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SUMMARY

The Swan Islands Transform Fault (SITF) marks the southern boundary of the Cayman Trough and the ocean-
continent transition of the North American-Caribbean plate boundary offshore Honduras. The CAYSEIS experiment
acquired a 180 km-long seismic refraction and gravity profile across this transform margin, ~70 km to the west of
the Mid-Cayman Spreading Centre (MCSC). This profile shows the crustal structure across a transform fault
system that juxtaposes Mesozoic-age continental crust to the south against the ~10 Ma-old ultraslow spread oceanic
crust to the north.

Ocean-bottom seismographs were deployed along-profile, and inverse and forward travel-time modelling,
supported by gravity analysis, reveals ~23 km-thick continental crust that has been thinned over a distance of ~70
km to ~10 km at the SITF, juxtaposed against ~4 km-thick oceanic crust. This thinning is primarily accommodated
within the lower crust. Since Moho reflections are not widely observed, the 7.0 km s™' velocity contour is used to
define the Moho along-profile. The apparent lack of reflections to the north of the SITF suggests that the Moho is
more likely a transition zone between crust and mantle.

Where the profile traverses bathymetric highs in the off-axis oceanic crust, higher P-wave velocity is
observed at shallow crustal depths. S-wave arrival modelling also reveals elevated velocities at shallow depths,
except for crust adjacent to the SITF that would have occupied the inside corner high of the ridge-transform
intersection when on axis. We use a Vp/Vs ratio of 1.9 to mark where lithologies of the lower crust and uppermost
mantle may be exhumed, and also to locate the upper-to-lower crustal transition, identify relict oceanic core
complexes and regions of magmatically formed crust. An elevated Vp/Vs ratio suggests not only that serpentinized
peridotite may be exposed at the seafloor in places, but also that seawater has been able to flow deep into the crust
and upper mantle over 20-30 km-wide regions which may explain the lack of a distinct Moho.

The SITF has higher velocities at shallower depths than observed in the oceanic crust to the north and, at the
seabed, it is a relatively wide feature. However, the velocity-depth model sub-seabed suggests a fault zone no wider
than ~5-10 km, that is mirrored by a narrow seabed depression ~7500 m-deep. Gravity modelling shows that the
SITF is also underlain, at >2 km sub-seabed, by a ~20 km-wide region of density >3000 kg m™ that may reflect a
broad region of metamorphism. The residual mantle Bouguer anomaly across the survey region, when compared
with the bathymetry, suggests that the transform may also have a component of left-lateral trans-tensional
displacement that accounts for its apparently broad seabed appearance, and that the focus of magma supply may
currently be displaced to the north of the MCSC segment centre.

Our results suggest that Swan Islands margin development caused thinning of the adjacent continental crust,
and that the adjacent oceanic crust formed in a cool ridge setting, either as a result of reduced mantle upwelling

and/or due to fracture enhanced fluid flow.

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

fracture zone processes.
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1. INTRODUCTION
Passive rifted margins are segmented in many places by large-scale lateral transform faults and fracture zones.

Despite their relative abundance, transform ocean-continental margins remain far less frequently studied and,
hence, less well understood than other margins. The continental crust associated with these margins is juxtaposed
against adjacent oceanic crust across fracture zones which, in turn, can be traced in the free-air gravity anomaly to a
corresponding offset in the adjacent mid-ocean ridge or spreading centre.

In addition to their accompanying fracture zones, within localized ocean-continent transitions (OCT — Sage
et al., 2000) transform margins also exhibit characteristically steep continental slopes adjacent to an elevated
basement surface known as a marginal ridge (Francheteau and Le Pichon, 1972; Mascle, 1976). Heat flow between
adjacent old cold continental and young hot oceanic lithosphere (Todd et al., 1988; Lorenzo and Vera, 1992; Gadd
and Scrutton, 1997), or compressional tectonics (Blarez and Mascle, 1988) and rapid variation in subsidence and/or
magmatic underplating (Basile et al., 1998), are all processes used to explain the origin of these pronounced
bathymetric ridges. Ocean-continent transforms are also hypothesized 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, 2018). However, little is known about their active stages of development with
key questions being:

1) can an ocean-continent transform develop without stretching of the adjacent continental crust?
and

2) is the mid-ocean ridge and oceanic crust near the intersection with an OCT different due to
reduced mantle upwelling?

Most conceptual models envision that transform margins evolve through a series of stages (e.g. Le Pichon
and Hayes, 1971; Scrutton, 1979; Mascle and Blarez, 1987; Mascle et al., 1997; Peirce et al., 1996; Greenroyd et
al., 2007, 2008 — Fig. 1):

Stage 1: rifting - initial intracontinental rifting consists of many small faults. As rifting progresses, these faults
link together to form larger-scale rift- and transform-style structures. As rifting continues the continental
crust thins orthogonal to the rift axis and several distinct rift segments form, each separated by a
transform.

Stage 2: drifting - crustal thinning proceeds to such an extent that plate separation finally occurs and oceanic
spreading centres form, and spreading results in the juxtaposition of old continental lithosphere against
young oceanic lithosphere across a transform and the continental plates continue to drift apart.

