to be efficient. Further traveltime modelling suggest that 
greater sediment thickness (> 50 m) will decrease the over-
all traveltime of the wave and not produce the observed 
‘water-wave parallel’ arrivals. Hence we say that the sedi-
ment layer, within the bounds of our experiment, is gener-
ally thinner than 50 m, and the observed PP and SS phases 
are reflections from a sub-basement interface.

PP and SS traveltime picks were used in a grid search 
for the average S-wave velocity, Vs1, and reflector depths, 
H1, that minimized the misfit between observed and calcu-
lated traveltimes. Results of these calculations (discussed 
in "Results" sect.) provide a mean layer thickness of 70 m 
and a mean Vs of 570 m/s, across the study area. The list-
ing for each station is given in Online Resource 3. The 
error in estimating Vs1 and H1 due to pick error is under 
12% (50 ms pick uncertainty). The calculations employed 
an estimate of the P-wave velocity under each station, 
taken from Dunn et al. (2013). These are estimated to have 
20% uncertainty, producing a 20% uncertainty in Vs1 and 
H1. Drawing from the rule of uncertainty in product and 
quotient of two variables, the overall uncertainty in Vs1 
and H1 is 32% which will turn out to be acceptable for the 
observed values of Vs1 and H1.

Far‑range data

We first considered whether the far-range upgoing Ps phase 
could have its conversion point at the shallow interface 
described in "Near-range data" sect. However, the traveltime 
delay caused by the near surface layer greatly underpredicts 
the traveltime delay observed between the P and Ps phases. 
Hence the conversion interface for the far range data must 
be deeper in all cases than the shallow interface, such as a 
layer 2A/2B transition. We performed a preliminary analysis 
using the solutions to Zoeppritz equations on the relative 
amplitude of P-to-S converted wave at the base of a volcanic 
layer with respect to the upgoing P-wave (Fig. 8a). Assuming 
fixed Layer 2B properties (Vp3 = 4.5 km/s, Vs3 = 2.5 km/s, 
ρ3 = 2600 kg/m3), the upper crustal properties, Vp2, Vs2 
and ρ2, were varied (refer to caption of Fig. 8). Estimates 
of the incidence angle of crustal refractions at the station 
(from polarisation analysis) provides a rough estimate of 
the range of possible ray parameters for Ps phase conversion 
(Fig. 8b). Within this range of interest, the P-to-S conversion 
is more efficient as the ray parameter, or incidence angle, 
of the upgoing wave increases, and the converted wave’s 
amplitude is greater for greater velocity contrasts between 
the lower and upper layers.

Since more information about the Ps phase and its 
multiples (Fig. 9a) is required to get a unique estimate 
of layer thickness (H2) and Vp/Vs value in this layer, we 
again used solutions to Zoeppritz equations to identify the 
most strongly arriving waves. We modelled the amplitude 
ratios with respect to crustal (P-wave) refractions, as shown 
in Fig. 9b. The lower medium was simulated as seismic 
layer 2B (Vp3 = 4 km/s, ρ3 = 2600 kg/m3, Vs3 = 2.2 km/s) 
while the upper medium was simulated as seismic layer 2A 
(Vp2 = 2.5 km/s, ρ2 = 2200 kg/m3, Vs2 = 1.2 km/s). As the ray 
parameter increases, the P-to-S conversion becomes more 
efficient, while P-reverberation (Pppp) amplitudes decrease. 
In terms of the traveltimes of these two phases, they interfere 
with each other when the Vp/Vs ratio is close to 3. They 
can be differentiated from each other based on their relative 
amplitudes on the vertical (or L) and radial (or Q) compo-
nents. Amongst the shear wave multiples shown in Fig. 9a, 
the Ppps phase is fastest to arrive, high in amplitude, and 
inverted in polarity. These observations helped identify Ps 
and Ppps phases in the radial component of the data.

