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Key points: 

 First insights into the crustal structure of the northeastern Lau Basin, along a 290 km 

transect at 17°20’S. 

 Crust in southern Fonualei Rift and Spreading Center was created by extension of arc 

crust and variable amount of magmatism. 

 Magmatic underplating is present in some parts of the southern Niuafo’ou Microplate 

 

 

 

Abstract 

The northeastern Lau Basin is one of the fastest opening and magmatically most active back-

arc regions on Earth. Although the current pattern of plate boundaries and motions in this 

complex mosaic of microplates is reasonably understood, the internal structure and evolution 

of the back-arc crust are not. We present new geophysical data from a 290 km long east-west 

oriented transect crossing the Niuafo’ou Microplate (back-arc), the Fonualei Rift and 

Spreading Centre (FRSC) and the Tofua Volcanic Arc at 17°20’S. Our P-wave tomography 

model and density modelling suggests that past crustal accretion inside the southern FRSC was 

accommodated by a combination of arc crustal extension and magmatic activity. The absence 

of magnetic reversals inside the FRSC supports this and suggests that focused seafloor 

spreading has until now not contributed to crustal accretion. The back-arc crust constituting the 

southern Niuafo’ou Microplate reveals a heterogeneous structure comprising several crustal 

blocks. Some regions of the back-arc show a crustal structure similar to typical oceanic crust, 

suggesting they originate from seafloor spreading. Other crustal blocks resemble a structure 

that is similar to volcanic arc crust or a ‘hydrous’ type of oceanic crust that has been created at 

a spreading center influenced by slab-derived water  at distances < 50 km to the arc. Throughout 

the back-arc region we observe a high-velocity (Vp 7.2-7.5 km s-1) lower crust, which is an 

indication  for magmatic underplating, which is likely sustained by elevated upper mantle 

temperatures in this region. 
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1 Introduction 

The Lau Basin in the southwestern Pacific is one of the most volcanically active submarine 

regions on Earth (e.g. Chadwick et al., 2019; German et al., 2006b). It is also the site where 

processes of back-arc basin formation were first proposed by Karig (1970). The basin is 

located west of the Tonga subduction zone, between the active Tofua Volcanic Arc in the East 

and the remnant arc of the Lau Ridge in the West (Figure 1). The opening of the basin started 

~6 Ma ago, initiated by a still on-going roll back of the Tonga subduction zone (Hawkins, 

1995). The Lau Basin has a characteristic triangular shape with the greatest width in the 

North, narrowing to the south. From south to north, the overall opening rates increase and so 

does the tectonic complexity (Bevis et al., 1995; Taylor et al., 1996). Chase (1971) was the 

first to postulate the presence of several tectonic plates and triple junctions in the northern 

Lau Basin. The investigation of bathymetry and inversion of magnetic data from the southern 

Lau Basin suggests that crust accreted along discrete spreading centers, which have 

functioned similarly to mid-ocean ridges since at least 4 Ma (Taylor et al., 1996). However, 

whereas the magnetic pattern is relatively clear south of 18° S, it is more complex to the 

North where the lack of high-quality magnetic data prevents a straightforward magnetic 

anomaly inversion (Sleeper and Martinez, 2016). The southern Lau Basin and Havre Trough, 

which is the southward continuation of the Lau Basin, have been targeted by a number of 

geophysical experiments, (e.g. Arai and Dunn, 2014; Bassett et al., 2016; Crawford et al., 

2003; Dunn and Martinez, 2011; Dunn et al., 2013; Tontini et al., 2019). In contrast, little is 

known about the crustal structure of the northeastern Lau Basin including the Niuafo’ou 

Microplate and the Fonualei Rift and Spreading Centre (FRSC; Figure 1). Unique to the Lau 

Basin is the synchronous co-existence of two parallel  zones of extension - the Lau Extension 

Transform Zone (Baxter et al., 2020) and the FRSC (Sleeper and Martinez, 2016; Sleeper et 

al., 2016) - that both  accommodate E-W extension (Figure 1). Such a configuration of two 

parallel zones of extension does not exist in any other back-arc system. In the northeastern 

Lau Basin the tectonic structure and plate kinematics are highly complex and several aspects 

therein remain unresolved (Sleeper and Martinez, 2016; Zellmer and Taylor, 2001). 

Important open questions include: 

 

 

 

 

 



 
©2019 American Geophysical Union. All rights reserved. 

 How thick is the back-arc crust of the Niuafo’ou Microplate, in comparison to typical 

oceanic crust and compared to crust in other intra-oceanic back-arc regions? 

 How does the Vp-depth distribution, indicative for lithology of different crustal 

layers, compare to other back-arc regions? 

 Where, when and how was the back-arc crust in the northeastern Lau Basin created? 

 

To address the above questions, we acquired new refraction and multichannel reflection 

seismic, magnetic, gravimetric, multibeam bathymetry and sediment echosounder data  on a 

290 km long profile crossing the Niuafo’ou Microplate, the Fonualei Rift and Spreading 

Center (FRSC) and the Tofua Volcanic Arc at 17° 20’S (profile BGR18-2R3, Figure 1). All 

data were acquired during RV Sonne expedition SO267 (ARCHIMEDES I; Hannington et al., 

2019) from December 2018 to January 2019. The results allow a first quantification of the 

crustal thickness of the Niuafo’ou Microplate and the processes of back-arc formation, within 

the larger regional geodynamic context of the northeastern Lau Basin. 
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Figure 1. Bathymetry of the northern Lau Basin with tectonic plates and plate boundaries 

indicated. Map a) shows the Niuafou’ou Microplate (N) with surroundings. A = Australian 

Plate, CLSC=Central Lau Spreading Centre, ELSC=Eastern Lau Spreading Centre, FRSC = 

Fonualei Rift and Spreading Centre, MTJ = Mangatolu Triple Junction, NWLSC = 

Northwestern Lau Spreading Centre, T = Tonga Plate. Our survey line (BGR18-2R3) is 

plotted as white line with red dots indcating ocean bottom seismometer locations. The black 

arrows indicate relative sense of plate motions in reference to the Australian Plate, adopted 
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from the plate kinematic model of Sleeper and Martinez (2016). Arrows are not to scale. The 

hatched area highlights the aseismic diffuse southern boundary of the Niuafo’ou Microplate 

(Baxter et al., 2020) and the white rectangle indicates the ELSC region investigated by Dunn 

and Martinez (2011) and Arai and Dunn (2014). Blue circles show dredge locations from 

Keller et al. (2008) yielding  basalts and basaltic andesites. The dredged lavas are 

geochemically indistinguishable from the lavas of the proximal volcanic arc (Keller et al., 

2008). The bathymetry data in both maps is compiled from the Global Multi-Resolution 

Topography Synthesis of (Ryan et al., 2009) and expedition SO267 data (Hannington et al., 

2019). A map showing the extent of SO267 data is provided in Supporting Information Figure 

S1. Red square in overview map b gives the location of map a. White arrows indicate relative 

plate motions of the Pacific and Tonga plates at the Tonga Trench. 