Stage 3: aging - eventually transform motion ceases and the margin becomes inactive, and thinned continental
crust may ultimately become juxtaposed against, and coupled to, normal thickness oceanic crust across
a fracture zone.

However, the degree to which the oceanic and continental lithosphere are mechanically and thermally
coupled throughout these stages of breakup is not well understood, and neither are their thermal history and
strength profile. Furthermore, transform faults are thought to be sites of significant mantle hydration (White et al.,
1984). As serpentinite can weaken faults, allowing for large-scale slip (Escartin et al., 1997), it may play a friction-

reducing role between the two plates during the drifting stage, further facilitating structural segmentation.
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The deep structure of transform margins has been modelled with both gravity and wide-angle seismic
refraction data, suggesting that the continental crust thins sharply over a distance of less than 10-40 km. For
example, the Ghana (Edwards et al., 1997) and French Guiana (Greenroyd et al., 2008) margins exhibit continental
crustal thinning over zones 10-20 km and ~40 km-wide respectively. Edwards et al. (1997) also note the presence
of a zone of high density (3100 kg m™), high velocity (5.8-7.3 km s™) and high magnetization (1.10-1.25 A m™") at
the ocean-continent boundary of the Ghana transform margin, which they suggest may be a consequence of either
intrusion by basic igneous rocks or serpentinization of the upper mantle. However, a recent compilation by Mercier
de Lepinay et al. (2016) suggests that transform margins may have a diverse range of characteristics, including:

i) a continental slope steeper on average than passive margins, although some transform margin slopes are
quite similar to passive margins;
ii)) a 50 to 100 km-wide zone of continental crustal thinning that is significantly narrower than at passive
margins, suggesting deformation is focused in a sub-vertical fault;
iii) a marginal ridge parallel to the OCT that is observed only at a few transform margins; and
iv) a marginal plateau - a deep and flat surface within the continental slope interpreted as a thin continental crust
domain inherited from a stretching event older than the formation of the transform margin itself.
However, the majority of the studies conducted to date are focused on fossil transform margins (Stage 3), where
active lateral motion has ceased and where the margin is covered by a thick layer of sediments, placing the igneous
basement several kilometres below the current seafloor (e.g. Christeson, et al., 2010).

Detrick et al.’s (1993) review of seismic studies at the slow-spreading Mid-Atlantic Ridge concludes that
large-offset transform faults exhibit anomalous crustal structures being extremely heterogeneous in both thickness
and internal structure. The crust around these faults can be quite thin (<1-2 km-thick) and characterized by low P-
wave velocities and an absence of a normal oceanic layer 3. The geological interpretation of the limited extant
seismic observations (e.g. White et al., 1984; Miiller et al., 2000; Kuna et al., 2019; Peirce et al., 2019) is that the
crust within transform faults consists of a thin, intensely fractured, and hydrothermally altered basaltic section
overlying ultramafic rocks that are extensively serpentinized. The existence of a thin crustal section can be
explained by a reduced magma supply at the mid-ocean ridge-transform intersection (Tolstoy et al., 1993). In the
case of an ultraslow-spreading centre, the magma supply at the segment ends, in the vicinity of the offsetting
transform fault, may be even lower and result in even thinner crust given seismic thickness estimates for ultraslow
crust worldwide (e.g. White et al., 1984).

In this paper, we present the results of a multi-disciplinary geophysical investigation of an ocean-continent
transform margin that is currently actively evolving. Wide-angle seismic and gravity data have been analysed and
modelled using both inversion and forward approaches. The resulting models, together with the seabed
morphology, reveal the structure of the ocean-continent transition, the nature of the transform fault, the
characteristics of the young oceanic crust produced at the adjacent spreading centre, and the relationship between
the two. We also investigate if an ocean-continent transform margin can develop without stretching of the adjacent
crust, and if that crust acts as a heat sink cooling the adjacent ridge axis, impacting on magma dynamics and flow

along-axis.
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2. STUDY LOCATION AND GEOLOGICAL SETTING

The Swan Islands transform margin, located in the Caribbean Sea at the southern edge of the Cayman Trough (Fig.
2), is marked by the Swan Islands Transform Fault (SITF). This margin is currently actively evolving (Mercier de
Lepinay et al., 2016) and is one of few identified to be in Stage 2; the Gulf of California is another example. Using
gravity and magnetic data, ten Brink et al. (2002) presented models of Cayman Trough formation where 2-3 km-
thick, zero-age to 45 My-old oceanic crust is juxtaposed against 20-30 km-thick continental crust adjacent to the
ultraslow spreading Mid-Cayman Spreading Centre (MCSC — full rate of 15-17 mm y"' — Holcombe and Sharman,
1973; Dick et al., 2003; DeMets et al., 2007). Consequently, at their intersection young hot oceanic lithosphere is
juxtaposed against old cold continental lithosphere, making this an ideal location not only to study how these
margins evolve, but to also investigate if the adjacent continental crust becomes thinned and the adjacent ridge axis

cooled as part of that formation process.

