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SUMMARY 

The southern boundary of the Cayman Trough in the Caribbean is marked by the Swan Islands transform fault (SITF), 

which also represents the ocean-continent transition of the Honduras continental margin. This is one of the few places 

globally where a transform continental margin is currently active. The CAYSEIS experiment acquired an ~165 km-

long seismic refraction and gravity profile (P01) running across this transform margin, and along the ridge-axis of 

the Mid-Cayman Spreading Centre (MCSC) to the north. This profile reveals not only the crustal structure of an 

actively evolving transform continental margin, that juxtaposes Mesozoic-age continental crust to the south against 

zero-age ultraslow spread oceanic crust to the north, but also the nature of the crust and uppermost mantle beneath 

the ridge-transform intersection. The travel times of arrivals recorded by ocean-bottom seismographs (OBSs) 

deployed along-profile have been inverse and forward modelled, in combination with gravity modelling, to reveal an 

~25 km-thick continental crust that has been continuously thinned over a distance of ~65 km to ~10 km adjacent to 

the SITF, where it is juxtaposed against ~3-4 km-thick oceanic crust. This thinning is primarily accommodated within 

the lower crust. Since Moho reflections are only sparsely observed, and, even then, only by a few OBSs located on 

the continental margin, the 7.5 km s-1 velocity contour is used as a proxy to locate the crust-mantle boundary along-

profile. Along the MCSC, the crust-mantle boundary appears to be a transition zone, at least at the seismic 

wavelengths used for CAYSEIS data acquisition. Although the travel-time inversion only directly constrains the upper 

crust at the SITF, gravity modelling suggests that it is underlain by a higher density (>3000 kg m-3) region spanning 

the width (~15 km) of its bathymetric expression, that may reflect a broad region of metasomatism, mantle hydration 

or melt-depleted lithospheric mantle. At the MCSC ridge-axis to the north, the oceanic crust appears to be forming 

in zones, where each zone is defined by the volume of its magma supply. The ridge tip adjacent to the SITF is 

currently in a magma rich phase of accretion. However, there is no evidence for melt leakage into the transform zone. 

The width and crustal structure of the SITF suggests its motion is currently predominantly orthogonal to spreading. 

Comparison to CAYSEIS Profile P04, located to the west and running across-margin and through 10 Ma MCSC 

oceanic crust, suggests that, at about this time, motion along the SITF had a left-lateral transtensional component, 

that accounts for its apparently broad seabed appearance westwards.  

 

Key words: continental margins: transform, controlled source seismology, crustal structure, oceanic transform and 

fracture zone processes.  
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1. INTRODUCTION 

Large-scale transform faults and fracture zones are observed to segment passive rifted margins globally, but such 

transform ocean-continental margins are infrequently studied and are much less well understood than their rifted 

equivalents. Along many margins, the continental crust is juxtaposed against oceanic crust across a transform-fracture 

system which is generally traceable to a corresponding offset in the global mid-ocean ridge system. Characteristically, 

within the ocean-continent transition (OCT – Sage et al., 2000), the adjacent continental slope is steep and associated 

with an elevated marginal ridge basement surface (Francheteau and Le Pichon, 1972; Mascle, 1976). These 

pronounced bathymetric ridges are, variously, explained by the contrast in heat flow between adjacent old cold 

continental and young hot oceanic lithosphere (Todd et al., 1988; Lorenzo and Vera, 1992; Gadd and Scrutton, 1997), 

compressional tectonics (Blarez and Mascle, 1988), and rapid variation in subsidence and/or magmatic underplating 

(Basile et al., 1998).  

Ocean-continent transforms are thought to initiate by ridge jumps after rifting (e.g., Taylor et al., 2009), since 

they can accommodate very large offsets that ultimately lead to large-scale plate reorganizations (Dalziel and Dewey, 

2019). However, little is known about their active stages of development, how the oceanic and continental lithosphere 

are mechanically and thermally coupled, the nature of the magmatic processes occurring at the adjacent spreading 

centre tip, nor if magmatism occurs within the active transform. Conversely, transform faults are also thought to be 

sites of significant mantle hydration (White et al., 1984), where the resulting serpentinite may facilitate large-scale 

slip by fault weakening (Escartín et al., 1997).  

In relatively few locations globally, the deep structure of transform margins has been modelled with both 

gravity and wide-angle seismic refraction data (e.g., Edwards et al., 1997; Greenroyd et al., 2008; Peirce et al., 

2019b), with the majority of the studies focusing on relict inactive margins (Stage 3 – Mascle and Blarez, 1987; 

Mascle et al., 1997; Peirce et al., 1996; Greenroyd et al., 2007 – and summarised in Fig. 1 of Peirce et al., 2109b), 

where active lateral motion has ceased and a thick layer of sediments covers the igneous basement (e.g. Christeson, 

et al., 2010).  

Detrick et al. (1993) view large-offset transform faults as being heterogeneous in both thickness and internal 

structure, with the surrounding crust being quite thin (<1-2 km-thick), having a low P-wave velocity, and without a 

traditional oceanic layer 3 (gabbroic layer). The accepted interpretation of the limited existing observations (e.g., 

White et al., 1984; Müller et al., 2000; Kuna et al., 2019; Peirce et al., 2019a,b) is that transform crust comprises a 

thin, intensely fractured, and hydrothermally altered basaltic section overlying extensively serpentinized ultramafics. 

A reduced magma supply at the mid-ocean ridge-transform intersection (Tolstoy et al., 1993) would explain the 

existence of a thin crustal section. However, Grevemeyer et al. (2021) postulate that the shallowing bathymetry often 

observed in the transition between transform and fracture zone, results from crustal thickening caused by magma 

“leakage” from the adjacent spreading centre through faults and fractures. 

 In this paper, we present the results of a multi-disciplinary geophysical investigation of an ocean-continent 

transform margin that is currently actively evolving. Here, we focus on the ridge segment-transform-continental 

margin intersection. 
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2. STUDY LOCATION AND GEOLOGICAL SETTING 

The Swan Islands transform margin is actively evolving (Mercier de Lepinay et al., 2016). Located in the Caribbean 

Sea at the southern edge of the Cayman Trough (Fig. 1), it is marked by the Swan Islands Transform Fault (SITF) 

and is one of few identified to be in Stage 2 of an evolution from initiation to abandonment as a fracture zone. Gravity 

and magnetic data (ten Brink et al., 2002) suggest that 2-3 km-thick oceanic crust, formed at the adjacent ultraslow 

spreading Mid-Cayman Spreading Centre (MCSC – full rate of 15-17 mm y-1 – Holcombe and Sharman, 1973; Dick 

et al., 2003; DeMets et al., 2007), is juxtaposed against 20-30 km-thick continental crust, making this an ideal location 

to study how these margins evolve. The origin and evolution of the Swan Islands transform fault (SITF) boundary 

and the evolution of the Cayman Trough are described in Peirce et al. (2109b), with the accretion and evolution of 

the oceanic crust formed at the MCSC described in Harding et al. (2017), Van Avendonk et al. (2017) and 

Grevemeyer et al. (2018a) and references cited therein.  

The SITF is part of a large strike-slip system that includes the Motagua fault (Honduras) and the Enriquillo-

Plantain Garden fault zone (Fig. 1a). Little is known about its crustal structure apart from that revealed by a seismic 

reflection profile that runs across the northern Honduras margin (Sanchez et al., 2016) and by a wide-angle seismic 

profile that runs MCSC-parallel through 10 My-old Cayman Trough crust and extends onto the continental margin 

(Peirce et al., 2109b). The latter study showed that the SITF has higher velocities at shallower depths than observed 

in the oceanic crust to the north. It also showed that, sub-seabed, it is a fault zone no wider than ~5-10 km, that is 

mirrored by a narrow, ~7500 m-deep depression in the seabed. At greater depth it is underlain by a ~20 km-wide, 

higher density region (>3000 kg m-3) that may reflect a broad zone of mantle metasomatism, hydration or melt-

depletion. 