 

2 Tectonic setting of the Northeastern Lau Basin 

2.1 Plate Kinematic Models 

A first kinematic model of the current plate configuration and plate motions in the Northern 

Lau Basin was established by Zellmer and Taylor (2001) on the basis of geodetic 

measurements, seismicity, backscatter imagery and ship-based bathymetry. This model 

proposes a three-plate configuration with the Niuafo’ou Microplate (N) in the center 

separated by the Peggy Ridge - Lau Extensional Transform Zone (LETZ) from the Australian 

Plate in the West and the Mangatolu Triple Junction – FRSC boundary from the Tonga Plate 

(T) in the East (Figure 1). The southern boundary of the Niuafo’ou Microplate is diffuse and 

a local seismicity study did not show distinct seismic activity between the FRSC and the 

LETZ (Baxter et al., 2020; Conder and Wiens, 2011). The Northwestern Lau Spreading 

Centre (NWLSC) marks the western portion of the northern boundary of the Niuafo’ou 

Microplate but farther East the plate boundary is not well defined (Figure 1). The initial plate 

kinematic model of Zellmer and Taylor (2001) predicted deformation rates > 40 mm yr-1 at 

the diffuse southern boundary, which disagrees with the scarce seismicity in this area (Sleeper 

and Martinez, 2016). This apparent contradiction of having no seismicity at an active plate 

boundary motivated Sleeper and Martinez (2016) to re-analyze the early plate kinematic 

model of Zellmer and Taylor (2001). The updated kinematic model predicts much slower (~ 8 

mm yr-1) opening rates at the southern tip of the FRSC (~17°54’S) which is in better 

agreement with the lack of local seismicity in the area between the southern FRSC and LETZ 

(Sleeper and Martinez, 2016). The Euler pole for the boundary between plates N and T 

(FRSC) of the Zellmer and Taylor (2001) locates at 20°S and  migrates north to 18.5°S in the 
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more recent model of Sleeper and Martinez (2016). The FRSC, constitutes the plate boundary 

between the Niuafo’ou and Tonga plates. The current tectonic setting of the FRSC is 

characterized by pure extension (Baxter et al., 2020; Zellmer and Taylor, 2001). 

 

2.2 Fonualei Rift and Spreading Center (FRSC) 

The FRSC is a southward propagating divergent plate boundary at which the opening rates 

decrease from north to south (Sleeper and Martinez, 2016; Zellmer and Taylor, 2001). In the 

south, the spreading axis approaches the volcanic front, with a minimum separation of just 25 

km near the southern tip of the FRSC (Figure 1). At the southern end of the FRSC high 

standing, rifted margins are visible (dashed lines in Figure 1a). However, the nature of 

tectonic and magmatic processes at the FRSC and their similarity with typical back-arc 

spreading centers remains unclear. Sleeper and Martinez (2016) emphasize that the axial 

morphology abruptly alters at about 17° S from a continuous volcanic ridge north of this 

boundary to isolated volcanic cones surrounded by anomalously deep seafloor to the south of 

17° S. At 17° S the FRSC axis is located at approximately 50 km distance to the volcanic arc 

(Figure 1). These abrupt morphological changes may reflect along-axis flux and focusing of 

melt beneath the volcanic cones, as the opening rates decrease and the FRSC axis approaches 

the volcanic arc (Brandl et al., 2020; Sleeper et al., 2016). 

Dredged lavas from the FRSC show geochemical signatures that are almost identical to lavas 

from the near arc volcanoes (Escrig et al., 2012; Keller et al., 2008). Several hydrothermal 

sites have  been identified along the FRSC (some of which are confirmed and some are only 

inferred) suggesting that the occurrence of hydrothermal sites per 100 km spreading axis is 

unusually high compared to mid-ocean ridges but comparable to other arc-influenced back-

arc spreading centers (Baker et al., 2019; German et al., 2006a; Kim et al., 2009).  

 

2.3 Crustal structure at the Eastern Lau Spreading Center (ELSC) 

The Eastern Lau Spreading Center (ELSC) represents the southern continuation of the 

Central Lau Spreading Center (CLSC) and is, like the FRSC, a southwards propagating back-

arc spreading center at a decreasing distance to the volcanic arc front, from north to south 

(Figure 1). The ELSC region at 20°-21°S has been  investigated by a large-scale 3D seismic 

experiment (L-SCAN survey; location is indicated by the white rectangle in Figure 1) which 

resulted in a very detailed analysis of the crustal structure and crustal accretion processes in 

this region (Arai and Dunn, 2014; Dunn and Martinez, 2011; Eason and Dunn, 2015). Back-

arc crust created at less than 50 km from the  volcanic arc front is unusually thick (8-9 km) 
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and includes a thick upper crustal  layer of low P-wave velocities (3.4-4.5 km s-1) and a lower 

crustal layer of abnormally high-velocity (7.2-7.5 km s-1) (Arai and Dunn, 2014; Dunn and 

Martinez, 2011). Such crust is labelled as Domain II crust and also regarded as ‘hydrous’ 

crust by Arai and Dunn (2014). What caused the unusual composition and Vp-depth 

distribution of this crust is the input of slab-derived water into the sub-axial melting regime 

of the back-arc spreading center (Arai and Dunn, 2014; Dunn and Martinez, 2011). The 

numerical models of mantle melting presented in Eason and Dunn (2015) suggest that slab-

derived water does not only enhance mantle melting but also affects magmatic differentiation 

and crustal accretion processes. The water in the mantle source region is also entrained into 

the melt ascending to crustal depths, and leads to the formation of basalts with elevated 

porosity. Such basalts of  increased porosities have  decreased P-wave velocities (Hirth and 

Kohlstedt, 1996). Numerical modelling results indicate that ~0.5-1.0 wt% of water in parental 

mantle melts may lead to crystallization of mafic cumulates in the lowermost crust, which is 

characterized by a layer of unusually high velocities (7.2-7.5 km s-1) in the lower crust (Arai 

and Dunn, 2014; Eason and Dunn, 2015). The seismic results from the ELSC further indicate 

that back-arc crust created at distances greater than 70 km from the volcanic arc front is 

significantly thinner (~7 km) and does not reveal the thick low-velocity layer in the upper 

crust, nor a high-velocity layer in the lower crust (Arai and Dunn, 2014; Dunn and Martinez, 

2011). Such crust is labelled as Domain III and shows a thickness and Vp-depth distribution 

that is more similar to typical oceanic crust than crust in Domain II.  

Here we make use of the 3D seismic survey results from the ELSC and directly compare the 

Vp-depth distributions along profile BGR18-2R3 to those of Domain II and Domain III crust 

at the ELSC to compare the seismic crustal structure in both back-arc regions and to estimate 

the impact of slab-derived water during crustal production in our survey area. 

 

3 Data 

The following text sections provide a concise overview of the geophysical methods applied in 

data acquisition, processing, and seismic tomography. Additional details about the data 

acquisition is available in the SO267 cruise report (Hannington et al., 2019). 

 

3.1 Bathymetric Data 

Bathymetric data were acquired during RV Sonne expedition SO267 using a hull-mounted 

Simrad EM122 system in a 0.5° by 1° configuration and a 130° total opening angle. Raw data 

have been filtered using a triangulation method and subsequently edited manually. Slow 



 
©2019 American Geophysical Union. All rights reserved. 

survey speeds of less than 5 knots together with equidistant and dual-ping mode allowed 

calculating a bathymetric grid with 50 m grid cell size. 