Using the simple traveltime formulas given by Eqs. 1–2, 
we inverted for the layer thickness (H2) and interval veloc-
ity (Vs2) in the upper layer, which produced the phases Ps 
and Ppps.
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ΔtPs and ΔtPpps are defined as the delay time with 
respect to crustal refracted P-wave in observed data. The 

(2)ΔtPpps = H
1
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1
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2
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1

Vs
2
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1

Vp
2

) near surface properties (H1, Vp1, Vs1) were calculated as 
described in "Near-range data" sect. The P-wave velocity in 
the lower layer (Vp2) was approximated from prior tomogra-
phy results (Dunn et al. 2013). Due to the intermittent nature 
of Ps and Ppps phases, they were recorded with acceptable 

Fig. 8   Zoeppritz solutions for an upgoing wave. a Schematic ray dia-
gram representing P-to-S conversion of an upgoing crustal refraction 
at the base of layer 2A. b Relative amplitude of Ps with respect to 
the P phase at different ray parameters (related to incidence angle 
by the equation in a). Properties in the lower halfspace are fixed to 
Vp3 = 4.5  km/s, Vs3 = 2.5  km/s, ρ3 = 2600  kg/m3. Transmission into 

the upper halfspace with increasing medium impedance proper-
ties is shown: red (Vp2 = 2.6 km/s, Vs2 = 0.8 km/s, ρ2 = 2230 kg/m3), 
green (Vp2 = 2.9  km/s, Vs2 = 1.15  km/s, ρ2 = 2330  kg/m3) and blue 
(Vp2 = 3.3  km/s, Vs2 = 1.5  km/s, ρ2 = 2400  kg/m3). The range of ray 
parameters shown by the blue shaded region correspond to observed 
ray parameters of the incident P-wave at the receiver

Fig. 9   Zoeppritz solutions for an upgoing wave and its multiples. a 
Schematic ray diagram representing P-to-S conversions of an upgo-
ing crustal refraction and its multiples. Solid lines represent P-waves 
and dashed lines represent S-waves. b Relative amplitudes (as com-
pared to the incident P wave) of converted wave primaries and mul-

tiples defined in a as a function of ray parameter. Properties in the 
lower layer and upper layer are fixed at Vp3 = 4 km/s, Vs3 = 2.2 km/s, 
ρ3 = 2600 kg/m3 and Vp2 = 2.5 km/s, Vs2 = 1.2 km/s, ρ2 = 2200 kg/m3 
respectively
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signal-to-noise ratios at only 36 receivers spread across the 
study area.

Uncertainty in the estimates of Vp/Vs value and layer 
thickness (H) using the method described above is found 
to be modestly dependent on Vp uncertainty. For example, 
using a Vp of 3 km/s and a Vp/Vs ratio of 2 for a 800 m layer, 
the uncertainty in H2 is given by

which means the uncertainty in H2 is less than ~ 50 m for 
a 0.2 km/s uncertainty in Vp2. The error contribution from 
a picking error of 0.05 s was found to be within 15% for H2 
and less than 10% for Vp/Vs values. Equations (1) and (2) 
assume vertical ray paths. Inserting appropriate values into 
the following equation (Zhu and Kanamori, 2000):

and using a ray parameter range of 0.05 to 0.2, we find 
that ray bending has negligible effect (< 1 m).