The MCSC, lying at the centre of the Cayman Trough, is the deepest known seafloor spreading centre, with 

an axial depth of >6000 m in places. The full spreading rate is ultraslow (<20 mm yr-1) and spreading has been on-

going for the past 45.6 My (Rosencrantz et al., 1988; Leroy et al., 2000). Oceanic core complexes (OCCs) exist along 

the axial flanks (Hayman et al., 2011), with the central one, Mt Dent, hosting the Von Damm hydrothermal vent field
 

in an exhumed mafic crustal root (Connelly et al., 2012; Harding et al., 2017; Van Avendonk et al., 2017; Grevemeyer 

et al., 2018a). Observation of OCCs (Haughton et al., 2019) suggests the crust formed by phases of tectonically-

dominated (magma poor) and magmatically-dominated (magma rich) seafloor spreading (e.g., Olive et al., 2010). 

Such crustal formation likely results in a highly laterally variable crustal structure and thickness (Searle, 2012), with 

the crust observed to be as thin as ~3 km in places (Ewing et al., 1960; White at al., 2001; ten Brink et al., 2002; Van 

Avendonk et al., 2017; Grevemeyer et al., 2018a). Consequently, along the Swan Islands system not only can a 

transform margin that is actively evolving be studied, but also one that is acting, in many respects, as a magma-

starved ocean-continent transition. In turn, such magma-starved margins are associated with significant stretching of 

the continental crust (e.g., Lavier and Manatschal, 2006).  

 

3. DATA ACQUISITION 

The CAYSEIS (Crustal accretion and transform margin evolution at ultraslow spreading rates) project acquired 

active-source seismic, gravity and swath bathymetry data along six profiles (called Profiles P01-P06) in the Cayman 

Trough (Fig. 2 – FS Meteor cruise M115 – Grevemeyer et al., 2016; Peirce, 2015), together with passive seismic 
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data surrounding the Mt Dent OCC (Grevemeyer et al., 2019). Here we describe the southern section of one of these 

profiles (Profile P01 – henceforth referred to as P01S) which is located at the MCSC spreading axis (zero-age crust), 

and traverses the SITF at the ridge/transform intersection, and extends across the Swan Islands transform ocean-

continental margin. The other profiles acquired along and across the MCSC are described by Harding et al. (2017 – 

Profile P02), Van Avendonk et al. (2017 – Profile P01, northern section), Grevemeyer et al. (2018a – Profiles P05 

and P06) and Peirce et al. (2019b – Profile P04). 

Along Profile P01S, wide-angle (WA) seismic data were acquired with 25 ocean-bottom seismographs (OBSs) 

and hydrophones (OBHs) spaced at ~5 km intervals along a total profile length of ~165 km (Fig. 2b). Each OBS had 

a three-component geophone and a hydrophone, while each OBH was fitted with a hydrophone only (see 

Acknowledgements for instrument sources). Henceforth, we refer to both instrument types as OBSs for simplicity. 

Data were recorded at 4 ms (250 Hz) sampling rate. Shots were fired using an array of 12 Sercel G airguns towed at 

7.5 m depth. The total array volume was 5440 in3 (~89 l), which was fired at 60 s intervals at an air pressure of 3000 

psi (~207 bar). This firing interval, at 4.5 kn surveying speed, resulted in a shot interval of ~150 m. Water waves and 

first-arriving refracted phases (crustal Pg and mantle Pn) are consistently observed (Fig. 3). However, Moho 

reflections (PmP) and second-arriving S-waves (Sg) are sparsely observed and are too few in number to analyse with 

any confidence in modelling outcome. 

 Gravity data were acquired port-to-port (see Fig. 1a for the cruise track) using a LaCoste-Romberg/Micro-G 

air-sea gravimeter mounted on a gyro-stabilized platform, tied to absolute base stations in Montego Bay (Jamaica) 

and Pointe-a-Pitre (Guadeloupe), the cruise port calls. Data were reduced to the free-air anomaly (FAA) for 

modelling. Bathymetry data were acquired along profiles using a Kongsberg Simrad EM122 multi-beam echo-

sounder, calibrated with a sound velocity profile conducted in the survey area to full ocean depth.  

 

4. WIDE-ANGLE DATA TRAVEL-TIME PICKING 

Seabed depth and degree of sediment cover control the signal-to-noise ratio (SNR) and events recorded in each OBS 

dataset. Prior to travel-time picking, phase types were identified as water wave direct arrivals (Ww), their sea-

surface/seabed multiples and crust and mantle refracted arrivals (Pg and Pn), by analysis of the OBS data displayed 

at a range of reduction velocities. Example record sections for OBSs 001, 113 and 125 are shown in Fig. 3, chosen 

to represent the three different geological settings (Fig. 2b): oceanic crust (OBS 113), continental margin crust (OBS 

125) and ridge-transform intersection crust (OBS 001).  

 

4.1. Oceanic crust: OBS 113 

OBS 113 (Fig. 3a,b) is located on 0 My-old oceanic crust ~25 km to the north of the SITF (Fig. 2b), and shows clear 

evidence of P-wave first arrivals for ~30 km distance either side of the OBS. PmP reflections are not unequivocally 

observed on any OBS located to the north of the SITF, which suggests that the Moho here may not be a distinct 

interface at the wavelength of the seismic signal generated by the G airgun array. Crustal Pg arrivals are observed at 

the nearest shot-receiver offsets as there is little-to-no sediment cover, while Pn arrivals are generally observed at 

offsets >15 km from the instrument. Undulation in first-arrival travel times is largely a function of variation in seabed 

topography along profile. 
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4.2. Continental margin crust: OBS 125 

OBS 125 (Fig. 3c,d) is located on the continental slope towards the southern end of the profile (Fig. 2b). The 

shallowing seabed depth to the south of this instrument results in the observed record section asymmetry. Crust and 

mantle refracted arrivals are clearly observed, together with a set of slower apparent velocity arrivals adjacent to the 

instrument location. These arrivals could suggest a relatively thin veneer of sediment cover and may explain the 

better SNR of instruments to the south of the SITF, due to the better seabed sensor coupling and less signal scattering 

as a result. Pn arrivals are observed at shot-receiver offsets of >40 km. The only PmP arrivals unequivocally observed 

anywhere along Profile P01S are observed by instruments located to the south of the SITF and, even then, they are 

of low amplitude and sparse. 

 

4.3. Ridge-transform intersection crust: OBS 001 

OBS 001 (Fig. 3e,f) is located at the intersection between the MCSC and the SITF, the deepest topographical point 

along the profile (Fig. 2b,c). Pg arrivals can be observed from the shortest offsets which suggests that a significant 

thickness of sediment originating, for example, from the adjacent continental margin, has not accumulated within the 

SITF. Pn arrivals are evident at offsets >35 km to the north of the instrument. 

 

First-arrival travel times were picked from the hydrophone records, as these displayed the highest SNR. A pick 

uncertainty of 75 ms was assigned for each sub-seabed travelling phase regardless of shot-receiver offset, calculated 

based on instrument and shot location errors. Approximately 11,000 first-arrival travel time picks were made from 

25 receiver gathers. 

 

5. WIDE-ANGLE DATA INVERSION MODELLING 

Prior to inversion, OBS locations on the seabed were determined by forward ray-trace modelling water wave arrivals 

(Ww) and their multiples using rayinvr (Zelt and Ellis 1988; Zelt and Smith 1992). The water column velocity 

structure used to calibrate the swath bathymetry acquisition system was used for this modelling. The model seabed 

interface was created by sampling the bathymetry at 0.25 km intervals along-profile (Fig. 2b), and projecting these 

and the OBS and shot locations into kilometre-space relative to 17° 03.445’N / 81° 44.480’W – the most southerly 

shot point – prior to padding the model at either end to minimise edge effects. The inversion forward model was 

discretized on a 0.25 by 0.25 km uniform square mesh (the forward cell size), which was kept constant throughout 

modelling. 

 

5.1.  Inversion process 

Pg and Pn arrival travel time picks were inverted for P-wave crustal velocity-depth structure using the FAST inversion 

method of Zelt and Barton (1998), as it is a modeller-independent process that can also be used to test the resolution 

of the resulting velocity-depth model (Zelt et al. 2003; Zelt and Barton, 2008). Initially, the starting model was 

constructed by applying beneath a seabed interface a 1D velocity model, comprising a velocity of 2.0 km s-1 at the 

seafloor and 8.5 km s-1 at a fixed depth of 15 km below sea level (b.s.l.) to represent a constant depth Moho starting 
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point (Fig. 4a), approximately mid-way between that of average oceanic and continental crusts. This starting model 

– the fixed bottom initial model – enabled the greatest modelling freedom within existing geological constraint but, 

more importantly, did not impose any structure or velocity-depth expectation for any crustal type along profile (e.g., 

the change of gradient that might be expected within the oceanic crust reflecting the transition from the basalts of 

layer 2 to the gabbros of layer 3).  