 

3.2 Refraction seismic data 

We deployed 47 ocean bottom seismometers (OBS) of the GEOMAR instrument pool at an 

average spacing of 6 km along profile BGR18-2R3 (Figure 1). Each OBS included a 4.5 Hz 

3-component geophone and a High Tech Inc ULF/PCA hydrophone. Seismic data were 

recorded at a sampling rate of 250 Hz. The seismic source consisted of twelve G-guns with a 

total volume of 84 l that were combined in two clusters and synchronously fired every 150 m 

along the profile. A GPS receiver mounted on the airgun flotation allowed the positioning of 

the seismic source for each shot. The seafloor location of the OBS was determined by fitting 

the direct wave arrivals. Processing of OBS data included cutting the continuous stream into 

single shot traces, a predictive deconvolution of the source signal and time- and offset 

dependent Butterworth filtering of traces. The filter pass-bands were optimized to enhance 

lower frequencies at increasing offsets travel times. The filter for near offsets with short 

phase traveltimes had a pass-band at 8-30 Hz and the filter for far offsets and large phase 

traveltimes had a pass-band at 3-15 Hz. Forty-three of the deployed OBS returned usefable 

data of good quality, with the best signal-to-noise ratio present at stations sitting on back-arc 

crust and on the volcanic arc, yielding clear phase arrivals to maximum offsets of 60 km 

(Figures 2, 3). We manually picked the phase arrivals and determined picking errors, which 

also include possible phase shifts caused by filtering and predictive deconvolution (Table 1). 

Generally, the pick uncertainties increase with offset, which is attributed to decreasing signal-

to-noise ratios at larger offsets. 

 

Phase No. of picks Pick uncertainty [ms] RMS [ms] Chi2 

Pg 18234 40-70 69 1.13 

PmP 5355 70 62 0.79 

Pn 3305 80 85 1.02 

Table 1. Number of picks per phase, picking uncertainty, RMS misfit and Chi² values of 

different phase arrivals associated with the ensemble average tomography Model, presented 

in Figure 4a. 

 



 
©2019 American Geophysical Union. All rights reserved. 

 

Figure 2. a) Seafloor topography along profile BGR18-2R3 with black dots showing OBS 

locations. Panels b and c show refraction seismic shot gathers for stations 306 (panel b) and 

319 (panel c) sitting on back-arc crust. Colored bars show phase arrival picks (vertical extent 

gives uncertainty). 
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Figure 3. a) Seafloor topography along profile BGR18-2R3 with black dots showing OBS 

locations. Panels b and c show refraction seismic shot gathers for stations 328 (panel b) 

within the FRSC and station 341 (panel c) sitting on volcanic-arc crust. Colored bars show 

phase arrival picks (vertical extent gives uncertainty). 

 

3.3 Multichannel seismic (MCS) reflection data 

To acquire the MCS line presented in Figure 4f we sailed the profile line a second time with a 

decreased shot interval of 50 m. The seismic sources were operated in the same configuration 
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as for the refraction seismic operations. We used a seismic streamer with an active length of 

3900 m and a hydrophone-group interval of 12.5 m resulting in 312 channels. To minimize 

the effects of the source array we applied a deconvolution to the raw data. This process uses 

the source signature, which was recorded for each shot on an auxiliary channel, to design a 

shot-dependent deconvolution filter. This process successfully supressed the bubble pulse and 

converted the recorded signal to minimum phase. Additional seismic processing included the 

following steps: Binning to common depth points (CDP interval of 6.25 m), band-pass 

filtering (main frequencies 6 to 60 Hz), multiple suppression (using surface related multiple 

suppression), true amplitude recovery (to correct for spherical divergence), moveout-

correction of CDP-gathers, stacking and post-stack Kirchhoff time migration. To facilitate the 

interpretation of crustal structures we finally produced a depth-converted section. The 

ensemble average refraction seismic P-wave tomography model (Figure 4a) was used for the 

final depth-conversion processing step. 

 

3.4 Gravity Data 

We acquired gravity data continuously throughout the entire SO267 expedition with a sea 

gravimeter system KSS32-M (serial No. 22). The observed gravity data were tied to the 

International Gravity Standardization Net IGSN 71 by connection measurements conducted 

in the port of Suva (Fiji), prior and after the cruise. After the termination of the cruise, the 

instrumental drift was determined to +4.7 mGal in 46 days (Hannington et al., 2019). This 

drift rate is relatively high but the mismatch of measurements from repeated passes along the 

profile BGR18-2R3 is smaller than 1.0 mGal (Supporting Information Figure S4). The 

observed drift is within the range of drift rates estimates for this instrument on previous 

cruises and the gravity data were corrected for the observed drift, accordingly. We subtracted 

the normal gravity (GRS80) and the Eötvös effect in order to obtain free-air gravity 

anomalies.  Exhaustive details about the gravity data processing and data quality are provided 

in the SO267 cruise report (Hannington et al., 2019) and the Supporting Information Text S2. 

In Figure 5a we plot our gravity data against satellite data, extracted from the global grid of 

Sandwell et al. (2014). Generally, the mismatch of our ship-based data and the satellite data 

was smaller than 5 mGal. 
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3.5 Magnetic Data 

Marine magnetic data presented here were acquired during expedition SO267 with a towed 

marine magnetics SeaSpyII gradiometer system. Exhaustive technical detail about the system 

specifications and the data acquisition may be found in the SO267 cruise report (Hannington 

et al., 2019). The magnetic anomaly data acquired along profile BGR18-2R3 do not include 

any significant planetary noise, due to the low planetary magnetic activity at the time of 

surveying. 

 

4 Modelling and refraction seismic results 

4.1 Refraction seismic tomography 

An initial 2D P-wave velocity model was achieved by iterative forward modeling of phase 

arrivals with the RAYINVR software (Zelt and Smith, 1992). The initial velocity model 

included shipborne bathymetry data and the thickness of sediment layers from the MCS data, 

acquired on a coincident profile line (see section 3.3). In this step the acoustic basement 

reflector was picked in the time migrated MCS image, wherever discernible and interpolated 

in between. The travel-times of the basement reflector were then converted to depth assuming 

an average velocity of 1.8 km s-2 in the sediment layer. The initial velocity model is presented 

in the Supporting Information Figure S3. The initial velocity model had an average RMS 

travel time misfit of 0.13 seconds and a normalized χ2 value of 4.2.  

The initial P-wave velocity model served as a starting model for the tomographic inversion of 

refracted and reflected phases with the TOMO2D software of Korenaga et al. (2000). The 

TOMO2D software performs ray-tracing and calculates travel times via a combination of the 

graph and ray-bending methods (Korenaga et al., 2000). The computational grid for the 

tomography is parameterized in the form of a sheared mesh hanging below the seafloor that 

has a horizontal node spacing of 300 m and a variable vertical node spacing of 100 m near the 

seafloor, linearly increasing to 340 m at 29 km depth. 

To accomplish the P-wave tomography we followed a two-step approach. In the first step 

only crustal refractions (Pg) and Moho reflections (PmP) were inverted in a separate 

tomographic model. In a second step mantle refractions (Pn) were added to the input data and 

the crustal velocities and thickness were kept constant (over-dampened) to achieve the second 

model, which includes upper mantle velocities. An initial inversion including all phases, (Pg, 

PmP, Pn) did not include a clear step in Vp at the Moho interface and showed a poor 

performance, in terms of RMS misfit. This issue was overcome by using the step-wise 

tomographic inversion. The smoothing of the tomographic inversion with the TOMO2D 
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software is steered through a so-called correlation length file, which is provided and 

explained in the Supporting Information. We employed a Monte-Carlo approach by using 100 

different starting models (created by randomly perturbing the initial velocity model within 

conceivable ranges) and then calculating ensemble averages for the 100 output models. In 

this step, only models were accepted with a χ2 values below a threshold of 1.5. Typically, 

three inversion iterations were necessary until the χ2 value dropped below this threshold. . 