2.1. Swan Islands Transform Fault boundary

In the late Cretaceous, a sinistral (~20 mm y'1 left lateral — Rosencrantz and Mann, 1991; Hayman et al., 2011;
Graham et al, 2012) strike-slip zone developed between the Caribbean plate and the Yucatan Block, offsetting the
“Great Arc of the Caribbean” (Mann, 2007). The MCSC formed within this shear zone in the Eocene (~49 Ma)
(Rosencrantz and Mann, 1991; Leroy et al., 2000). At ~20 Ma, the Chortis (continental) Block was transported
along the Motagua Fault (Rogers et al., 2007b; Boschman et al., 2014; Sanchez et al., 2016). At the present time,
the Chortis Block lies to the south of the active MCSC and the SITF marks the boundary between it and the Mayan
Block on the continental side of the OCT (Rogers et al., 2007a).

The SITF is, thus, part of a very large strike-slip system that includes the Motagua Fault (Honduras) and the
Enriquillo-Plantain Garden Fault Zone (Fig. 2a), along which the 2010 Haiti earthquake occurred (Mercier de
Lepinay et al., 2011). That moment magnitude (My) 7.0 earthquake initiated along a fault system that connects the
Puerto Rico Trench and the SITF, part of which marks the northernmost boundary of the Caribbean plate (Fig. 2b).
The Swan Island Transform Fault itself has generated two of the largest earthquake events in the Caribbean Sea - a
M,, 7.3 earthquake in 2009, and a M,, 7.6 earthquake in January 2018 (Fig. 2 — USGS Earthquake Hazards Program
catalogue; https://earthquake.usgs.gov). Motion along these major strike slip faults is linked with seafloor
spreading at the MCSC in the Cayman Trough.

Little is known specifically about the crustal structure of the SITF apart from that revealed by a seismic
reflection profile located across the northern Honduras margin. In that study, Sanchez et al. (2016) define the
margin as an active transform margin separating the Caribbean and North American plates, in which a 120 km-
wide Honduran borderland adjacent to the Cayman Trough is characterized by narrow rift basins with normal
faulting running margin-parallel. Sanchez et al. (2016) attribute the observed crustal thinning to a phase of
Oligocene-Recent trans-tension.

Rosencrantz and Mann (1991) describe the tectonic structure of the seabed within the Swan Islands and
Walton Transform Faults (Fig. 2b) using swath bathymetry data acquired by SeaMARC II, with the SITF
dominated by two major strands that overlap ~70 km west of the Swan Islands. The western lineament runs at an

azimuth of 070° for 275 km from the southwest corner of the Cayman Trough as the seaward continuation of the
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onshore Motagua Fault, while the eastern lineament extends for 320 km towards the southern end of the MCSC,
passing south of the Swan Islands at 077° along a more sinuous trend than in the west. At its eastern end, a shorter
lineament, located 5 km to the north, curves north-eastwards towards and into the MCSC axial rift zone.
Consequently, adjacent to the MCSC the SITF is perhaps more appropriately termed the Swan Islands Transform
Fault Zone.

Based on satellite gravity data, ten Brink et al. (2002) proposed a model of the SITF which suggests that the
oceanic crust for 50 km on either side of the spreading centre is only 2-3 km thick and juxtaposed against 20-30
km-thick continental crust to the south. However, the gravity data lack sufficient resolution to confidently constrain

crustal thickness as do seismic refraction measurements made by Ewing et al. (1960).

2.2. MCSC

The MCSC lies at the centre of the Cayman Trough. It is the deepest known seafloor spreading centre, ranging in
depth from ~4200 m to >6000 m, and magnetic anomalies indicate ultraslow seafloor spreading has been on-going
for the past 45.6 My (Rosencrantz et al., 1988; Leroy et al., 2000). The northern end of the MCSC hosts the world’s
deepest known black smoker system (German et al., 2009; Connelly et al., 2012) including an off-axis, moderate-
temperature sulphide vent known as the Von Damm field. Swath bathymetry data reveals oceanic core complexes
(OCCs) on-axis, with the central one, Mt Dent, hosting the Von Damm 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 and their corrugated detachment surfaces, exposing gabbro and peridotite lithologies at
the seabed in between basalts (Stroup and Fox, 1981; Hayman et al, 2011; Haughton et al., 2019), suggests that the
crust has formed as a result of phases of tectonic and magmatic seafloor spreading (e.g. Olive et al., 2010). Searle
(2012) conclude that along-axis variations in volcanism and tectonism might reflect an underlying, highly laterally
variable crustal structure, including variation in crustal thickness. In fact, existing geophysical data suggest the
Cayman Trough contains some of the thinnest (~3 km) oceanic crust on Earth (Ewing et al., 1960; White at al.,
2001; ten Brink et al., 2002; Harding et al., 2017; Van Avendonk et al., 2017; Grevemeyer et al., 2018a).
Grevemeyer et al. (2018a) subsequently hypothesize that older portions of the Cayman Trough correlate with
predominantly magma-poor seafloor spreading.