Results

SS travel times from near offset data, which indicate varia-
tions in uppermost crustal and/or sediment layer properties 
(H1, Vp1, Vs1), were compiled for all available stations and 
are shown in Fig. 10. Theoretically, SS-waves are not gen-
erated at zero range, hence for this figure the traveltimes 
along a hypothetical vertical ray path were computed from 
the layer thickness and velocity estimated from the wide-
angle (2–10 km range) data for each station. The traveltime 
magnitude represents the combined effect of near surface 
S-wave velocities and the depth of the reflector, with larger 
SS times (larger circles in Fig. 10) corresponding with either 
lower Vs1 values and/or a greater values of H1. In general, 
smaller times are observed near the ridge, and larger times 
are observed away from the ridge, with some particularly 
large values for stations located on the east side (arc side) of 
the ridge axis. Also shown in Fig. 10 is a sonar image of the 
seafloor for the study area (Dunn, 2015). Smaller SS times 
are observed in regions with higher sonar backscatter (usu-
ally younger, un-sedimented seafloor), and larger SS times 
are observed in areas of very low backscatter (e.g. heavily 
sedimented seafloor). There is a greater range of both SS 
times and backscatter values on the east side, where back-
scatter and seafloor morphology indicate larger variations in 
sediment cover due to sediment ponds, topographic effects, 
and late stage volcanism. The largest travel times correlate 
with basins that appear to be filled with sediments.
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Figure 11 shows a plot of estimated values of H1 as func-
tion of distance to the ridge axis; the markers are differenti-
ated based on the respective station’s location within the 
crustal domains. In general, larger H1 values are found far-
ther from the ridge, with a greater range of values on the east 
side. Furthermore, the average value of H1 is greater on the 
eastern side of the ridge axis (~ 100 m) as compared to the 
west (~ 60 m). The smallest non-zero values of H1, ~ 50 m, 
are found within 4 km of the ridge axis. Some stations do not 
have an estimated H1 value due to no discernible PP wave 
and do not appear in Fig. 11. The average S-wave velocity 
is relatively lower on the east side (~ 500 m/s) than the west 
side (~ 570 m/s); both being higher than values observed in 
pelagic and hemipelagic marine sediments (200–300 m/s; 
Hamilton 1979), and lower than values observed in con-
solidated volcaniclastic sediment (0.8–1 km/s; Kenter and 
Ivanov 1995) or layer 2A (1.5–2 km/s; Spudich & Orcutt 
1980).

Few independent estimates of sediment thickness in the 
region are available. ROV images detect little to no sedi-
ment near the ridge axis (Ferrini et al. 2008). Backscat-
ter images also indicate a sediment-free spreading center, 
with increasing sediment coverage at greater crustal ages 
and greater coverage on the arc-side of the ridge (Martinez 
et al. 2006). In the off axis regions, sub-bottom profile data 
from recent cruises to the area do not penetrate to base-
ment in sedimented regions and thus can only provide crude 
estimates of minimum sediment thickness. Log data from a 
station located 50 km west of the ridge axis, in Domain III, 
found a ~ 20 m sequence of clayey nannofossil oozes with 
interbedded turbiditic volcanic sands and silts, pyroclastic 
ashes, and thick-bedded mafic hyaloclastites overlying a 
MORB-like igneous basement (Hawkins 1994), suggesting 
sedimentation on the western side of the ridge is not heavily 
influenced by arc volcanic debris. Examining the backscatter 
and topography together, and estimating the degree of sedi-
mentation from the degree of in-filling of local topography, 
suggests that the western side of the ridge within the seismic 
array is only lightly draped by sediment with increasing age, 
whereas the eastern side is more heavily draped with some 
broad valleys with significant accumulation. Based on our 
seismic observations and drawing inferences from all avail-
able information, we conclude that the sediment cover on the 
western side of ridge axis is generally less than 20 m thick, 
and gradually reduces to zero towards the ridge axis as the 
seafloor becomes younger. On the eastern side of ridge axis, 
sediment cover is variable, ranging between 0 and 50 m, 
with the exception of some deeper sediment ponds, where it 
could be substantially thicker.

While the travel times of waves are influenced by the sedi-
ment thickness, it is clear that the S–S reflection depth is not 
the base of a sediment layer, since it occurs even where lit-
tle to no sedimentation is found. This near surface layer (of 
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thickness H1) is a low-velocity surface layer within the igne-
ous crustal layer 2A. Away from the ridge axis, in the pres-
ence of sediments, the reflections probably still occur at the 
base of an igneous layer, since the values are consistent with 
near-axis values plus an additional effect due to sediment. In 
any case, the base of this layer is too shallow to be consistent 
with a layer 2A/2B boundary (Jacobs et al. 2007). Note that 

P-waves reflecting from the base of such a thin layer would 
arrive within < 50 ms of the seafloor reflection in multi-chan-
nel seismic data, making the reflector difficult to observe in 
reflection images. S waves, on the other hand, arrive ~ 200 ms 
behind the water wave, providing enough phase separation for 
these reflected arrivals to be obvious in most cases. At 20 Hz, 
S waves also have much smaller wavelengths (~ 20 m) than 

Fig. 10   Sonar image of the study area and observed SS traveltimes 
for each station. The size of each circle is proportional to the esti-
mated vertical, two-way-traveltime for the layer thickness and veloc-
ity estimated from the near-range (2–10  km) data. The axis of the 
spreading center is shown by a solid green line, and the different crus-

tal domains are separated by dashed green lines. In the sonar image 
(from Dunn, 2015), darker colors indicate higher sonar return (e.g. 
young un-sedimented seafloor) and lighter colors indicate lower sonar 
return (e.g. heavily sedimented seafloor)
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corresponding P waves (~ 100 m), enhancing their ability to 
be reflected from the bottom of a thin (< 50 m) surface layer 
rather than pass across it.