Ray coverage and model uncertainties are shown in Figure 4c and 4d. Model uncertainties, 

given by the standard deviation of all output models, are generally smaller than 0.1 km s-1 for 

most of the crust and around 0.2 km s-1 for the upper mantle, where ray coverage is less 

dense. The number phase picks, the average RMS misfit, and χ2 values of different phases in 

the ensemble average model are presented in Table 1. 
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Figure 4. a) Final P-wave tomography model (ensemble average of 100 Monte-Carlo runs) 

for profile BGR18-2R3 with major tectonic regions indicated on top. Contour interval is 0.5 

km s-1. We define the 6.5 km s-1 contour as the boundary between the upper and lower crust 
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(marked by the red line). The gray zone around the Moho reflector indicates the depth 

uncertainty estimated from the sum of Monte-Carlo runs. b) Thickness of the upper crust (2.5 

< Vp < 6.5 km s-1) and lower crust (range between 6.5 km s-1 contour and modelled Moho 

reflector). c) Derivative weight sum for individual nodes of the model grid, representing the 

ray coverage. The red line represents the 6.5 km s-1 contour, which marks the boundary 

between upper and lower crust. Solid green line represents the Moho reflector. A plot with ray 

paths for selected stations is provided in the Supporting Information Figure S2. d) 

Uncertainty of the final tomography model, given by the standard deviation of Monte-Carlos 

runs. Contours are plotted at 0.05 km s-1 interval. Solid black line represents the Moho 

reflector. Note, higher uncertainty in the upper mantle is related to the reduced ray coverage 

here. e) Bathymetry along the profile (gray line) with white dots showing ocean bottom 

seismometer locations. . f) Multichannel seismic reflection data acquired along the same 

profile line. Depth-conversion was performed based on the final tomography model, panel a). 

Blue arrows indicate the location of sedimentary basins on back-arc crust. Red arrows 

indicate the location of flat-lying reflectors of high-amplitude, likely representing magmatic 

sills. Green arrows indicate the location of normal faults, eastwards dipping in the western 

part of the FRSC and westwards dipping within the volcanic-arc. 

 

4.2 Checkerboard Resolution Tests 

We implemented a series of three checkerboard tests to constrain the ability of the 

tomography model to recover the amplitude and location of velocity anomalies in the crust. 

We started the inversion with the unperturbed ensemble average tomography model (Figure 

4a) and the identical smoothing parameters as used for the real data inversion. This study 

focuses on the crustal structure motivating our use of Pg and PmP phases in the checkerboard 

tests. Pn phases, that touch the upper mantle, were not included in the checkerboard tests. The 

scarcity of Pn phases did not admit a robust investigation of the upper mantle structure in the 

real data model and checkerboard tests. A minimum in RMS travel time residuals of 0.015 s 

(Pg + PmP phases) was achieved with the checkerboard models after three iterations. The 

checkerboard testing results indicate that 10 x 2 km sized anomalies of 5 % perturbation are 

well resolved from the seafloor downwards to about 6 km below the sea surface. Anomalies 

sized 15 x 3 km with 5% perturbation are well resolved down to about 9 km below sea 

surface and 20 x 4 km sized anomalies of 5% perturbation are well resolved to about 12 km 

below the sea surface (Figure 5). While the shape and size of anomalies is well restored in the 

uppermost kilometers of the crust, the output model becomes blurred at the lower crustal 
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depths, in particular near the ends of the profile (Figure 5). There is some slight smearing of 

anomalies from above the Moho reflector to the region immediately below the Moho, which 

is an effect of the model smoothing. 
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Figure 5. Three checkerboard tests performed with different sizes of synthetic anomalies. 

The solid black lines represents the Moho reflector. a) and b) show the input and output 

models for a test with anomalies cycling at 20 km times 4 km wavelength in horizontal and 

vertical dimensions, respectively. c) and d) present a test with anomalies cycling at 30 km in 

horizontal and 6 km in vertical domain. e) and f) present a test with anomalies cycling at 40 

km horizontally and 8 km vertically 

 

4.3 Refraction Seismic Results 

The offset range at which high amplitude Moho reflections (PmP phases) appear in shot 

gathers (Figures 2 and 3) already provides a rough estimate of the crustal thickness. The 

observation of high-amplitude reflections from the Moho interface indicates that a strong 

impedance contrast is present at the crust-mantle boundary along most of the profile. On the 

back-arc, PmP phases occur at offsets between 25-50 km (Figure 2) and on the volcanic arc 

PmP phases appear at offsets between 30-60 km (Figure 3), indicating a thickened arc crust. 

The ensemble average P-wave tomography model, together with the thickness of crustal 

units, ray coverage, velocity uncertainties and the results of the checkerboard resolution tests 

are presented in Figures 4 and 5. The ray coverage is densest in the upper crust and the upper 

part of the lower crust, yielding the smallest velocity uncertainties (< 0.1 km s-1) and stable 

results of the checkerboard tests at these depths. In the volcanic arc, the upper crust is 

covered by ample ray crossings but the lower crust is less well sampled, resulting in higher 

uncertainties and a slightly poorer performance of the checkerboard test. The number of rays 

penetrating the uppermost mantle is considerably lower than in the crust, causing an increase 

in velocity uncertainties with around values of 0.2 km s-1. 

We define the upper crust (seismic layer 2) as the region between the 2.5 s-1 isovelocity 

contour (that correlates with the top of the igneous basement) and the depth of the 6.5 km s-1 

isovelocity contour (red line in Figure 4a). The 6.5 km s-1 contour corresponds to the lower 

depth limit of the steep upper-crustal velocity gradient, and  is commonly considered as the 

boundary between oceanic layers 2 and 3 (Christeson et al., 2019). We define the lower crust 

as the area between the 6.5 km s-1 isovelocity contour and the Moho reflector. It should be 

noted that this definition of upper and lower crust does not necessarily represent a distinct 

petrological boundary and is mainly introduced to illustrate structural changes along the 

profile and provide a framework for the later density modelling. 

The upper crust (layer 2) is thinnest (2.2 km) near the western end of profile BGR18-2R3 and 

has an average thickness of 3.0 km across the back-arc region (Figure 4b). Eastwards of the 
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FRSC the upper crust constantly increases in thickness, reaching a maximum of 5.9 km near 

the eastern end of profile BGR18-2R3. In contrast, the lower crust is unusually thick (~7.5 

km) near the western end of profile BGR18-2R3 with an average thickness of 5.0 km 

between 70-150 km distance along the profile (Figure 4b).  

 

4.4 Forward Modelling of Gravity/Density 

We established an initial density model for the crust and upper mantle along profile BGR18-

2R3 by taking the geometry of the upper and lower crustal units from the ensemble average 

velocity model (Figure 4a). The initial density model is composed of five layers and each 

layer was assigned a constant density (Figure 6c). The uppermost layer includes the water 

column with a density of 1.03 Mg m-³. The second layer comprises sedimentary units along 

the profile with the lower boundary provided by the 2.5 km s-1 contour of the tomography 

model. Since detailed knowledge about the density of sediments in the survey area is absent 

we adopt the Vp-density relations of Brocher (2005) for sedimentary rocks that suggest a 

density of 2.05 Mg m-³ for the average Vp of 1.9 km s-1 observed in the sedimentary units. 