The oceanic lithosphere within the Cayman Trough is quite heterogeneous, although overall a melt-poor
system. The nature of the ocean-continent transition between the Cayman Trough and adjacent continental blocks
is similarly remarkable for anomalously deep bathymetry adjacent to steep seabed gradients. Although no seafloor
sampling of the geology of the SITF has been conducted, dredging on the adjacent Walton Transform Fault system
to the east has recovered serpentinized peridotite (Hayman et al., 2011). Elsewhere magma-poor ocean-continent
transitions are associated with significant crustal stretching (e.g. Lavier and Manatschal, 2006). Consequently, at
the Swam Islands margin 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.
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3. DATA ACQUISITION

In April 2015, during the FS Meteor cruise M115 (Grevemeyer et al., 2016; Peirce, 2015), a multi-national project
(CAYSEIS - Crustal accretion and transform margin evolution at ultraslow spreading rates) acquired active-source
seismic, gravity, magnetic and swath bathymetry data along six profiles (called Profiles PO1-P06) in the Cayman
Trough (Fig. 3), together with passive seismic data surrounding the Mt Dent OCC. Here we describe one of these
profiles (Profile P04) located ~70 km to the west of the MCSC spreading axis (Fig. 3), running ridge-axis-parallel
and traversing the SITF and crossing the Swan Island transform ocean-continental margin. Profile P04 runs
approximately parallel to the seafloor-spreading isochrons, through crust that could range from 10 to 12 My in age
depending on spreading rate. The exact spreading rate is difficult to determine with any precision as magnetic
anomalies are poorly defined (Hayman et al., 2011). The profile is located in the region of negative magnetic
polarity just west of anomaly 5 and, therefore, older than ~10 Ma but younger than 12 Ma (Leroy et al., 2000).
Here we assume a half spreading rate of 7.5 mm y' and, for simplicity, refer to the crustal age along Profile P04 as
~10 Ma. Profiles acquired along and across the MCSC are described by Harding et al. (2017 — Profile P02), Van
Avendonk et al. (2017 — Profile PO1) and Grevemeyer et al. (2018a — Profiles P05 and P06).

Along Profile P04, wide-angle (WA) seismic data were acquired with 36 ocean-bottom seismographs
(OBSs) and hydrophones (OBHs) spaced at ~5 km intervals along a total profile length of ~180 km (Fig. 3). 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.

All the OBSs recorded excellent quality data, except OBSs 419 and 422 which failed to record any data or
had unresolvable timing issues. Water waves and first-arriving refracted phases (crustal Pg and mantle Pn) are
observed for all shots, together with variable unequivocal observations of Moho reflections (PmP) and second-
arriving S-waves (Sg); the latter primarily for oceanic crustal regions and the former for continental regions.

Shots were fired using an array of 12 Sercel G airguns of 260, 380 and 520 in® chamber sizes, arranged in
two identical sub-arrays of six guns, towed at 7.5 m depth. The total array volume was 5440 in® (~89 1), 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, for a total of 1169 shots.

Gravity data were acquired port-to-port (see Fig. 2a for the cruise track) using a LaCoste-Romberg/Micro-G
air-sea gravimeter mounted on a gyro-stabilized platform. The meter was provided with a GPS navigation stream
and 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. Swath 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. These profiles were quality control edited before merging with

existing data and gridding at 150 m node intervals.

4. WIDE-ANGLE DATA TRAVEL-TIME PICKING
The variation in seabed depth and sediment cover control the signal-to-noise ratio (SNR) and phase recording

characteristics of each OBS dataset. Prior to travel-time picking, phase types were identified as water wave direct
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arrivals (Ww) and their sea-surface/seabed multiples, crustal refracted arrivals (Pg and Sg) and mantle refracted
arrivals (Pn) by analysis of the OBS data displayed at a range of reduction velocities. Example record sections for
OBSs 410, 420 and 430 are shown in Fig. 4, chosen to represent the three different geological settings: oceanic
crust (OBS 410), OCT (OBS 420) and continental crust (OBS 430).

4.1. Oceanic crust: OBS 410

OBS 410 (Fig. 4a,b) is located on ~10 My-old oceanic crust ~60 km to the north of the SITF, and shows clear
evidence for both P-wave and S-wave refractions. PmP reflections from the Moho 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 and, instead, it is effectively a transition zone.
Crustal Pg arrivals are observed at the nearest shot-receiver offsets as there is little-to-no sediment cover. Pn
arrivals are generally observed at offsets >35 km from the instrument. Pg apparent velocities vary from 3.5 to 6.8
km s for offsets sampling the upper crust, while apparent velocities range between 6.8 and 7.0 km s™ for the lower
crust. Pn arrivals range in apparent velocity between 7.1 and 8.0 km s (Fig. 4a,b). Undulation in first-arrival travel

times is largely a function of variation in seabed topography along profile.

4.2. OCT: OBS 420

OBS 420 (Fig. 4c,d) is located at the SITF, the topographically most variable area along the profile. Although clear
Pg and Pn arrivals are observed, S-waves (i.e. for the entire sub-seabed propagation path) are quite limited. The
general lack of S-wave arrivals suggests that the internal structure of the transform zone acts as a vertical barrier to
lateral propagation. 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 greater than 40 km from the instrument. Pg arrivals are characterized by apparent
velocities between 4.8 and 6.8 km s™ for offsets sampling the upper crust, and between 6.9 and 7.0 km s for the

lower crust. Pn arrivals range in apparent velocity between 7.3 and 8 km s™' (Fig. 4c,d).