The inversion was run in three phases, each of four non-linear inversion iterations, with the inversion cell size 

reduced between phases from 2.0 x 2.0 km for phase 1, 1.0 x 1.0 km for phase 2 and 0.5 x 0.5 km for phase 3. The 

model resulting from each phase was used as the starting model for the next. As Fig. 5 shows, after phase 1 the 

velocity-depth model did not change significantly between successive phases, with a root-mean-square travel time 

(TRMS)
 
misfit of ~159 ms and a χ2

 

= ~4.5 after phase 1, improving to a TRMS
 
misfit of ~123 ms and χ2

 

= ~2.7 after 

phrase 2, and ~106 ms and χ2

 

= ~2.0 for the final model (henceforth the P-wave inversion model). The inversion 

parameters are summarized in Table 1 and Fig. 5 shows the results of the inversion. It is good practise to pad an 

inversion model beyond the extent of the ray coverage to avoid incorporation of edge effects. Consequently, the 

edges of the final model will remain quite similar to that of the initial model, since the structure and velocity-depth 

characteristics are not constrained by any travel time picks. Thus, areas of the models not constrained by ray coverage 

are masked out in the figures for clarity. 

Velocity anomalies are observed within the oceanic crustal part (~100-140 km along-profile distance) of the 

final model which could be modelling artefacts either stemming from individual OBS positions (sets of travel times), 

their pattern of ray coverage or the characteristics of the initial starting model. The crustal thickness and velocity-

depth profile beneath the margin also appears to be controlled by a partitioning between two sets of arrivals from two 

adjacent model domains. To test the dependence of the final model on the starting point, two other styles of starting 

model were tested:  

i)  a pseudo-1D constant thickness crust that follows the seabed – the seabed following initial model (Fig. 4b); 

and  

ii) a 2D model in which crustal thickness increases from north to south along profile, to accommodate the 

likely crustal thickness difference between continental and oceanic domains – the sloping bottom initial 

model (Fig. 4c). 

The results of inversion based on these starting models can be found in Figs Supplement 1 and 2, with the 

seabed following initial model resulting in a TRMS
 
misfit of ~109 ms and χ2

 

= ~2.1, and the sloping bottom initial 

model resulting in a TRMS
 
misfit of ~107 ms and χ2

 

= ~2.0; essentially equivalent statistically and with features 

consistent with the P-wave inversion model, including the apparent significant crustal thinning that occurs adjacent 

to the ridge-transform intersection (c. 100 km along-profile distance). In all models, this location corresponds with a 

low ray coverage density (cf. Figs 5d, Supplement 1d and Supplement 2d) which is largely due to the limited extent 

(<~20 km to north and south of OBS only) of arrivals recorded by OBS 115 and 116 deployed at the southernmost 

end of the MCSC. 

 

5.2. Model resolution testing 

Checkerboard tests were performed to appraise the resolution of the P-wave inversion model (Fig. 6) and determine 



Transform ocean-continent margins – the active ridge-transform intersection 
 

8 

the smallest structures resolvable by the acquisition geometry and model parameterization (Zelt, 1998). We adopted 

this approach to be consistent with that adopted for Profile P04 (Peirce et al., 2019b), so that the modelling outcomes 

are directly comparable. As such, a regular checkerboard of alternating polarity 5% velocity perturbations was 

convolved with the P-wave inversion model, which was then ray-traced to create synthetic travel times for each OBS 

location. Gaussian noise was then added based on the pick uncertainty. These synthetic travel times were inverted 

using the same parameters used to derive the P-wave inversion model, with the process repeated for a broad range of 

checkerboard cell sizes and patterns. These patterns included vertical and lateral shifts of patterns aligned vertically 

(columns) and horizontally (rows), inverting the polarity of the checkerboard velocity (positive and negative), half 

shifts in cells (across rows and down columns) and all possible combinations thereof – 14 unique patterns in total. 

To assess the checkerboard tests quantitatively, the correlation between the applied and recovered checkerboards was 

calculated for each of the tested patterns. Zelt (1998) refers to this correlation as semblance, and defines a threshold 

value of 0.7 as showing where a model is well-resolved. The semblance calculations show that the lower continental 

slope and southern end of the MSCS are well-resolved to the scale of anomaly variation necessary to determine 

crustal structure and any lateral variation within it (5 km laterally by 2 km vertically), the ridge-transform intersection 

crust less so. 

In general terms, for an applied ±5% velocity anomaly, structures in the crust at the southern MCSC ridge tip 

are consistently constrained with confidence to 5 km-wide by 2 km-deep to a depth of ~5 km b.s.b. (Fig. 6f), and for 

the upper-to-mid continental margin crust to a depth of ~10 km b.s.b. (Fig. 6f), and 10 km-wide by 4 km-deep for 

the upper crust beneath the ridge-transform intersection to a depth of ~4 km b.s.b. (Fig. 6i). 

 

5.3. Consistency with other CAYSEIS models 

Fig. 7 shows a comparison between the P-wave inversion model (P01S) and the other profiles acquired as part of the 

CAYSEIS project and analysed to date, highlighting in particular the points of intersection. It should be noted that the 

CAYSEIS profiles were independently modelled, using different approaches to inversion and to starting model 

creation. Inevitably, this may lead to apparent differences between final models at the intersection points, especially 

so in parts of the models where there is sparse or no ray coverage constraint, such as within the lower crust and 

uppermost mantle.  

The northern section of P01 (P01N on Fig. 7c) was analysed by Van Avendonk et al. (2017), focussing on the 

accretionary processes occurring at the MCSC. The northern and southern sections overlap by ~40 km to provide ray 

coverage to the base of crust/uppermost mantle in both for modelling purposes. These independently derived models 

are remarkably consistent given the contrasting inversion approaches adopted. Modelling suggests that the MCSC 

crust is consistently 3-4 km-thick along axis, even at the ridge tip adjacent to the SITF. Profile P01 traverses three 

other across-axis profiles (Figs 2 & 7a). Profiles P05 (east of MCSC axis) and P06 (west) together form a transect 

crossing the MCSC running along a flow-line approximately mid-segment (Fig. 7d – Grevemeyer et al., 2018). 

Profile P02 (Fig. 7e – Harding et al., 2017) runs across-axis in the vicinity of the Mt. Dent OCC. Again, these models 

are remarkably consistent where they intersect with the P-wave inversion model, with the former showing how 

laterally variable the crust is within the Cayman Trough, and together they provide a 3D perspective on spreading 

evolution at the MCSC. Of particular note here is the degree of crustal thickness variation demonstrated by Profiles 
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P05 and P06 (Fig. 7d), which is attributed to a waxing and waning magma supply at the ridge axis that, in turn, causes 

a transition between magma poor, tectonically-dominated spreading and magma rich crustal accretion. In this context, 

the consistency in crustal thickness observed along the MCSC to the ridge-transform intersection, and the lack of 

higher velocity anomalies at or in the vicinity of the seabed, suggest that the ultraslow-spreading MCSC, from mid-

segment to southern spreading ridge tip, may currently be in a magma rich phase. 

 

6. MODEL CONSTRAINTS 

The free-air gravity anomaly (FAA – Fig. 8c) provides an independent test of velocity-depth structure and can be 

used to constrain poorly resolved regions. Therefore, the P-wave inversion model was converted into a density model 

(Fig. 8a – henceforth the constant density model) consisting of 2D polygons with upper and lower boundaries based 

on the 4.0, 5.0 and 6.0 km s-1 velocity contours (cf. traditional oceanic crustal layering – White et al., 1992) and using 

the 7.5 km s-1 contour as a proxy for the base of the crust based on the conclusion drawn by Peirce et al. (2019b) that, 

at the MCSC, the Moho is a transition zone. The model was extended 1000 km laterally to negate edge effects during 

anomaly calculation.  