The third layer represents the upper crust and its boundaries are given by the 2.5 km s-1 and 

6.5 km s-1 velocity contours. Presuming a dominance of basaltic rocks in this layer we 

incorporate a density of 2.70 Mg m-³ in agreement with the Nafe-Drake curve published in 

Brocher (2005), originating from (Ludwig et al., 1970). This value of 2.70 Mg m-³ is in 

agreement with the published values of Carlson and Raskin (1984). The fourth layer, 

representing the lower crust, is located between the 6.5 km s-1 contour and the Moho 

reflector. Carlson (2004) shows that densities of gabbroic rocks in the lower oceanic crust 

range between 2.82-3.00 Mg m-³, which motivated our choice of a 2.90 Mg m-³ density. The 

fifth and lowermost layer represents the upper mantle. The upper boundary of this layer is 

given by the Moho reflector and the lower boundary is given by the model boundary at 40 km 

depth below sea surface. Typical upper mantle densities range between 3.25-3.35 Mg m-³ 

(Kern, 1993) motivating our choice of a constant density of 3.30 Mg m-³ in this layer. The 2D 

density model is realized on a regular grid with a grid point spacing of 0.25 km in the 

horizontal and 0.1 km in the vertical domain. We calculated the theoretical gravity anomalies 

along the profile with the routine described in Korenaga et al. (2001). 

The computed gravity signature of the initial density model (of constant layer densities) had 

an average RMS misfit of 22.7 mGal compared to the vessel based free air anomaly (FAA) 

data (Figure 6b). The misfit is small (< 3.0 mGal) in the western half of the profile but from 

140 km onwards to the eastern end the misfit constantly increases (Figure 6b). This large 
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misfit is caused by a long-wavelength positive anomaly of ~80 mGal amplitude, which is 

centered above the broad fore-arc region and was only partly covered by our profile (Figure 

6b). Given its wavelength of more than 100 km we anticipate that this anomaly is related to 

structures at upper mantle depths. Similar positive gravity anomalies are commonly observed 

above volcanic island-arcs behind active subduction zones (Bassett and Watts, 2015). These 

anomalies reflect a non-isostatic contribution in the gravity signal, caused by dynamic 

processes associated with the sinking slab or flow in the upper mantle (Bassett and Watts, 

2015). This study focuses on the crustal structure and properties. Adding capability of solving 

non-isostatic processes in the mantle domains to our forward gravity model is therefore 

beyond the scope of this paper. To still investigate short-wavelength (< 50 km) gravity 

anomalies related to lateral density variations in the crust, we approximated this long-

wavelength anomaly with a linear trend between 135-290 km distance along our profile 

(dashed line in Figure 6b) and then subtract this linear trend from the observed FAA resulting 

in a de-trended curve (Figure 6d). After removing this linear trend all remaining anomalies 

could be fitted by including a number of lateral density changes in the upper and lower crust 

of the final density model (Figure 6f). The misfit of observed and predicted gravity anomalies 

in the final density model (Figure 6e,f) was reduced to an RMS value of 1.6 mGal. The most 

prominent lateral changes to the density structure were applied to the crust underlying the 

FRSC, predicting a ~ 0.1 Mg m-3 density reduction in the upper and lower crust here (Figure 

6e). Further lateral density variations in the model were included in the upper crust near the 

models’ western end and in the volcanic arc crust, indicating a ~0.1 Mg m-3 density reduction 

in the regions between 215-230 km and 255-265 km distance along the profile (Figure 6f). 

Increased densities were included in the volcanic arc region between 195-205 km and 235-

245 km distance along our profile (Figure 6f). Including regions of increased density in the 

volcanic arc reflects the heterogeneous structure of the crust, where sediment basins alternate 

with intrusive bodies (section 5.1). We note that in particular towards the eastern end of the 

profile the non-isostatic contribution to the gravity field by subduction related processes and 

our (likely over simplified) correction for this effect may cancel out any large-scale 

anomalies in the arc crust and our density/gravity modelling results for this region should be 

interpreted with care.  
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Figure 6. a) Vessel based gravity free air anomaly (FAA; black line), satellite-based FAA 

from Sandwell et al. (2014) (gray line) and modeled gravity anomalies from the initial 

density model (blue line) along profile BGR18-2R3. Vertical dashed lines in panels a and d 

indicate the extent of the FRSC rift valley. b) Misfit of observed (vessel based) FAA and the 

gravity anomalies predicted by the initial density model (blue line). The dashed line indicates 

the linear trend which has been removed from the observed gravity. RMS misfit is 22 mGal. 

c) Initial density model, which was constructed from velocity contours (black lines) of the 

final Vp tomography model. d) Vessel based FAA anomalies after removing the linear trend 

plotted in panel b and predicted density anomalies from the final density model, panel f. e) 

Misfit of observed gravity anomalies predicted anomalies of the final density model, panel f. 
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RMS misfit is 2 mGal. f) Final density model incorporating lateral density variations in the 

upper and lower crust  to fit the predicted gravity signals with the observed gravity signals, 

panel c. Contours represent density at 0.1 Mg m-3 spacing. 

 

5. Results and Discussion 

5.1 Crustal structure and accretionary processes at the FRSC  

Profile BGR18-2R3 traverses the FRSC between two morphologically elevated volcanic 

centers in a location where the seafloor is locally deepened (~3000 m water depth; Figure 7a). 

The profile also crosses the volcanic arc between two volcanic centers, Volcano J South and 

Volcano I (Figure 7a; Keller et al., 2008). Along our profile, the crustal thickness shows 

strong variations, as it is only 7.0 ± 0.8 km thick at the FRSC and is 12.5 ± 0.6 km thick 

under the volcanic arc (Figure 4b). To identify lateral variations of P-wave velocity (∆Vp) in 

the basement we first establish an average Vp-depth profile for the igneous basement in the 

region between 137-256 km along our profile (solid black line in Figure 7f). This average 1D 

Vp-depth profile is then subtracted from the basement part of the final velocity model and the 

resulting velocity deviations are plotted in Figure 7c.  

Beneath the rift shoulders velocities are 0.2-0.6 km s-1 slower than inside the FRSC (Figure 

7c), suggesting compositional differences between the FRSC crust and the rift shoulders. 

Generally, basaltic rocks have P-wave velocities in the order of 5.9 km s-1 and densities 

around 2.78 Mg m-3 at 200 MPa pressure (Christensen, 1996). Andesitic rocks have slightly 

lower P-wave velocities ranging from 5.5-5.9 km s-1 at 200 MPa pressure and densities 

around 2.63 Mg m-3 (Christensen, 1996). Considering these laboratory values of Vp, the 

upper crust inside the FRSC is likely composed of basaltic rocks and the rift shoulders are 

composed of more silicate-rich rocks like andesite. This is in line with recovered rock 

samples from the FRSC (dredge locations are plotted in Figure 1 and Figure 7a) which are 

predominantly of basaltic lithology (Keller et al., 2008). The Vp-depth distribution inside the 

FRSC (orange line in Figure 7f) indicates that P-wave velocities in the upper crust are higher 

compared to the neighboring rift shoulders and the volcanic arc, but still remain ~ 0.5 km s-1 

slower than in typical oceanic crust as illustrated by the gray shaded compilation of 

Grevemeyer et al. (2018) in Figure 7f. 