When interpreting the far-range crustal refracted and con-
verted arrivals (Fig. 4), the traveltime delays between P and Ps 
phases were 0.13–0.58 s greater than delays calculated from 
the near-surface layer properties (H1, Vs1, Vp1). Therefore, 
P-to-S conversion depths of the Ps arrivals must be deeper 
than H1. Using the method described in "Far-range data" sect., 
we found that Ps and Ppps arrivals were explained by a conver-
sion (Ps) and subsequent multiple generation (Ppps) at depths 
(H2) consistent with a layer 2A to 2B transition. Estimated 
depths for the 2A/2B transition (~ 500–700 m) are consistent 
with those determined by Jacobs et al. (2007), where available 
(primarily along the ridge axis).

Figure 12a shows estimated layer 2A thickness values over-
lain on a map view tomographic slice of upper crustal P-wave 
velocities (Dunn et al. 2013). In general, layer 2A is observed 
to be thicker in regions of low P-wave velocities and thinner in 
regions of higher P-wave velocities, roughly corresponding to 
the crustal domain designations. Figure 12b shows estimated 
Vp/Vs values in layer 2A overlain on a map view tomographic 
slice of upper crustal P-wave velocities. Vp/Vs values greater 
than 2.6 (red colors) are observed to spatially correlate with 
regions of low P-wave velocities. Vp/Vs values less than 2.6 
(blue colors) are observed to spatially correlate with regions 
of high P-wave velocity. The correlation between layer 2A 
thicknesses, Vp/Vs values, and crustal domains is further dem-
onstrated in Fig. 13, where thinner layers (~ 500 m, on aver-
age) with lower Vp/Vs (~ 2.3, on average) are found in Domain 
III and thicker layer values (~ 650 m, on average) and higher 
Vp/Vs (~ 3.0, on average) are found in Domain II. A list of 
estimated H and Vs values for each station is given in Online 
Resource 3.

Discussion

Near surface layer 2Aa

Across the seismic experiment, for areas either with or without 
appreciable sediment cover, our analysis points to the existence 
of a shallow low-velocity layer at the top of the crust. The low 
efficiency of P-to-S conversions at the top of sediment indicate 
a deeper source for the conversion point and an even deeper 
intra-crustal point for the observed S–S reflection. Therefore 
we suggest that the conversion point for P-to-S waves is at 
the top of the igneous crust, even in sedimented regions, and 
the S-to-S reflection horizon is within the igneous crust. The 
SS reflector is much shallower (~ 70 m on average) than esti-
mated depths to the base of layer 2A (500–700 m; Jacobs et al. 
2007). Arnulf et al. (2012), using a full waveform method for 
data collected along the Mid-Atlantic Ridge, also identified a 
thin (50–150 m thick) low-velocity crustal layer at the top of 
seismic layer 2A. They refer to this layer as seismic layer 2Aa, 
the name we adopt here. This layer could represent a more 
porous extrusive lava layer on top of a less porous lava layer 
below, where the difference arises perhaps due to a compaction 
process. For example, thin cracks created by thermal stresses 
during lava cooling are easier to close with increasing pressure 
than more spherical void space (Wilkens et al. 1991), perhaps 
allowing for a rapid change in seismic properties with increas-
ing confining pressure at shallow depths, followed by a more 
gradual change at greater depth.