 

6.1.  Initial modelling  

The Carlson and Raskin (1984) velocity-density relationship for the oceanic crust was used to construct the initial 

constant density model (Fig. 8a), with densities of 2600, 2700, 2900 and 2950 kg m-3 applied for the individual crustal 

layers, 1030 kg m-3 assigned to the water column, and 3330 kg m-3 for the mantle. The FAA (Fig. 8c) was calculated 

using grav2d, modified from the original programme written by J.H Luetgert and based on the Talwani et al. (1959) 

algorithm. 

Comparison with the observed shows that, although mirroring the general along-profile wavelength variation 

in the FAA, a significant regional mismatch is observed, with the calculated FAA being too high to the south and 

north of the SITF, and too low at the SITF itself (Fig. 8c). Consequently, the constant density model was sub-divided 

into a series of seven lateral zones within which the density could be independently adjusted within each layer of 

each zone. Modelling then aimed to determine the density-depth structure required to achieve the best fit to the 

observed anomaly to within ±5 mGal error – the cross-over error between all CAYSEIS gravity profiles.  

 

6.2.  Gravity fit 

As a starting point for lateral and vertical density variation assignment along-profile, to the north of the SITF the 

velocity-density relationship of Carlson and Raskin (1984) was applied. This model was chosen so that no 

preconceived idea of the velocity-density-depth structure was imposed, other than that of oceanic crust. For the 

continental crust, in regions where the velocity is greater than 6 km s-1, the relationship of Christensen and Mooney 

(1995) was applied, whilst considering the implications of the Carlson and Miller (2003) relationship for 

serpentinized mantle as applied in Prada et al. (2014). The Christensen and Mooney (1995) relationship is not 

applicable for velocities less than 6 km s-1, so the relationship of Ludwig et al. (1970) was used instead. The densities 

assigned to each of the blocks for modelling, including incorporating a lateral density gradient within the mantle to 

match the longer wavelength component, are summarized in Table 2.  
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 Although now a good fit along the majority of the profile, the calculated anomaly (Fig. 8c) still mismatches 

around the SITF. Consequently, further blocks were added vertically beneath the seabed (Fig. 8b) until a fit to the 

observed FAA was achieved (Figs 8c,d). To achieve this best fit (henceforth the density model) blocks with densities 

of 2800, 3150 and 3320 kg m-3 were required.  

 

6.3.  Inversion comparison  

The density model was used to appraise areas poorly constrained within the P-wave inversion model, due to a lack of 

deep crustal ray coverage (e.g. beneath the continental margin). The primary areas are identified by the mismatch 

between the base of the lower crustal blocks and the 7.5 km s-1 contour as shown in Fig. 8b. Gravity modelling 

suggests a more rapid thinning of the crust beneath the margin. In comparison to further along the margin (~10 Ma 

– Peirce et al., 2019b) where modelling suggests that the continental crust appears to have undergone two stages of 

thinning (along-profile distance 40-60 km), in this more proximal area the best-fit density model suggests thinning 

has been effectively consistent during margin evolution.  

Perhaps the most notable difference between the crustal structure implied by the P-wave inversion model and 

that from the density model, is the variation in crustal thickness south of the ridge tip (c. P01 along-profile distance 

80-100 km), even where constrained by ray coverage. This is particularly notable beneath the SITF, where gravity 

modelling suggests a crust approximately a third as thick as the seismic inversion, and beneath the continental slope 

where gravity modelling suggests a crust about one third thinner than that derived from inversion. To the north of 

the ridge tip, the gravity modelled crustal structure is consistent with the seismic equivalent in terms of layer 

thickness, although the gravity modelling suggests lower densities (by 200-300 kg m-3) than the seismic velocities 

imply, although not dissimilar to the expected modelling error in density terms.  

As the density model is also generally consistent with that along Profile P04 (Peirce et al., 2019b), it is 

considered to be a valid, although smoothed, representation of the true structure of the entire crust and upper mantle. 

However, based on the gravity modelling the P-wave inversion model is only considered valid for the shallow-to-

mid crust along the entire profile, and for the entire crust and upper mantle to the north of the SITF, in areas with 

more than 100 cell hits as part of inversion modelling (cf. Fig. 8b with Figs 5 & 6). 

 

6.4.  Ray-trace check 

As a further means to test which of the P-wave inversion and density models is a more likely representation of the 

true crustal structure beneath the active transform margin and SITF/ridge-transform intersection, the P-wave 

inversion model was converted into a node-specified model with distinct layer boundaries imposed (Fig. 9a). The 

model (henceforth the forward seismic model) retains the lateral velocity anomalies in the upper crust, a thinned 

continental crust and a sharp lateral velocity transition associated with the SITF, and modelling was undertaken 

without adjusting any layer velocity or ascribed interface depth.  

The observed first-arrival travel time picks were forward point-to-point ray-traced using rayinvr (Zelt and 

Ellis, 1988; Zelt and Smith, 1992 – Fig. 9b), first by assuming that they are all Pg arrivals, and then assuming that 

they are all Pn arrivals as an additional test of the original phase identification. The results for OBSs 001, 113 and 

125 are shown in Fig. 9b (ray diagram) and Figs 9c-e (travel time pick fits). Consequently, the resulting misfit should 
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be regarded as a proxy only for which of the inversion or gravity models is more likely a true reflection of actual 

crustal structure, and not as the forward ray-tracing best fit that might be achieved if layer velocities and interfaces 

were further adjusted. The modelling shows that at the SITF and along the southern end of the ridge-axis calculated 

arrivals are consistently too slow, which implies that the velocity recovered in the P-wave inversion model is too low, 

particularly at depth. 

The crustal thickness mismatch between the P-wave inversion and density models between 0-100 km model 

distance was further appraised by forward predictive ray-tracing of potential PmP arrivals through the model, by 

tracing all possible PmP ray paths and comparing their arrival times with the sparely observed arrivals. Examples are 

shown in Fig. 9 for OBSs 113 (sited on 0 My-old oceanic crust ~25 km to the north of the SITF), 125 (sited on the 

continental slope) and 001 (sited at the ridge-transform intersection), with the calculated phases also compared to the 

observed data in Figs 3b, d & e, respectively. This modelling shows that, if the base of the crust where a distinct 

interface and not a transition into the mantle, PmP arrivals would be observed either arriving within the high 

amplitude water wave, or mostly coincident with the first arrival multiple. The implication of this result is that either 

the Moho is a transition zone, or that the velocity contrast across the Moho is small, thus generating a PmP arrival 

amplitude indistinguishable above that of the background noise or earlier arriving phases. 

 

7. RIDGE-TRANSFORM INTERSECTION 

Both the gravity and forward ray-tracing approaches suggest that the inversion may be sitting in a local minimum, 

with the structure determined within the SITF representing a fit, but not necessarily the best or only fit within the 

errors. To test this possibility an inversion starting model was created that was seeded with the SITF crustal structure 

implied by the gravity modelling (Fig. 10a) imposed on the sloping bottom initial model (Fig. 4c) to also test what 

influence the background representation of the crust might have. This inversion shows that such a model also results 

in a similar fit to the errors (TRMS
 
misfit of ~107 ms and χ2

 

= ~2.0). Statistically, the P-wave inversion and seeded 

inversion models are equivalent, but suggest quite contrasting crustal structures (cf. Figs 5c and 10c). The apparent 

crustal thickening beneath the northern edge of the SITF results from the lack of ray coverage and is coupled, in this 

model, with a higher velocity modelling artefact being introduced beneath the ridge-transform intersection (~100 km 

along-profile distance in Figs 10b,c). Checkerboard testing (Fig. 11) shows that features 5 km-wide x 2 km-deep in 

size are as well resolved along the entire profile as for the P-wave inversion model, but are better resolved beneath 

the SITF in the seeded inversion model.  

On this basis, the density model, which has constraint from the seismic inversion results, is considered a more 

likely representation of true entire crustal structure along Profile P01S. Consequently, this model was, in turn, 

converted into a node-specified model with distinct layer boundaries imposed (Fig. 12a). This model (henceforth the 

forward gravity model) was forward point-to-point ray-traced (Fig. 12b) following the same process as adopted for 

the P-wave inversion model (Fig. 9) without adjusting any layer velocity or interface to appraise the fit. The forward 

gravity model has a significantly improved fit. The largest misfits occur for OBSs 115 and 121 only, which are 

located on relative flat seabed immediately to the north and south of the SITF wider bathymetric depression. The fit 

for OBS 001 is greatly improved (cf. Fig. 9e and Fig. 12e), with the calculated travel times now arriving ~50 to 200 
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ms early (set in the context of the 75 ms pick error) depending on offset, suggesting again that the gravity-derived 

crustal structure of the SITF is more likely. 