4.3. Continental crust: OBS 430

OBS 430 (Fig. 4e,f) is located on the continental slope towards the southern end of the profile. The shallowing
seabed depth to the south of this instrument results in the observed record section asymmetry. Crustal and mantle
refracted arrivals are clearly visible on the record section, together with a set of slower apparent velocity arrivals
over a distance of <3 km either side of 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 >50 km.
Considering both upper and lower crust arrivals together, Pg apparent velocities range between 2.2 and 7.0 km s™,
and Pn arrivals range between 7.4 and 8 km s™' (Fig. 4e,f), which may reflect an apparent thinning of the crust
and/or dip of the Moho. The only PmP arrivals unequivocally observed anywhere along Profile PO4 are observed
by instruments located to the south of the SITF and, even then, they are of low amplitude and sparse. Thus, PmP

occurs in the continental domain rather than being a feature of oceanic crust accreted at the MCSC. Similarly, S-
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waves are generally not observed to the south of the SITF, being of very limited extent on specific OBSs of which

OBS 430 is an example.

5. WIDE-ANGLE DATA INVERSION MODELLING

First-arrival travel times were picked from the hydrophone record for each instrument, as this displayed the highest
SNR. Pick uncertainties of 50 ms for P-waves and 100 ms for S-waves were assigned for each sub-seabed
travelling phase regardless of shot-receiver offset and, thus, turning depth. These uncertainties were calculated
based on instrument and shot location errors and considering the SNR for each phase type. Approximately 21,900
first-arrival travel time picks were made from 34 receiver gathers. Prior to inversion, OBS locations on the seabed
along-profile were accurately 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 was based
on the sound velocity profile used to calibrate the swath bathymetry acquisition system. The model seabed interface
was created by sampling the bathymetry at 0.25 km intervals along-profile, and projecting these and the OBS and
shot locations into kilometre-space relative to 17° 04.744°N / 82° 17.752’W — the first 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 remained constant throughout inversion modelling.

5.1. Inversion process

Pg and Pn first-arrival travel time picks were first 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 could also be used
to test the resolution of the resulting velocity-depth model (Zelt et al. 2003; Zelt and Barton, 2008). The inversion
initial starting model (henceforth referred to as the P-wave initial model — Fig. 5) was constructed with a 1D
velocity model applied beneath a seabed interface, with a velocity of 2.5 km s™ at the seafloor and 8.5 km s at 10
km below sea level (b.s.L.) to represent a constant depth Moho starting point, approximately mid-way between that
of average oceanic and continental crusts. This starting model enabled the greatest modelling freedom within
existing geological constraint but, more importantly, did not impose any structure associated with the SITF or the
OCT, or impose any velocity-depth expectation for the oceanic crust.

The inversion was run in two phases; first, one of five non-linear inversion iterations followed by one of
eight, with the inversion cell size reduced between phases from 2.0 x 1.0 km for phase 1 to 1.0 x 0.5 km for phase
2. The model resulting from phase 1 (Fig. 5 — henceforth referred to as the P-wave interim model) was used as the
starting model for phase 2. After phase 1 the model had a Trums misfit of ~97 ms and a ¥* = ~3.7, improving after
phase 2 to a Trms misfit of ~81 ms and y* = ~2.6 for the final model (Fig. 5 — henceforth the P-wave inversion
model).

As S-wave arrivals were only primarily observed to the north of the SITF, S-wave crustal velocity-depth
modelling (Fig. 6) concentrated solely on the oceanic crust. The resulting model also provides a means to
determine the Vp/Vs ratio which could then be used to characterize the lithology and the spreading regime in which
the oceanic crust formed, using an approach similar to that described by Grevemeyer et al. (2018a). Consequently,

the ~4050 Sg first-arrival travel time picks from OBSs 401-416 were then inverted for S-wave crustal velocity-
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depth structure, with an initial starting model (Fig. 6a — henceforth the S-wave initial model) constructed with a 1D
velocity model applied beneath the same seabed interface, with a velocity of 2.0 km s™ at the seafloor and 5.0 km s°
"at 10 km b.s.l.. The inversion was again run in two phases in the same way as the P-wave inversion, but this time
with the inversion cell size reduced between the phases from 3.0 x 1.0 km for phase 1 to 1.0 x 1.0 km for phase 2.
After phase 1 the model (Fig. 6b — henceforth the S-wave interim model) had a Trus misfit of ~220 ms and a ¥* =
~4.8, improving after phase 2 to a Trms misfit of ~166 ms and x> = ~2.8 for the final model (Fig. 6¢ — henceforth

the S-wave inversion model). The parameters for both P-wave and S-wave inversions are summarized in Table 1.