Layer 2A

The thickness of layer 2A is often considered to be a proxy 
for the thickness of the volcanic, extrusive layer of lavas at 

Fig. 11   Reflector depths (in 
m) beneath a station versus a 
station’s distance to the ridge 
axis for the different crustal 
domains: Domain II (red), 
Transition Zone (green) and 
Domain III (blue). Also shown 
is the best fit line, made using a 
robust regression fitting method 
(Holland and Welsch 1977), 
through the data on the western 
side of the ridge axis
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the top of the oceanic crust. In Domain II, where the crust 
is generally thicker (~ 8–9.5 km), layer 2A is also thicker 
(~ 650 m average), whereas the thinner crust in Domain III 
(~ 5.5–6 km) is capped by a thinner layer 2A (~ 500 m aver-
age). While it appears that a higher melt supply leads to a 
thicker volcanic layer in this area, the increase in layer 2A 
thickness with crustal thickness is not proportional, and the 
factors influencing the ratio of extrusive crustal growth to 
intrusive crustal growth are not clear. The rate of melt supply 
to the spreading center, the thermal structure of the crust, the 
eruptibility (e.g. density and viscosity) of the magma, and 
the depth to the crustal magma chamber may influence the 
volcanic layer thickness.

Estimated S-wave velocities correlate with the crustal 
domains. In Domain II, average Vs values are relatively low 
(~ 0.9 km/s), while estimates of Vp/Vs values (~ 3.0) and 
Poisson’s ratio (� ) (~ 0.44) are relatively high. Conversely, 

in Domain III average Vs values are higher (~ 1.2 km/s), 
and estimates of Vp/Vs values (~ 2.3) and Poisson’s ratio 
(~ 0.38) are lower. Poisson’s ratio (�) and Vp/Vs ratios are 
often used as an indicator of lithology (e.g. Christensen 
1996; Collier and Singh 1998; Kim et al., 2018). Seismic 
velocities in layer 2A are thought to be largely controlled 
by porosity and the shapes of the voids and cracks (Shearer, 
1988), with lower velocities in more porous rocks. Although 
a direct relationship of rock porosity with Poisson’s ratio is 
non-unique, comparisons from different settings can help 
us understand their relative influence. For example, a seis-
mic study by Collier and Singh (1998) on the ridge axis 
of East Pacific Rise found average Poisson’s ratios of 0.34 
in layer 2A. While this value is closer to our estimates for 
Domain III, Poisson’s ratios in Domain II are much higher. 
A possible cause for the anomalously high Poisson’s ratio in 
Domain II is thus higher porosity (e.g. Peacock et al., 2011), 

Fig. 12   Layer 2A estimated thicknesses a and Vp/Vs values b over-
lain on a map-view tomographic image of upper crustal P-wave 
velocities (from Dunn et  al. 2013). The location of each circle cor-
responds to the location of the receiver. In the tomographic image, 

velocity values are averaged in the depth range of 250 m to 500 m of 
crust. The axis of the spreading center is shown by the thin black line. 
Only the values for 35 stations with recorded good signal-to-noise 
ratios for Ps and Ppps phases are shown
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which is corroborated by the more vesicular nature of lava 
samples dredged from Domain II crust (Pearce et al., 1994).

In addition, the observed variations may also be con-
trolled by major element composition. Jacobs et al. (2007) 
estimated that approximately half of the observed decrease 
in P-wave velocity in layer 2B (0.6 km/s), along the ridge 
axis could be attributed to compositional variations, while 
attributing the other half to a change in intrinsic porosity. 
Major element compositions for lavas sampled along the 
ridge axis change from basaltic to basaltic-andesite as the 
distance to the arc decreases. Our Vp/Vs values change 
approximately with this trend, although most of the major 
element trend along the ridge axis extends beyond the study 
area. However, our maps of Vp/Vs show significant major 
element chemistry changes extending into the off-axis areas. 
Domain II may have a basaltic-andesite cap of lavas as com-
pared to basaltic lavas in Domain III. Whether due mostly to 
porosity changes or to porosity and major element changes 
is not clear in the absence of off-axis lava samples of crust 
formed at the spreading center, nevertheless the patterns in 
the seismic (and other geophysical data) are clear and sug-
gest significantly different crustal formation processes in the 
near arc regions versus distal regions (Fig. 14).