All possible PmP ray paths through the model were also traced and their arrival times compared with the 

sparsely observed arrivals. Examples are shown in Fig. 12 for OBSs 113 (sited on 0 My-old oceanic crust ~25 km to 

the north of the SITF), 125 (sited on the continental slope) and 001 (sited at the ridge-transform intersection). This 

modelling goes someway to explaining why PmP arrivals, if there is a sharp interface at the base of crust, are not 

observed at OBSs sited on oceanic crust, as this modelling predicts that they would arrive either coincident with the 

water waves or very shortly after the first arriving crustal phases and, thus, be obscured by their wave trains. 

 

8. MODEL SIMILARITY AND UNIQUENESS  

The P-wave inversion, density and forward models are generally consistent within their associated uncertainties, 

except for the deeper crustal and uppermost mantle structure beneath the continental slope and beneath the SITF 

where ray coverage is limited. As such, these models should be considered together, each informing different aspects 

of either velocity-depth structure or interface depth and characteristics. Together, though, they provide a unique view 

of the sub-surface geological structure along a transect along the Mid-Cayman Spreading Centre, its intersection with 

the Swan Islands transform fault zone and across the Honduran continental margin. The features of these models will 

now be discussed in the context of oceanic crustal accretionary processes, the characteristics of ridge-transform 

intersections, and the evolution of transform continental margins. For this purpose, we assume that the 7.5 km s-1 

velocity contour acts as a proxy for the base of crust along the entire profile. We also base crustal type identifications 

on a series of velocity-depth profiles taken at 5 km intervals through both forward and inverse P-wave models (Fig. 

13a-e), and by comparing them to standard compilations [e.g., fracture zones – Minshull et al. (1991): oceanic crust 

– White (1979, 1984), as summarized in White et al. (1992) and Grevemeyer et al. (2018b); continental crust – as 

summarized in Peirce et al. (1996) and Greenroyd et al. (2007, 2008)]. 

 

8.1. P-wave inversion model 

The P-wave inversion model (Fig. 14a) has a generally smooth velocity pattern that largely mirrors the seabed 

topographic highs and lows. Based on velocity-depth profiles the model can be divided into three primary domains: 

i) continental crust to the south of the SITF (<40 km along-profile distance – Fig. 13a,b); ii) thinned continental slope 

crust and SITF (>40 km to ~100 km – Fig. 13b); and iii) oceanic crust to the north (>100 km – Figs 13c-e). The 

oceanic domain can further be sub-divided based on apparent crustal thickness variation and velocity within the upper 

crust: a) ridge tip/inside corner (~100-110 km – Fig. 13c); b) magma rich (~110-125 km – Fig. 13d); and c) magma 

poor (~>125 km – Fig. 13e).  

 To the south of the SITF the continental crust appears to be ~22 km-thick until, at an along-profile distance of 

~40 km, it starts to thin coincident with the transition from shelf to slope at the seabed (Fig. 7a). A velocity of 2.5 

km s-1 at the seabed suggests sediment cover in this section of the model, with the transition between upper and lower 

crust marked by the 6.0 km s-1 velocity contour. The upper crustal velocity-depth structure is consistent, to a depth 

of 6-7 km sub-seabed, and implies that the variation in crustal thickness is due to thinning of the lower crust. Due to 

the lack of ray coverage at the most southerly end of the model, gravity modelling better constrains the crustal 
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thickness at ~25 km. 

 Oceanic-type crust at the ridge-transform intersection (Fig. 13c) appears to be thinner (~3 km) than beneath 

the SITF (~5 km – Fig. 13b), and the MCSC adjacent to the north (~3-4 km – Fig. 13d), and equivalent to that beneath 

the mid-segment (~3 km – Fig. 13e). Velocity-depth profiles for the SITF (Fig. 13b) show it to be characteristically 

oceanic, based on the 0-7 Ma crustal envelope of White et al. (1992).  

Moving northwards, the thickest oceanic crust (~4 km) between ~110 and ~125 km along-profile distance 

(Figs 14a & 13d) also has a higher velocity at shallower depths and slower velocity at deeper depths than observed 

elsewhere along the oceanic part of the profile. The additional crust appears to be related to a thicker lower crust and 

suggests that the crust formed under more magma rich conditions. Further north, the velocity-depth structure is quite 

variable laterally for the remaining ~40 km along-profile (Fig. 13e), with an average crustal thickness of ~3 km and 

structural variation mirroring the seabed topography. In general, at the seafloor the velocity varies between 2.7 and 

4.0 km s-1, with the upper-to-lower crust transition characterised by the 5.5 km s-1 contour marking a change in 

vertical velocity gradient. The lower oceanic crust, on average, has velocities higher than 6.0 km s-1.  

 

8.2 Density model 

The density model (Fig. 8b) shows a contrast in structure between the continental and oceanic regions as would be 

expected and, on the whole, a higher density throughout the crust than predicted from inversion modelling. Similar 

to the P-wave inversion model, the gravity modelling suggests that the section of the MCSC surveyed divides along-

axis into two main structural styles. The rift tip/segment end and the mid-segment zones are underlain by a thinner 

crust with a thicker, lower-density upper crustal section, while the zone in between has not only a thicker crust, but 

also a higher density crust, with a much thinner upper crustal section. Grevemeyer et al.’s (2018) modelling of 

Profiles P05 & P06, which extrapolate across-axis through this zone, suggests that this section of the MCSC is 

currently in a magma dominated phase of accretion, and is consistent with the modelling along-axis presented here. 

To the south of the SITF the density model suggests that the margin formed by an effectively constant period 

of extension, thinning the crust from ~25 km-thick to ~10 km-thick over a distance of ~65 km. This thinning is largely 

accommodated within the lower crust where, in turn, the density increases as the crust thins. A matching lateral 

relative increase in density within the mantle is also modelled, which continues northwards along the entire P01 

profile. This is required to model the longer-wavelength component of the FAA. 

The most prominent feature of the density model lies beneath the SITF where a region of much higher density 

is required to resolve the remaining misfit. This feature can be interpreted in two ways: i) that the crust beneath the 

SITF is ~2-3 km-thick and underlain by an upper mantle that has been serpentinized, most likely by water influx and 

circulation along the faults and fractures that comprise the ridge-transform intersection zone; or ii) that the crust is 

~4-5 km-thick with the lower crust comprising altered or exhumed lithologies. The density structure above and the 

mantle density below suggest the latter may be more likely. Either way, the zone of anomalous density is ~15 km-

wide, underlying the entire width of the ridge-transform intersection zone, and not just the much narrower width of 

the bathymetric depression that is identified as the SITF at the seabed. 

 

8.3. Differences between inversion and gravity models 



Transform ocean-continent margins – the active ridge-transform intersection 
 

14 

Perhaps the best way to consider the differences between the inversion- and gravity-derived models is to consider 

the differences between the forward ray-trace models constructed from them. Firstly, to test this approach a 

comparison is made between the P-wave inversion (Fig. 14a) and forward seismic (Fig. 14b) models by calculating 

the velocity difference between them throughout the model space (Fig. 14c). This shows that the conversion process 

has resulted in a forward model that only has velocities generally <0.25 km s-1 higher (within the modelling error) 

than its inversion equivalent, suggesting that the approach is valid. The primary difference observed, where the 

velocity difference exceeds 0.25 km s-1, lies at the SITF, but, even then, is largely constrained to the upper 2-3 km 

below seabed. The primary negative-positive bands result from how the layer boundaries in the forward seismic 

model were imposed using smoothed velocity contours. The forward gravity model (Fig. 14d) was constructed using 

its constituent polygon perimeters, and conversion of its densities to velocities using the standard relationships 

outlined in Section 6.2. This model was then subtracted from the forward seismic model to create the difference 

between the forward models shown in Fig. 14e. As might be expected, what this shows is that the forward gravity 

model is consistent (<0.25 km s-1 difference) with the forward seismic model in the upper crust beneath the continental 

shelf, and in the upper crust along the entire MCSC surveyed. The primary differences, where the forward gravity 

model results in velocities >0.5 km s-1 higher, clearly correlate with maximum depth limits of areas of highest ray 

coverage (cf. Fig. 14e and Fig. 5d), except in the vicinity of the steepest parts of the continental slope and the breadth 

of the SITF. Here the velocity difference is ~1.0 km s-1 with, perhaps its most interesting characteristic being a steep 

vertical transition implied at the ridge-transform intersection, and higher velocity within the entire crust and 

uppermost mantle beneath the SITF. 