Our final density model (Figure 6f, 7d) suggests reduced densities inside the FRSC and ~0.1 

Mg m-3 higher densities in the crust constructing the rift shoulders. However, this is at first 

glance in conflict with the above-mentioned compositional variations as basalts have a 

slightly higher density than andesites but can be explained by a thermal anomaly in the crust 
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below the FRSC axial valley. Korenaga et al. (2001) estimated the temperature derivatives for 

density and Vp in oceanic rocks to be in the order of -3.0*10-5 Mg m-3 K-1 and -4.0*10-4 km s-

1 K-1. A reasonable temperature increase of ~400° K in the upper crust, as modelled for axial 

valley domains at active oceanic spreading centers (Sleep and Warren, 2014), would result in 

a density reduction of 0.012 Mg m-3 and a velocity reduction of 0.16 km s-1. It should be 

noted that the influx of slab-derived melts at the southern FRSC (section 1) may lead to local 

temperature anomalies in the crust that are potentially even higher than the assumed 400 K. 

This agrees with our observations of Vp and density, suggesting that increased temperatures 

inside the FRSC may not explain the ~0.5 km s-1  reduction in Vp compared to typical 

oceanic crust (Figure 7f; Grevemeyer et al., 2018). Instead, the Vp-depth distribution is more 

similar to that of Domain III crust near the ELSC (cf. red, dashed line in Figure 7f; Dunn and 

Martinez, 2011) around 20°S in the Lau Basin. It appears more reasonable that the 

composition of the upper crust inside the FRSC is  intermediate between the endmembers of 

typical oceanic crust and andesitic back-arc crust. Thus, the upper crust is likely a mix of 

basalts, as dredged in the center of the FRSC by Keller et al. (2008), and volcanic arc rocks 

such as andesite.  

The MCS data from the FRSC median valley show several sediment-filled ponds, bounded 

by normal faults and a number of features, which we interpret as extrusive mounds (Figure 

8). The strata in two of the sediment-filled ponds are tilted (between 166-169 km and 

between 170-172 km along the profile; Figure 8), which is an indication of recent tectonic 

activity. A zone of high reflectivity is present near the center of the FRSC axial valley, 

between 173-175 km distance along our profile (Figure 8) that is likely associated with some 

features that we interpret as relatively recent lava flows on the seafloor. 

The magnetic data along the profile BGR18-2R3 reveal a single positive anomaly, centered 

over the FRSC axial valley (Figure 7e). It is important to notice that no further geomagnetic 

reversals are recorded inside the FRSC. Following the plate kinematic model of Sleeper and 

Martinez (2016) the current opening rate of the FRSC ranges around 10 mm yr-1 at 17°20’ S, 

where our profile crosses. This opening rate together with the ~30 km spanning width of the 

FRSC suggests that extension started roughly 1.5 Ma ago. The last geomagnetic reversal, 

marking the transition from the Matuyama to the Bruhnes chron dates to 0.78 Ma (Bassinot et 

al., 1994) but is apparently not recorded in the FRSC crust. The absence of this reversal in the 

FRSC crust implies that the FRSC may have opened at much faster rates than predicted by 

the kinematic model of Sleeper and Martinez (2016). Another explanation is that crustal 
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accretion inside the FRSC has until recently not enabled the recording of the magnetic field 

and was is different from  magmatic crustal accretion at mid-oceanic spreading centers. 

 

Figure 7. a) Bathymetry of the FRSC and Tonga Arc region with profile BGR18-2R3 (gray 

line, white circles representing OBS locations). Red trapezoids show locations of arc 

volcanos and arrows indicate volcanic centers of the FRSC, potentially fed by a common 

magma reservoir (Sleeper et al., 2016). Solid blue line is the location of the arc volcanic 

front. Red dots show dredge locations yielding basalts and basaltic andesites (Keller et al., 

2008). In terms of geochemistry the dredged lavas are indistinguishable from the lavas of the 

proximal volcanic arc (Keller et al., 2008). b) Ensemble average P-wave tomography model 

for the profile section traversing the above map with dashed lines indicating locations of 1D 

profiles shown in panel f. c) Velocity deviation in the igneous basement from an average 1D 

Vp-depth profile (solid black line in panel f) in the region between 137-256 km distance. 

Contours are spaced at 0.2 km s-1. Absolute values of calculated Vp deviations deeper than 10 
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km below the sea surface are not plotted, since the variation in crustal thickness along the 

profile impose a bias at these depths. d) Final density model for the same region as panels b 

and c. e) Magnetic anomalies along the same section of profile BGR18-2R3 based on towed 

magnetometer data from the SO267 expedition (Hannington et al., 2019). The dashed vertical 

lines indicate the width of the FRSC inner rift valley. f) 1D velocity profiles for different 

locations along the profile, indicated by dashed lines in panel b. Other 1D velocity profiles 

are taken from the publications listed at the lower left of the plot. Note, all 1D velocity 

profiles are taken from below the basement surface. 
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Figure 8. a) Migrated MCS data section covering the FRSC axial valley. b) Interpreted 

section with normal faults indicated by solid red lines. Black arrows indicate locations of 

sediment ponds. Blue arrows indicate locations of magmatic extrusions, interpreted from the 

hydroacoustic facies. c) Bathymetry of the region covered by the two panels above. Solid 

white line represents the profile location. The location of the displayed profile section is also 

indicated on Figure 7b. 

 

We now elaborate on possible scenarios of past crustal accretion at the southern portion of the 

FRSC. Sleeper et al. (2016) proposed that magmatism and along-axis segmentation at the 

southern FRSC may work similar to ultraslow spreading mid-ocean ridges (c.f., Cannat et al., 

2008). Ultraslow spreading ridges have opening rates < ~20 mm yr-1, which is the most 

obvious similarity to the southern FRSC. Another similarity of both systems is the along axis 

magmatic segmentation, illustrated by the occurrence of elevated volcanic centers and 

intermediate regions where the valley floor is deepened (Figure 7a).  However, the locations 

of volcanic centers at the southern FRSC correlate with the locations of arc volcanoes (Figure 

7a). According to Keller et al. (2008) the arc volcanoes K, J North, J South and I (Figure 1, 

7a) are currently inactive since their tops are covered by carbonates and there is no 

morphologic evidence for recent volcanic activity. Keller et al. (2008) further suspect that the 

proximal volcanic centers at the FRSC may at present be capturing the arc melts from these 

volcanoes. In reference to these findings we propose that the magmatic segmentation at the 

southern FRSC is mostly influenced by the melt supply from the near Tofua Volcanic Arc, as 

was previously discussed by Sleeper et al. (2016). 

At tectonically dominated segments of ultraslow spreading ridges, which would be an 

analogue to the FRSC region crossed by profile BGR18-2R3, the igneous crust is usually 

thinner than 6.5 km (Jokat and Schmidt-Aursch, 2007) and a clear Moho reflector is absent 

(Harding et al., 2017). However, we observe a strong Moho reflector inside the southern 

FRSC and the crust is not significantly thinner than typical oceanic crust of 6.5-7.5 km 

thickness (Christeson et al., 2019; Grevemeyer et al., 2018; White et al., 1992). P-wave 

velocities in the FRSC lower crust range between 7.2 to 7.4 km s-1 (Figure 7f), which is 

slightly elevated in comparison to typical oceanic crust (Christeson et al., 2019; Grevemeyer 

et al., 2018; White et al., 1992) but similar to lower crustal velocities identified in Domain II 

crust at the ELSC (Arai and Dunn, 2014). Mantle melting models suggest that high-velocity 

lower crust in Domain II near the ELSC is associated with elevated water content in the 

melting region, which leads to crystallization of unusual mafic cumulates in the lower crust 
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(Eason and Dunn, 2015). Basalts from the FRSC carry an arc-like geochemical signature 

(Keller et al., 2008) and the volcanic front is at a relatively close distance to the center of the 

FRSC (~61 km). We propose that slab-derived water in the parental mantle melts may have 

caused the crystallization of high-velocity, mafic cumulates in the lower crust of the FRSC, 

similar to the processes postulated for the creation of Domain II lower crust at the ELSC 

(Eason and Dunn, 2015). 