5.2. Model resolution testing

To test the resolution of both inversion models, checkerboard tests comprising eight iterations were performed (Fig.
7) to determine the smallest structures resolvable by the acquisition geometry and model parameterization (Zelt,
1998). A regular checkerboard of alternating polarity velocity perturbations of £5% was convolved with both the
P-wave and S-wave inversion models and synthetic travel times generated by forward ray-tracing through these
models. Gaussian noise was then added based on the corresponding pick uncertainties. These synthetic travel times
were inverted using the same parameters used to derive the P-wave and S-wave inversion models, with the process
repeated for a broad range of checkerboard cell sizes and patterns. These patterns included lateral and vertical shifts
of 0.5, 1.0 and 1.5 times the anomaly width and depth, and included patterns aligned vertically (columns) and
horizontally (rows), alternating polarity of the checkerboard velocity (positive and negative), half shifts in cells
(across rows and down columns) and all possible combinations thereof — 16 patterns in total. Overall, good
checkerboard recovery was achieved within the crust to a depth below seabed (b.s.b.) of ~3 km for a 2 x 2 km input
anomaly size for the P-wave inversion model (Fig. 7a,b), and a 3 x 2 km input anomaly size for the S-wave
inversion model (Fig. 7j,k). However, below ~8 km b.s.b., the checkerboard pattern was not recovered for any
applied pattern with a vertical cell size of less than 4 km, most likely due to the much sparser ray coverage below
this depth.

To quantitatively assess the results from the checkerboard tests, the correlation between the applied and
recovered checkerboards was calculated for each of the tested patterns (Fig. 7c,f,i,Lo & r). Zelt (1998) refers to this
correlation as semblance, and defines a threshold value of 0.7 as indicating well-resolved regions of a model. The
semblance calculations used the same model dimensions established for the checkerboard tests and show that the
oceanic crust, together with the transform margin and lower continental slope, are well-resolved to the scale of
anomaly variation necessary to determine crustal structure and any lateral variation within it.

In general terms, for an applied +5% velocity anomaly, structures in the oceanic crust of both the P-wave and
S-wave inversion models are consistently constrained with confidence to 4 km-wide by 2 km-deep to a depth of ~8
km b.s.l. for the P-wave (Fig. 7f) and 5 km-wide by 2 km-deep for the S-wave (Fig. 70) respectively, and in the
continental crust to 4 km-wide by 2 km-deep for the upper crust to a depth of ~6 km b.s.l. (Fig. 7f), and 10 km-
wide by 4 km-deep for the lower crust to a depth of ~20 km b.s.1. (Fig. 71) for areas of densest ray coverage.

5.3. Vp/Vs ratio

The P-wave and S-wave inversion models were used to calculate the Vp/Vs ratio throughout the model space to the
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north of the SITF (Fig. 8f — henceforth the Vp/Vs model) with resulting values of <1.9 for the upper crust and >1.9
for the lower crust. Within the upper crust, a ridge-parallel lateral variation in Vp/Vs is observed which correlates
with areas of shallower seabed topography. Horen et al. (1996) and Christensen (2004) found that Vp/Vs ratios
>1.9 are representative of serpentines, and Grevemeyer et al. (2018a) use this marker as a discriminator between
magma-rich (<1.9) and magma-poor (>1.9) crustal formation along a MCSC flow-line profile (P05 & P06 — Fig.
3). The 1.9 Vp/Vs ratio proxy also appears to hold for the ~10 Ma crust along Profile P04 off-MCSC-axis (Fig. 8f),
in particular, suggesting that a region between ~115 km and ~132 km along-profile has a magma-rich origin, while
the adjacent crust more likely formed by exhumation of the lower crust and uppermost mantle to upper crustal

levels.

6. MODEL CONSTRAINTS

The observed free-air gravity anomaly along-profile (FAA — Fig. 9c) provides an independent test of velocity
model uniqueness and gives additional constraint on poorly resolved regions. The P-wave inversion model was,
therefore, converted into a density model (henceforth the constant density model) consisting of 2D polygons with
upper and lower boundaries based on the 4.0, 5.0, 6.0 and 7.0 km s velocity contours, considered indicative of
traditional oceanic crustal layering (White et al., 1992), and where model edge effects were prevented by extending
the density structure for 1000 km beyond the model limits. As part of testing, the veracity of suspected inversion
artefacts was also investigated at this point, particularly those located beneath the continental slope and transform

fault regions of the model.

6.1. Initial modelling

As a starting point, the Carlson and Raskin (1984) standard velocity-density relationship for the oceanic crust was
applied to construct the initial constant density model, with a density defined for each layer with depth within the
crust of 2600, 2700, 2900 and 2950 kg m™, a density of 1030 kg m™ assigned to the water column, and 3330 kg m™
for the mantle. The expected FAA (Fig. 9¢c) was then calculated using grav2d, modified from the original
programme written by J.H Luetgert based on the algorithm of Talwani et al. (1959), and compared to the observed
FAA (Fig. 9c¢).

Although mirroring the general along-profile wavelength variation in the FAA, unsurprisingly given the
simple starting density structure, a significant regional mismatch is observed with the calculated FAA being too
high to the south of the SITF and too low to the north. We therefore divided this starting density-depth model into a
series of lateral zones within which the density could be independently adjusted within each layer of each zone.
Modelling was then progressed to determine the density-depth structure required to achieve the best fit to the
observed anomaly (to within +£5 mGal error along the entire profile length), including regions poorly constrained by

seismic ray coverage at the lateral extremities of the model.

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 again applied for oceanic crust as a starting point,
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even though it does not distinguish serpentinized mantle vs. mafic mantle or accommodate anomalously low-
velocity or density fractured basalt. This model was chosen so that no preconceived idea for velocity-density-depth
structure was imposed into the model initially, other than that of oceanic crust.