 

9. DISCUSSION 

9.1. Oceanic crustal accretion at the Mid-Cayman Spreading Centre 

The modelling of all CAYSEIS profiles conducted to date (Harding et al., 2017; Van Avendonk et al., 2017; 

Grevemeyer et al., 2018a; Peirce et al., 2019b) concludes that oceanic crustal formation at the MCSC is dependent 

on temporal fluctuations in magma supply, where magma rich accretion swaps to magma poor spreading over a time 

frame of several million years, and where magma may arrive in pulses to specific locations along the spreading axis, 

rather than consistently along the entire segment length (Harding et al., 2017). For example, Harding et al. (2017) 

propose that, 2 My ago, a pulse of magmatism initiated the axial flank Von Damm hydrothermal vent field near the 

summit of the Mt Dent oceanic core complex. Furthermore, Van Avendonk et al. (2017) conclude that axial 

magmatism has been episodic for the last 20 My, and that the northern section of the MCSC axial valley can be 

divided into multiple magmatic-tectonic segments. Based on bathymetry analysis, Haughton et al. (2019) hypothesize 

that magma intrusions have propagated southward along the northern section of the MCSC to the Mt Dent OCC 

where they crosscut its detachment, and possibly deactivate slip along it. Consequently, the Mt Dent OCC may lie at 

the boundary between adjacent currently magmatic segments of the MCSC. 

Grevemeyer et al. (2018a) show that seafloor spreading at the MCSC switches between 2 My-long periods of 

magma rich and magma poor oceanic crustal formation, during which serpentinized mantle is also exhumed. 

However, even though the eastern and western flanks share similar features, the durations of periods of magma rich 

versus magma poor spreading are distinctly different, suggesting that not only is accretion episodic, but also that it 
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is asymmetric. Our observations suggest that magmatic accretion may not only be episodic in the across-axis direction 

(Grevemeyer et al., 2018a), but is also similarly focused, or episodic, in the along-axis direction, with the ridge 

currently magmatically accreting as far south as the ridge-transform intersection, where the transition from one to 

the other in crustal structure terms, is both laterally and vertically rapid. Such a focused magma delivery along-axis, 

where the junctions between magma rich segments host OCCs, is consistent with the dredging of both ultramafic and 

mafic gabbroic rocks (Hayman et al., 2011), and implies that regions of tectonic and magmatically formed crust may 

be inter-dispersed. 

 Consistent with previous studies conducted at the ultraslow MCSC (e.g., Ewing et al. 1960; White et al., 2001; 

ten Brink et al., 2002; Harding et al., 2017; Van Avendonk et al., 2017; Grevemeyer et al., 2018a; Peirce et al., 

2019b), our results show a generally thin oceanic crust (~3-4 km-thick) along the southern section of the ridge axis, 

suggesting that it is forming currently under less magmatic conditions than the northern section (Fig. 7c). The 

apparent absence of PmP arrivals observed amongst multiple CAYSEIS profiles also suggests that the crust-mantle 

boundary is a transition zone, both on- and off-axis, which could result from alteration of the lower crust/upper mantle 

by fluid flow along faults and fractures (Peirce et al., 2019b).  

Based on our modelling, the transition between spreading ridge and transform fault zone appears to be abrupt, 

with no evidence of magma leakage as Grevemeyer et al. (2021) propose. However, the profile crossed the active 

transform domain in the vicinity of the ridge-transform intersection, and not where the impact of a second phase of 

magmatism would be most prominent (Grevemeyer et al., 2021). Consequently, the ridge-transform zone is 

characterised with a more normal upper oceanic crustal structure. Modelling also suggests that the crust here is thin 

and has predominantly upper oceanic crustal density and velocity characteristics, and that either the lower crust is 

below seismic resolution in thickness at this depth and is underlain by a serpentinised upper mantle, or that the lower 

crust has been tectonically sheared, fractured and hydrated. 

 

9.2 Swan Islands transform ocean-continental margin  

The combined seismic and gravity modelling shows that the crust beneath the Swan Islands (Honduran) margin is 

continental in lithology and relatively thin at ~20-25 km-thick below the shelf, thinning beneath the ~60 km-wide 

slope region to ~14 km-thick, and then more rapidly over ~5 km to ~10 km-thick at the southern edge of the SITF. 

This represents thinning of more than 50% over a distance of ~65 km. Neither of the seismic or gravity models 

suggests multistage rifting/extension during margin evolution, unlike that observed to the west along Profile P04 

(Peirce et al., 2019b).  

 However, several studies conducted at margins in stage 3 (passive stage) of their evolution suggest that 

continental crustal thinning can be quite variable between transform margins, where gravity and wide-angle seismic 

models suggest that the crust can thin significantly over a distance of less than 10-40 km. For example, the Barents 

Sea-Svalbard (Faleide et al., 1991), Ghana (Edwards et al., 1997), Grand Banks (Keen et al., 1990), North Atlantic 

(Fox and Gallo, 1986) and Exmouth Plateau (Lorenzo et al., 1991) margins exhibit continental crustal thinning over 

zones of 10-20, 15 and 40 km-wide respectively. Unlike the Ghana ocean-continent boundary (Edwards et al., 1997) 

there is no evidence of a region of high density (3100 kg m-3), high velocity (5.8-7.3 km s-1) or high magnetization 

(1.10-1.25 A m-1) beneath the Swan Islands margin, suggesting that any tectonically-facilitated alteration of the crust 
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and/or upper mantle material is constrained within the SITF alone. Here, our models suggest that the SITF, at least 

beneath profile P01S, is a narrower zone of deformation and alteration than observed beneath Profile P04 located 10 

Ma off-axis. We explain the high-density anomaly beneath the SITF to result from water ingress into the lower crust 

and uppermost mantle through the fracture system.  

 

9.3 Margin perspective 

A three-dimensional perspective on Swan Islands margin and MCSC crustal structure is provided by the fence 

diagram of Profiles P01, P04, P05 and P06 shown in Fig. 15. The along-axis variability in magma rich and magma 

poor spreading conditions is particularly evident, as is the temporal variation across axis. What is perhaps more 

striking is that the sections of the ridge axis that have a richer supply of magma and those with a poorer, appear to 

persist over geological time, since even though the MCSC 10 My ago was less magmatic overall than the present 

day, even then the pattern of along axis variation is consistent with that observed currently, which is also mirrored in 

the crustal thickness. This observation suggests the segmentation is driven predominantly by perturbations in magma 

production and delivery from the deeper mantle. 

The fence diagram also shows the contrasting margin evolution styles between the present day and at 10 Ma. 

When considered in the context of the seabed bathymetry, Profile P04 is located where the SITF transitions from 

being wide and deep to being a shallower and much narrower feature at the seabed, with this contrasting structure 

extending to depth throughout the crust. The transtensional extension proposed by Peirce et al. (2019b) to explain 

the step-like thinning of the crust also results in the greater width of the SITF along the older parts of margin, and 

implies a change in plate motion occurred around ~10 Ma. Now, the Swan Islands margin appears to actively evolving 

in a purely strike-slip fashion. 

 

10. CONCLUSIONS 

Velocity-depth and density-depth models for the Swan Island transform margin have been presented for an ~165 km-

long transect that also traverses the present-day Mid-Cayman Spreading Centre and the ridge-transform intersection. 