Based on our findings of the crustal structure at the southern end of the FRSC and the above 

considerations we infer that past crustal accretion processes in this region had less in common 

with (ultraslow) mid-ocean spreading centers than previously suggested by Sleeper et al. 

(2016). Instead, crustal accretion at the southern end of the FRSC was likely governed by a 

combination of extension of volcanic arc crust, mafic intrusive magmatism in the lower crust 

and unfocused extrusive activity. 

We propose the following scenario for the evolution of the southern FRSC. In the wake of the 

initial rifting of arc crust the east-west extension was accommodated by a combination of 

crustal thinning and magmatic accretion, the contributions of which vary between individual 

segments along the southern FRSC. The ~9.5 km thick crust and the andesitic composition of 

the high-standing rift shoulders indicates that they are part of the volcanic arc crust and were 

formed by slab-derived melts. In response to the initial rifting of the volcanic arc ~1.5 Ma 

ago, slab-derived melts were likely partitioned into one fraction feeding the Tofua Volcanic 

arc and another fraction migrating laterally towards the newly opened FRSC (Keller et al., 

2008). The transition towards an increasingly basaltic composition of the upper crust inside 

the FRSC (Keller et al., 2008) could reflect an increase in the lithospheric extension, which in 

turn initiates decompression melting and mantle upwelling beneath the FRSC (Sleeper et al., 

2016).  
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5.2 Crustal structure of the back-arc region (southern Niuafo’ou Microplate) 

To visualize lateral changes in the Vp-depth distribution of the back-arc crust we establish an 

average Vp-depth profile for the igneous basement (Vp>2.5 km s-1) in the region between 5-

160 km distance along our profile, which is plotted as black solid line in Figure 9e. We then 

subtracted this average Vp-depth profile from the final tomography model and the resulting 

plot of Vp-deviations illuminate lateral variations in the Vp-depth structure of the back-arc 

crust (Figure 9c). The strongest deviations in the Vp-depth structure are present in the upper 

crust. These deviations do partly correlate with the seafloor topography and fabric along the 

profile. We identify four different tectonic zones in the back-arc along our profile, indicated 

by gray bars on top of Figure 9b and 9c.  

We now describe and discuss these zones starting with the easternmost one. This region 

immediately west of the FRSC, between 140-155 km distance along our profile, shows 

reduced Vp-values throughout the crust and comprises the western rift shoulder of the FRSC. 

As discussed in section 5.1, we anticipate that the crust is mainly composed of andesitic 

lithologies and consider this block is a fragment of arc crust, rifted away from the Tofua 

Volcanic Arc by the FRSC (Figure 9c). 

 

The zone between 118-140 km distance along our profile is characterized by a 7.9 ± 0.4 km 

thick crust with increased P-wave velocities in the upper crust that are similar to the Vp-depth 

distribution of typical oceanic crust (solid blue line in Figure 9e). The basement surface in 

this zone is mostly smooth and overlain by well-stratified sediments, which create a very 

even seafloor that includes numerous small mounds (Figure 9aa, 10). Such a mound is 

present near 120 km along our profile and its internal structure, imaged by MCS and sub-

bottom profiler data, shows two bright spots with polarity identical to the seafloor reflector 

(Figure 10). We interpret these bright-spots as magmatic intrusions of horizontally extended 

geometry, which are commonly referred to as magmatic sills. Sediment strata above the 

magmatic sill are disturbed and bend slightly upwards where they are in contact with what we 

interpret as an intrusive body (Figure 10). We suggest that the intrusion has likely penetrated 

into sediments and is of younger relative-age than the surrounding sedimentary deposits. The 

seafloor morphology off-profile BGR18-2R3 shows several small mounds and ridges in the 

surrounding sediment-filled basin (highlighted in Figure 9aa) suggesting that post-

sedimentary intrusions are typical in this area (Figure 9aa). In the sediment-filled basin 

shown in Figure 10, the MCS section and sub-bottom profiler data show several buried 

normal faults indicating that crustal extension was still ongoing while sediments were 
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deposited. The fault near 124 km along our profile extends down into the basement and 

supports the above statement. The fact that normal faults do not reach the seafloor indicates 

that the most-recent phase was characterized by tectonic quiescence. The area of smooth 

seafloor, revealed by bathymetry data, suggests that crust of similar fabric and origin covers a 

significant portion of the southeastern part of the Niuafo’ou Microplate. We highlight this 

zone to approximately 10 km north and south of our profile by a hatched polygon on Figure 

9a. We postulate that seafloor spreading processes created the crust in this zone, which is 

supported by the Vp-depth profile and the smooth basement surface. However, the location of 

the spreading center creating this zone remains unclear and the inferred magmatic intrusion 

(Figure 10) as well as the buried faults indicate that magmatism and tectonism have remained 

active in this zone after crustal accretion had finalized. 

 

The zone between 25-118 km along our profile is characterized by a heterogeneous upper 

crust in which two areas, between 32-70 and 100-115 km along our profile, indicated by 

stippled lines and polygons Figure 9a and 9c, stick out and show reduced P-wave velocities 

throughout the upper crust. The Vp-depth distribution in these two crustal blocks is more 

similar with Domain II crust near the ELSC (compare solid orange line and stippled black 

line in Figure 9e; Dunn and Martinez, 2011) that with typical oceanic crust. The accretion of 

Domain II crust near the ELSC is strongly influenced by slab-derived water leaking into the 

melting zone of the back-arc spreading center (Eason and Dunn, 2015). This elevated water 

content enhances mantle melting, which leads to a thickened crust and a thick  layer of 

basaltic (or even andesitic) rocks with increased porosity in the upper crust (Eason and Dunn, 

2015; Hirth and Kohlstedt, 1996). Dunn and Martinez (2011) and Eason and Dunn (2015) 

introduced the term volcanic layer when referring to this specific layer of the upper crust 

identified near the ELSC. Considering the similarity to Domain II crust we propose that these 

two crustal blocks between 32-70 and 100-115 km distance along our profile might have been 

produced at a spreading center, likely in proximity to the active arc volcanic front, which was 

influenced by slab-derived water. Alternatively, these two crustal blocks could also represent 

fragments of arc crust, which have been rifted away from the active arc just like the crustal 

fragment between 140-155 km along our profile that constitutes the western rift shoulder of 

the FRSC (Figure 9). Both scenarios have in common that the two crustal blocks have been 

created at or near the active volcanic arc. 
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The zone between 0-23 km along our profile shows elevated P-wave velocities in the upper 

crust, that are similar to typical oceanic crust (labelled as oceanic crust like (OCL) in Figure 

9e; Grevemeyer et al., 2018). Approximately 50 km west of profile BGR18-2R3 is the 

oblique opening LETZ (Figure 1). We suggest that the zone between 0-23 km along our 

profile has been created through seafloor spreading processes at the LETZ or another 

preceding spreading center west of our survey area. 