For the continental crust, in regions where the velocity is greater than 6 km s', 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™, so the relationship of Ludwig et al. (1970) was used
for these regions of the model. The densities assigned to each of the 31 blocks for modelling, including
incorporating a lateral density gradient within the mantle to match the longer wavelength component, are
summarized in Table 2.

The calculated anomaly (Fig. 9c), although now a good fit along the majority of the profile, retains a
mismatch in the region of the SITF. Consequently, further blocks were added vertically beneath the seabed extent
of the SITZ (Fig. 9b) and the resulting fit to the observed FAA is shown in Figs 9c,d. To achieve this best fit
(henceforth the density model) higher densities of 2700, 2800, 3000 and 3100 kg m™ were required in these blocks.

6.3. Inversion artefacts

The best-fit density model was used to appraise the P-wave and S-wave inversion models to identify anomalies
likely to be artefacts of the inversion process itself, such as velocity upward or downward smear, or a result of gaps
in the ray coverage, such as that caused by OBSs 419 and 422 which did not record usable data. The primary areas
of inversion artefact identified (Fig. 9b) are associated with deeper parts of the model, which gravity modelling
suggests have more rapid lateral change in depth; for example, on the southern edge of the SITF (along-profile
distance ~80 km) and where the continental-type crust appears to have undergone further thinning (along-profile
distance 40-60 km). Here, the best-fit density model shows the more likely crustal structure.

However, for the shallower parts of the model the lateral variation in upper crustal structure appears to be
real, since it is required to produce the shorter-wavelength fit between the observed and calculated anomalies. Of
particular note are the two highs in the 5.5 km s™' contour used to mark the top of the lower crust (Fig. 9b), that are
required to match positive anomalies each of ~20 km wavelength in the observed FAA. Consequently, the density
model is considered to be a valid, although smoothed, representation of the structure of the crust, and the P-wave
and S-wave inversion models are considered valid for areas of any ray coverage, even those limited to less than 100

cell hits as part of inversion modelling (cf. Fig. 9b with Figs 5 & 6).

6.4 Along-flowline implications

Profile P04 runs MCSC-parallel off-axis through ~10 My-old oceanic lithosphere and both its P-wave and S-wave
inversion models and the density model suggest along-axis variation in velocity and density structure, most likely
inherited as part of oceanic crustal formation at the ridge axis. To investigate this inheritance, the regional satellite
FAA (Fig. 10b — Sandwell and Smith v24 — Sandwell and Smith, 2009) was compared with the bathymetry in the
first instance. To remove the effect of variable water depth, its contribution to the FAA was subtracted to yield the

Bouguer anomaly (BA — Fig. 10b). Then a constant density, constant layer thickness oceanic crustal model, derived
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from the density model, was used to calculate a crustal contribution which was subtracted to produce the mantle
Bouguer anomaly (MBA — Fig. 10c) following the approach of Parker (1972).

Both the BA and MBA show that crustal formation at the MCSC appears to have been highly asymmetric
both across- and along-axis for at least ~10-15 My, with positive anomalies concentrated on the western flank and
in the northern section of the eastern flank, in the vicinity and to the north of the current location of the Mt Dent
OCC. Positive anomalies in the BA and MBA would result from either the crust being thinner or more dense, or
both, than that used to undertake the calculation (4 km and 2700 kg m™ respectively). To consider the thermal
affects associated with phases of magma-rich spreading, the thermal anomaly was calculated using the approach
outlined in Peirce et al. (2001) and Peirce and Navin (2002), following the method of Forsyth (after Phipps Morgan
and Forsyth, 1988; as developed from Forsyth and Wilson, 1984). When subtracted from the MBA, this results in
the residual mantle Bouguer anomaly (RMBA — Fig. 10¢e). A further datum of 57.5 mGal was then subtracted to
provide the RMBA residual (Fig. 10f), which more clearly shows areas of positive and negative anomaly that may
indicate the distribution of crust formed under magma-poor and magma-rich conditions. Caution should be taken in
interpreting the RMBA since the thermal structure applied represents the assumption of a predominance of
magmatic accretion at the ridge axis when this may not have always been the case.

The region of crust suggested to have a magma-rich origin by the Vp/Vs ratio (~115 km to ~132 km along-
profile distance), corresponds to a hiatus in the more positive anomaly regions in the RMBA residual.
Consequently, it may also be used as an indicative proxy to show which crust within the wider Cayman Trough
formed via magma-rich accretion, and which during a phase dominated by tectonism. In particular, the RMBA
residual suggests that the MCSC in the vicinity of the Mt Dent OCC may currently be in a magma-rich phase,
while the remainder of the ridge axis to within ~30 km of the SITF, is tectonically stretching. From here to the
SITF, the RMBA residual suggests either a thicker crust or a lower density crust than that of the background
calculation model. Since the P-wave inversion model does not suggest a much thinner crust in this region, this
anomaly pattern may instead suggest that this part of the ridge axis, and the crust on both flanks, is cooler than
further along-axis to the north. The corresponding blocks of the density model also have higher densities than those

to the north which supports this conclusion.