These models are consistent and robustly tested and we summarize their interpretation as follows: 

1) the oceanic crust accreted at the ultraslow MCSC is ~3-4 km-thick and most likely is forming during a period 

of predominantly magma rich spreading at the southern end of the segment, with a variation in magma supply 

evident along-axis; 

2) the location of OCCs appears to define the boundaries between more and less magmatic sections of the MCSC 

suggesting, in turn, focussed magma delivery to the ridge axis, that also waxes and wanes over time; 

3) magma supply within a magma rich section appears consistent along its length such that the crustal thickness at 

the southern ridge tip is equivalent to that at the centre of the segment section to its north; 

4) there is no evidence for magma leakage from the spreading ridge into the transform zone; 

5) the SITF is an ~15 km-wide zone, bound to the south by a sharp transition between oceanic- and continental 

crusts and to the north by an abrupt change in crustal thickness to that observed beneath the MCSC; 

6) beneath the SITF lies a region of higher density which most likely represents a broad zone of alteration caused 

by influx of water; 
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7) the continental crust beneath the Honduran margin is thin at 25 km, and thins consistently by a further ~15 km 

over a distance of ~65 km towards the SITF; and 

8) the Swan Island stage 2 (drifting) transform continental margin is characterized by a ~15 km-wide 

predominantly strike-slip system, that appears to have had a transtensional component more than 10 My ago. 
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TABLES 
 

Table 1. Summary of P-wave inversion parameters (after Zelt and Barton, 1998). 
 

Inversion parameter P-wave model 

sz 0.225 

alpha 0.95 

lambda0 1000 

lambda reduction factor 1.414 

inversion cell – 

first phase 

horizontal 2.0 km 

vertical 2.0 km 

inversion cell – 

second phase 

horizontal 1.0 km 

vertical 1.0 km 

inversion cell – 

third phase 

horizontal 0.5 km 

vertical 0.5 km 

 

Table 2. Summary of density model block densities. 

 

Crustal region Density 

kg m-3 

continental crust  

upper 2600-2700 

lower 2800-2950 

mantle 3310-3315 

oceanic crust  

upper 2500-2700 

lower 2700-2950 

mantle 3320-3325 

SITF  

upper 2500-2800 

lower 3150 

mantle 3320 

 

Figures and captions on the following pages: 

NOTE: The figures are low-resolution jpg versions of the original high-resolution postscript that would be used for 

production. The low-resolution versions were created solely to achieve the upload file size restriction for submission 

for review. 
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FIGURES  

 

 
Figure 1. CAYSEIS project in the Cayman Trough. a) Port-to-port ship track (red line). Black dots show earthquake 

locations, with the yellow stars marking the 2009, 2010 and 2018 Mw >7 events (USGS Earthquake Hazards Program 

catalogue; https://earthquake.usgs.gov). Study area is outlined by the black box. b) Oceanic crustal age (after Müller 

et al., 2008) in the Cayman Trough (CT), with the Caribbean-North America plate boundary marked (blue line). 

Structural features: EPGFZ – Enriquillo-Plantain Garden fault zone; MF – Motagua fault; MCSC – Mid-Cayman 

Spreading Centre; OTF – Oriente transform fault; WFZ – Walton fracture zone. Geographic features: CB – Chortis 

Block; DR – Dominican Republic; Gu – Guadeloupe; Ha – Haiti; Ho – Honduras; Ja – Jamaica; PR – Puerto Rico; 

PRT – Puerto Rico Trench; SI Swan Islands. Chortis Block is dotted (after Rogers et al., 2007). 
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Figure 2. Cayman Trough and adjacent Honduran continental shelf and slope bathymetry. a) Profiles from the 

CAYSEIS experiment are shown by black solid and dashed lines. Dashed red line shows the Swan Islands transform 

fault (SITF) to the south and the Oriente transform fault (OTF) to the north, with red arrows showing the left-lateral 

slip direction of the SITF and the spreading direction of the MCSC. The Mt Dent OCC is labelled and earthquake 

epicentres are marked by yellow stars. b) Profile P01 with OBSs used in this study shown by white circles. The 

locations of OBSs 001, 113 and 125, whose recorded data is shown in Fig. 3, are highlighted in red. c) High-resolution 

bathymetry showing the MCSC ridge-transform intersection. 
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Figure 3. Example hydrophone WA refraction data sections (see Fig. 2 for location). a) Record section for OBS 113 

(oceanic crust) plotted with a reduction velocity of 8 km s-1 and a 1-2-20-30 Hz band-pass filter. Horizontal axis 

shows along-profile distance (cf. all model figures). b) Record section showing observed water wave (Ww - black) 

and crust and mantle P-wave (Pg and Pn - blue) arrival travel time picks. Phases are labelled and travel time pick 

symbol size shows corresponding uncertainties. Predicted Moho reflection (PmP) based on forward modelling (Fig. 

9) is also shown (red). c-d) Record sections for OBS 125 (continental margin crust). e-f) Record sections for OBS 

001 (ridge-transform intersection crust). Note: PmP reflections are sparse and only observed on a number of OBSs 

to the south of the SITF. 
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Figure 4. Inversion modelling initial models. a) Fixed bottom initial model. The inversion outcome using this starting 

model is shown in Fig. 5. b) Seabed following initial model. The inversion outcome using this starting model is shown 

in Fig. S1. c) Sloping bottom initial model. The inversion outcome using this starting model is shown in Fig. S2. OBS 

locations are shown by inverted black triangles, with OBSs 001, 113 and 125, whose recorded data is shown in Fig. 

3, are shown by red inverted triangles. 
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Figure 5. Inversion modelling. a) P-wave initial model. b) Phase 1 interim model. c) Best-fit P-wave inversion model. 

See text and Table 1 for approach and parameters adopted. c2 fit, the root-mean-square misfit (TRMS) and the number 

of travel time picks are labelled for each stage. Velocity contours are plotted at 1.0 km s-1 intervals, together with the 

7.5 km s-1 contour used as a proxy for base of crust. d) Cell hit count indicatively showing ray coverage used to mask 

the P-wave inversion model in other figures. In all parts, OBS locations are marked by inverted black triangles, with 

OBSs 001, 113 and 125 highlighted in red. 
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Figure 6. Checkerboard resolution testing of the P-wave inversion model. a) Checkerboard applied to the P-wave 

inversion model with a 2 x 2 km pattern size and 5% velocity anomaly. b) Recovered checkerboard. c) Semblance 

masked by ray coverage. A semblance of 0.7 is used as the good resolution threshold. c2 fit is annotated. A good 

resolution is achieved for the top ~5-7 km of the continental crust. d-f) Checkerboard testing with a 5 x 2 km and 5% 

velocity anomaly checkerboard. A good resolution is achieved to ~10 km depth in the continental crust and beneath 

the SITF, and to ~3-5 km beneath the MCSC. g-i) Checkerboard testing with a 10 x 4 km and 5% velocity anomaly 

checkerboard.  
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 Figure 7. Comparison between CAYSEIS P-wave inversion models. a) Swath bathymetry surrounding Profile P01S. 

OBS locations (black dots/inverted triangles) shown in all parts, with OBSs 001, 113 and 125 (red dots/inverted 

triangles) highlighted. Profiles P01, P05 & P06 (extrapolated) and P02 & P03 (intersecting along the northern end of 

Profile P01 as a whole) are marked by red dotted lines. b) P-wave inversion model for Profile P01S. c) Comparison 

between the inversion model of this study for the southern section of Profile P01 (P01S) and that of Van Avendonk 

et al. (2017) for the northern section (P01N), showing a very good correlation, despite different approaches to 

inversion being adopted, over the ~40 km overlap. d) Comparison between P-wave velocity-depth models for Profiles 

P06 and P05 (Grevemeyer et al., 2018) and Profile P01S at the MCSC. e) Comparison between the P-wave velocity-

depth models for Profile P02 (Harding et al. 2017) and P01S at their intersection. In parts b-e) velocity contours are 

plotted at 1.0 km s-1 intervals (thin black lines), with the 7.0 km s-1 contour shown by a thick black line. The 7.5 km 

s-1 contour (black dashed line) is used as a proxy to define the Moho.  
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Figure 8. Gravity modelling test of the P-wave inversion model. a) Density-depth model with solid black lines 

marking the 4.0, 5.0 and 6.0 km s-1 velocity contours, and the red dashed line the 7.5 km s-1 velocity contour used as 

block boundaries initially. Constant densities were applied to blocks within the same layer. Dotted vertical lines mark 

Profiles P05/P06, P02 and P03 (left to right) intersections. OBS locations are marked by inverted black triangles, 

with OBSs 001, 113 and 125 highlighted in red. b) Density model with variable densities within each layer, together 

with a gradation in density within the mantle, required to achieve the best-fit to the observed free-air anomaly (FAA). 