Subduction influence on upper crustal structure

In a mid-oceanic ridge system, decompression melting is 
the main source of magma production, wherein convection 
driven mantle material experience a decrease in pressure 
which leads to partial melting. Hence seafloor spreading 
rate, a primary factor driving convection, plays an important 

role in magma production and crustal formation. On the 
other hand, in a back arc setting, slab-derived volatiles 
(mainly water) reduce mantle melting temperature leading to 
enhanced melt production. Along the ELSC, the added effect 
of hydrous flux melting may produce up to ~ 30% more crust 
(Arai and Dunn 2014), and differences in magma supply and 
subsequent crustal structure are related to distance from the 

Fig. 13   Scatter plot of layer 2A 
thickness (in km) versus Vp/Vs 
across the study area, highlight-
ing differences between the 
crustal domains

Fig. 14   Cartoon interpretation of upper crustal structure as a function 
crustal domain and arc proximity. A shallow seismic layer, 2Aa, is 
present across the study area and variably covered by thin sediments, 
which increase in thickness with lithospheric age and arc proximity. 
Layer 2Aa may represent a highly cracked surficial layer of the crust. 
For crust produced when the ridge axis was closer to the active arc 
(Domain II), a thicker and more porous lava layer (seismic layer2A) 
with a relatively more felsic composition is present. Away from the 
arc (Domain III), the crust is capped by a thinner and less porous lava 
layer with a basaltic composition
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arc volcanic front, rather than spreading rate (Martinez et al. 
2006). Our estimates of layer 2A thickness and shear wave 
velocities in Domain II further strengthen this hypothesis. 
Since Domain II crust was formed when the ridge axis was 
closer to the volcanic arc, the volcanic layer shows a strong 
influence from slab-derived volatiles in the form of higher 
porosity (lower velocities and higher Vp/Vs). The presence 
of water during melting is expected to increase melt pro-
duction (e.g. Davies and Bickle 1991; Stolper and Newman 
1994). This is corroborated by the thicker volcanic layer in 
Domain II as compared to Domain III. In Domain III, faster 
velocities, lower Vp/Vs, and a thinner volcanic layer indicate 
a sharp decrease in the presence of slab derived volatiles. 
The interpretation is that the ridge has moved away from 
the influence of slab-derived volatiles when forming this 
type of crust.

Conclusions

In this study various P and S seismic phases, collected as 
part of the L-SCAN active-source seismic experiment, were 
used to investigate upper crustal structure across the Eastern 
Lau Spreading Center. The principle observations are:

(1)	 A shallow low-velocity layer of ~ 70 m thickness, on 
average, exists at the top of the igneous crust with Vp/
Vs values in the interval of 2.7–5.8. This Layer 2Aa 
may be a highly-cracked and porous region of lavas on 
top of layer 2A and whose base is defined by a rapid 
change in elastic properties as thin, compliant cracks 
preferentially close under increasing lithostatic pres-
sure.

(2)	 Vp/Vs in layer 2A is observed to be in the interval 1.7–
3.4. In general, Vp/Vs is greater in Layer 2Aa than in 
Layer 2A across the study area.

(3)	 Seismic P and S waves and Vp/Vs vary across crust 
formed at the ELSC, forming a crustal-domain-specific 
pattern correlating with several previous geophysical 
and geological observations. Lower P and S veloci-
ties and higher Vp/Vs values (~ 2.8) exist in the upper 
oceanic crust in regions of crust that formed along the 
spreading center when it was located near the active 
Tofua arc. Higher P and S velocities, and lower Vp/Vs 
values (~ 2.6), exist in upper oceanic crust that formed 
relatively far from the active arc.

(4)	 The seismic observations indicate that a more porous 
and thicker volcanic layer of lava caps crust that formed 
when the spreading center was located near the active 
Tofua arc. Conversely, a thinner, less-porous layer of 
lava caps crust that formed further from the arc. In 

addition, the results are consistent with a change in 
silica-content of the lava layer with distance from the 
arc.

This study compliments previous studies of bathymetry, 
gravity, sonar backscatter, seismic structure and chemis-
try. The results show strong evidence for the influence of 
slab-derived water on crustal formation at the Eastern Lau 
Spreading Center when it is located closer to the arc, as 
compared to the waning influence on crust formed at loca-
tions away from the arc.
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