 

Figure 9. a) Bathymetry of the back-arc region covered by profile BGR18-2R3 (gray line, 

white circles show OBS locations). Hatched areas indicate regions where the upper crust has 

a Vp-depth distribution similar to typical oceanic crust. Stippled polygon and lines 

correspond to polygons in panel c and indicate areas of decreased Vp in the upper crust. It 

should be noted, that findings from the profile are extrapolated off-profile in the hatched and 

stippled areas. aa) Zoom-in to the back-arc area covered by sediments. Black arrows indicate 

locations of small mounds and ridges peeking through the sediment cover which are 

interpreted to be of volcanic origin. b) P-wave velocity model for the back-arc region with 

identified sub-domains indicated by gray bars on top. OCL = oceanic crust like. Vertical 
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dashed lines represent locations of 1D Vp profiles plotted in panel e. c) Velocity deviation in 

the igneous basement in reference to an average 1D Vp-depth profile (solid black line in 

panel e). Contours are spaced at 0.2 km s-1. Absolute values of calculated Vp deviations 

deeper than 10 km below sea surface are not plotted, since the variation in crustal thickness 

along the profile impose a bias at these depths. d) Magnetic anomalies along profile BGR18-

2R3 based on towed magnetometer data from the SO267 expedition. e) 1D Vp-depth profiles 

for different locations on the back-arc, indicated by dashed lines in panel b. Other 1D velocity 

profiles are taken from the publications stated at the lower left of the plot. Note that all 1D 

velocity profiles are taken from below basement surface. 
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Figure 10. a) Close-up view of the time-migrated MCS profile section crossing a sediment-

filled basin on the back-arc with a feature that we interpret as a magmatic intrusion. The 

location along profile BGR18-2R3 is indicated in Figure 9b. b) Record section of the 

Parasound parametric sediment-echosounder, covering a part of the MCS section above. Note 

the upwards bending of the sediment layers where they are in contact with the intrusive body, 

indicated by the arrows. c) Bathymetry of the region covered by panel a. Solid white line 

represents the profile location.  

 

5.3 Magmatic underplating in the back-arc region 

Our P-wave tomography model indicates that high-velocity (Vp 7.2-7.5 km s-1) lower crustal 

units are present in some places of the back-arc region (Figure 9e). Such lower crustal high-

velocity layers are typically observed at volcanic continental margins, for example in the 

North Atlantic where the high-velocity lower crust may be up to 25 km thick (Breivik et al., 

2014; Kelemen and Holbrook, 1995; Mjelde et al., 2002). High-velocity lower crustal units 

have also been identified in other back-arc regions including the Izu-Bonin back-arc (Figure 

11; Takahashi et al., 2008), the Yamato Basin in the Japan Sea (Figure 11e; T Sato et al., 

2014) and some locations of the Lau Basin crust at 20°30’S (Figure 11d; Arai and Dunn, 

2014). The anomalously high P-wave velocities in the lower crust are indicative of magmatic 

underplating, a process during which melts are trapped at the base of the lower crust where 

they crystallize as mafic cumulates. Anomalies of increased mantle potential temperatures 

and/or increased crystalline water in the upper mantle promote the creation of partial melts at 

mantle depths, which may then ascend into the lower crust and lead to magmatic underplating 

(Eason and Dunn, 2015; T Sato et al., 2014; Takahashi et al., 2008). Passive seismological 

studies revealed decreased P and S-wave velocities (Wei et al., 2015; Wiens et al., 2008) and 

elevated attenuation (Bowman, 1988; Roth et al., 1999; Wei and Wiens, 2018) in the upper 

mantle below the northeastern Lau Basin. These anomalies are reported in reference to 

typical oceanic upper mantle (Wei et al., 2015). In particular decreased S-wave velocities and 

elevated seismic attenuation in the upper mantle are both interpreted as indicators for 

elevated potential temperatures (H Sato et al., 2012). Thus, increased concentrations of partial 

melt in the upper mantle beneath the northeastern Lau Basin (Wei et al., 2015)  support the 

magmatic underplating we observe along our profile (Figure 9e). 
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Figure 11. Comparison of 1D velocity profiles from the back-arc and FRSC with profiles 

from other back-arc regions. Profiles a – c from this study and represent averages over a 

range of 7 km along the profile at indicated locations. d) Represents average back-arc crust 

near the Eastern Lau Spreading Centre between 20°-21° from Arai and Dunn (2014). e) 

Represents crust from the Yamato Basin where continental crust is rifted T Sato et al. (2014). 

f) Represents crust in the Sofu Trough behind the Izu-Bonin Arc, from Takahashi et al. 

(2011). g) Represents crust in the Mariana Trough behind the Mariana Arc, from Takahashi et 

al. (2008).  
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6. Conclusions 

This study presents seismic and gravimetric results of a 290 km long east-west oriented 

geophysical transect through the northeastern Lau Basin at 17°20’ S that crosses the southern 

portion of the Niuafo’ou Microplate, the southern end of the Fonualei Rift and Spreading 

Center and the Tofua Volcanic Arc. We focus on the crustal structure in this region about 

which very little was previously known. Our main results include:  

1. Lateral variations in the Vp-depth distribution across the FRSC and the adjacent rift 

shoulders suggest that the crust inside the rift is of intermediate composition between 

andesitic arc crust and typical basaltic oceanic crust. Reduced crustal densities inside 

the FRSC may best be explained by a thermal anomaly. We conclude that the crust 

inside the southern FRSC was created through a combination of extension of arc crust 

and intrusive magmatism, the contributions of which vary between different segments 

along the FRSC. Past crustal accretion inside the southern FRSC had therefore less in 

common with (ultraslow) mid-oceanic spreading centers than previously suggested. A 

continuous Moho reflector was observed beneath the FRSC, an observation that is not 

common for spreading centers and supports our interpretation. 

2. A detailed analysis of the Vp-depth distributions across the southern portion of the 

Niuafo’ou Microplate revealed a  heterogeneous back-arc crust composed of several 

distinct crustal blocks. The crust immediately west of the FRSC rift shoulders shows a  

smooth basement surface and has a Vp-depth distribution similar to typical oceanic 

crust leading us to the conclusion that this region has been created by typical seafloor 

spreading. Scattered magmatic intrusions and hidden normal faults in the sediments 

covering the basement in this zone indicate that tectonic extension and magmatism 

have been active here until recently. Further west is a zone that includes crustal blocks 

of a Vp-depth distribution similar to arc crust or crust created in proximity to the arc, 

where the spreading center was influenced by slab-derived water. We conclude that 

these portions of back-arc crust were either rifted away from the active arc or 

represent a ‘hydrous’ type of oceanic crust, which has previously been identified at 

the ELSC, near 20°S (Arai and Dunn, 2014). Towards the LETZ the Vp-depth 

distribution is again more similar to typical oceanic crust which leads us to conclude 

that back-arc crust in this region has been created through seafloor spreading at the 

LETZ or at a preceding spreading center in this region. 

3. We interpret the existence of high-velocity lower crustal units in some parts of the 

investigated portion of the southern Niuafo’ou Microplate as evidence for  magmatic 
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underplating in this region. The processes of magmatic underplating is promoted by a 

previously identified anomaly in mantle potential temperatures underneath this region. 
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