At the SITF (82 to 96 km along-profile distance) higher densities are required in the lower crust/upper mantle. See 

text for discussion and interpretation. c) Observed (ship – black line; Sandwell and Smith, 2009 v24 – open circles) 

and calculated (coloured lines) FAAs, showing that higher density crust at the SITF is required to achieve a fit. 

Coloured lines represent anomalies calculated on the basis of: constant density blocks within layers with blocks 

defined solely by velocity contours (purple); constant density blocks within layers with blocks adjusted to achieve a 

longer wavelength fit (green); variable density blocks within layers consistent with their continental or oceanic 

location (blue); and variable density blocks including a higher density region beneath the SITF (red) required to 

achieve the best-fit. d)  Misfit of the variable block density models plotted against FAA error bound. 
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Figure 9. Forward ray-tracing to constrain the Moho and SITF. a) Forward seismic model derived from the P-wave 

inversion model and using the 5.5 km s-1 contour to mark the boundary between the upper and lower crust. P-wave 

inversion model’ 7.0 and 7.5 km s-1 contours are shown for reference as solid and dashed red lines respectively. OBS 

locations are shown (black inverted triangles), with OBSs 001, 113 and 124 highlighted in red. CAYSEIS Profiles 

P05/P06, P02 and P03 (left to right) are marked by the dot-dashed lines. b) Ray diagram for OBSs 001, 113 and 125, 

showing travel times point-to-point traced as both Pg and Pn phases (grey ray paths), and a predictive trace of where 

PmP arrivals (purple ray paths) should be observed. See text for discussion. c-e) Time-distance graphs for OBSs 113 

(oceanic crust), 125 (continental crust) and 001 (ridge-transform intersection crust) showing the ray traced arrivals 

(Pg and Pn – grey; PmP – purple) compared with observed arrivals (blue) with dot size set to pick error. The predicted 

PmP arrivals are shown on the corresponding data sections in Fig. 3. c2 fit, the root-mean-square misfit (TRMS) and 

the number of travel time picks are labelled for each stage. 
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Figure 10. Inversion modelling of SITF crustal structure using a seeded initial model based on the density model. a) 

P-wave initial model. b) Phase 1 interim model. c) Best-fit seeded inversion model. Approach and inversion 

parameters were kept as summarized in Table 1. c2 fit, the root-mean-square misfit (TRMS) and the number of travel 

time picks are labelled for each stage. Velocity contours are plotted at 1.0 km s-1 intervals, together with the 7.5 km 

s-1 contour used as a proxy for base of crust. d) Cell hit count indicatively showing ray coverage used as the mask in 

Fig. 11. In all parts, OBS locations are marked by inverted black triangles, with OBSs 001, 113 and 125 highlighted 

in red. 
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Figure 11. Checkerboard resolution testing of the seeded inversion model. a) Checkerboard applied to the seeded 

inversion model with a 2 x 2 km pattern size and 5% velocity anomaly. b) Recovered checkerboard. c) Semblance 

masked by ray coverage. A semblance of 0.7 is used as the good resolution threshold. c2 fit is annotated. A good 

resolution is achieved for the top ~5-7 km of the continental crust. d-f) Checkerboard testing with a 5 x 2 km and 5% 

velocity anomaly checkerboard. A good resolution is achieved to ~10 km depth in the continental crust and a better 

resolution is achieved beneath the SITF, and to ~3-5 km beneath the MCSC. g-i) Checkerboard testing with a 10 x 4 

km and 5% velocity anomaly checkerboard.  
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 Figure 12. Forward ray-tracing to constrain the Moho and SITF. a) Forward model derived from the seeded 

inversion model and using the 5.5 km s-1 contour to mark the boundary between the upper and lower crust and the 

7.5 km s-1 contour as a proxy for the base of crust. OBS locations are shown (black inverted triangles), with OBSs 

001, 113 and 124 highlighted in red. CAYSEIS Profiles P05/P06, P02 and P03 (left to right) are marked by the dot-

dashed lines. b) Ray diagram for OBSs 001, 113 and 125, showing travel times point-to-point traced as both Pg and 

Pn phases (grey ray paths), and a predictive trace of where PmP arrivals (purple ray paths) should be observed. See 

text for discussion. c-e) Time-distance graphs for OBSs 113 (oceanic crust), 125 (continental crust) and 001 (ridge-

transform intersection crust) showing the ray traced arrivals (Pg and Pn – grey; PmP – purple) compared with 

observed arrivals (blue) with dot size set to pick error. c2 fit, the root-mean-square misfit (TRMS) and the number of 

travel time picks are labelled for each stage. Note the better fit achieved when compared to that for the P-wave 

inversion model shown in Fig. 9. 
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Figure 13. P-wave forward (solid lines) and inversion (dotted lines) model velocity-depth profiles. One-dimensional 

profiles, extracted at 5 km intervals, are colour-coded by setting along-profile: a) continental crust; b) transform 

continental and fracture zone crust; c) ridge-transform intersection; d) magma rich; and e) magma poor oceanic 

crustal formation. Average crustal thicknesses are marked (horizontal grey dashed lines). Profiles are compared to 

the Atlantic crustal velocity-depth envelopes of White et al. (1992) (grey shaded) and Grevemeyer et al. (2018b) 

(blue dashed = MAR segment centre crust; green dashed = MAR segment end crust), continental crustal (blue shaded) 

compilations of Peirce et al. (1996) and Greenroyd et al. (2007, 2008), and the fracture zone compilation (light blue 

shaded) of Minshull et al. (1991).  
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Figure 14. Comparison between P-wave velocity-depth models resulting from inversion and forward approaches to 

modelling. a) P-wave inversion model. b) Forward seismic model. c) Calculated velocity difference between the two 

models, contoured at 0.25 km s-1 intervals. d) Forward gravity model. e) Calculated velocity difference between the 

forward seismic model and the forward gravity model, contoured at 0.25 km s-1 intervals. See text for discussion. The 

5.5 km s-1 velocity contour marks the transition from upper-to-lower crust and the 7.5 km s-1 contour (dashed) denotes 

the Moho. OBS locations are shown (black inverted triangles), with OBSs 001, 113 and 125 highlighted in red. 

CAYSEIS Profiles P05/P06, P02 and P03 (left to right) are marked by the dot-dashed lines. c2 fit and root-mean-

square misfit (TRMS) are labelled. 
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Figure 15. Fence diagram of gravity models for CAYSEIS Profiles P01, P04 and P05/P06 showing the 

correspondence at intersection/extrapolation points, the crustal structure of the SITF, and the along-SITF variation 

in adjacent continental margin structure that suggests a change in evolution from transtensional to more strike-slip 

tectonism at ~ 10 Ma. The temporal variation in crustal formation, from magma rich to magma poor, is shown by the 

blue and purple bars respectively, and the location of the MCSC and a relic OCC off-axis by the turquoise and red 

bars. The location of these profiles, relative to the bathymetry (below), is shown by dashed lines. 
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Supplementary Figure S1. Inversion modelling starting with the seabed following initial model (cf. Fig. 4). a) Initial 

model. b) Phase 1 interim model. c) Final model. See text and Table 1 for approach and parameters adopted. c2 fit, 

the root-mean-square misfit (TRMS) and the number of travel time picks are labelled for each stage. Velocity contours 

are plotted at 1.0 km s-1 intervals, together with the 7.5 km s-1 contour used as a proxy for base of crust. d) Cell hit 

count. In all parts, OBS locations are marked by inverted black triangles, with OBSs 001, 113 and 125 highlighted 

in red. 
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Supplementary Figure S2. Inversion modelling starting with the sloping bottom initial model (cf. Fig. 4). a) Initial 

model. b) Phase 1 interim model. c) Final model. See text and Table 1 for approach and parameters adopted. c2 fit, 

the root-mean-square misfit (TRMS) and the number of travel time picks are labelled for each stage. Velocity contours 

are plotted at 1.0 km s-1 intervals, together with the 7.5 km s-1 contour used as a proxy for base of crust. d) Cell hit 

count. In all parts, OBS locations are marked by inverted black triangles, with OBSs 001, 113 and 125 highlighted 

in red. 