7. MOHO — A BOUNDARY OR TRANSITION?

As a means of further testing the features of the inherently smoothed and interface-free P-wave inversion model
and determining which velocity contour best represents the Moho and what its characteristics are along-profile, the
P-wave inversion model was converted into a node-specified model with distinct layer boundaries incorporated.
The 5.5 km s velocity contour was used to define the upper-to-lower crust transition and the 7.0 km s™ velocity
contour chosen to represent the base of crust in the first instance (Fig. 11a). The observed first-arrival travel time
picks (Pg and Pn phases) were then forward point-to-point ray-traced using rayinvr (Zelt and Ellis, 1988; Zelt and
Smith, 1992 — Fig. 11b) to first appraise the validity of phase assignment, particularly given the effect of variation
in seabed topography on arrival trend with offset within each record section, and then to further test the model fit

and confirm the identification of likely artefacts (Fig. 9b).
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Although the model (henceforth the forward model) is simpler in structure than its inversion equivalent, it
still retains the lateral velocity anomalies in the upper crust, a thinned continental crust and a sharp lateral velocity
transition associated with the SITF. The result of this modelling for OBSs 410, 420 and 430 is shown in Fig. 11b
(ray diagram) and Figs 11c-e (travel time pick fits). As this modelling was undertaken to test where crustal layer
interfaces might exist and what their characteristics are, ray-tracing was undertaken without adjusting any layer
velocity or ascribed interface depth. Consequently, the resulting misfit should be regarded as indicative for all
phase types combined, and not as the best fit that might be achieved if layer velocities and interfaces were further
adjusted. The forward model has a Trus misfit of ~152ms and a y* of ~9.2 for the ~21,900 travel time picks for all
OBSs combined, with some individual instrument y* fits as small as ~1.7. The larger misfits occur for OBSs
located on the inside corner north of the SITZ, and for those in the shallowest water depths on the continental shelf.

The apparent absence of PmP phases to the north of the SITF may indicate that a distinct Moho interface
may not exist with there instead being a transition zone from crust to mantle. Consequently, a forward predictive
ray-tracing approach, tracing all potential PmP arrivals through the model, was also adopted not only to test the
appropriateness of the selected base of crust marker (7.0 km s™ velocity contour), but also the likelihood that it is a
distinct interface rather than a transition zone, and if so, where it exists. The process was undertaken in two ways: 1)
tracing all possible PmP ray paths through the model — i.e. a predictive phase identification free approach; and b)
point-to-point ray-tracing the picks identified as Pg, reassigned as Pn phases instead — i.e. only those that satisfy a
Pn pathway through the model would be traced if the original identification was incorrect. Examples are shown in
Fig. 11 for OBSs 410 (sited on oceanic crust), 420 (sited in the OCT) and 430 (sited on the continental margin)
with the calculated phases also compared to the observed data in Figs 4b,d & e, respectively.

This modelling confirmed that PmP arrivals would only be observed to the south of the SITF. The
implication of this result is that, elsewhere, 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.
Consequently, the 7.0 km s™' contour can be regarded as marking the base of the crust where a distinct Moho exists
and also the top of a gradient transition into the mantle elsewhere. Secondly, the modelling also suggests that, in
the vicinity of SITF, the inversion modelling images the base of a zone of either lower crustal metamorphism or
upper mantle serpentinization, with a thinner crust of higher density and velocity above, beneath the entire width of

transform fault zone.

8. MODEL SIMILARITY AND UNIQUENESS

The forward, P-wave and S-wave inversion and density models are consistent within their associated uncertainties.
As such, these models can be viewed, collectively, as a well-constrained and unique view of the sub-surface
geological structure along a transect crossing the Cayman Trough, the Swan Islands Transform Fault Zone and
Honduran continental margin. The features of these models will now be discussed in the context of both oceanic
crustal accretionary processes on-going at the Mid-Cayman Spreading Centre and the evolution of transform
continental margins. For this purpose, we assume that the 7.0 km s 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 P-wave models (Fig. 12a-e), by comparing them to standard velocity-depth
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compilation envelopes [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. 8b) exhibits a generally smooth and interface-free velocity pattern that largely
mirrors the seabed topographic highs and lows. The model can be divided into three primary domains based on
velocity-depth profiles relating to continental-type crust to the south of the SITZ (~80 km along-profile distance —
Fig. 12a), the SITF itself (~80 km to ~87 km along-profile distance — Fig. 12b), and the oceanic crust to the north.
The oceanic domain can further be divided into three zones based on apparent crustal thickness variation and
velocity within the upper crust (Figs 12c-e).

To the south of the SITF the continental crust appears to be, on average, ~14.5 km-thick to an along-profile
distance of ~60 km, where it starts to thin quite rapidly to ~80 along-profile distance. Here the continental-type
crust is ~10 km-thick and has a sharp, near-vertical transition located in the vicinity of a region observed at the
seabed to be more densely faulted (Fig. 8a). Velocities beneath the seabed of 2.5 km s suggest a sediment cover
for most of this section of the model, with the transition between upper and lower crust marked by the 5.5 km s™
velocity contour. The geometry of this contour suggests that the upper-to-lower crust transition may have a horst-
graben-like structure, with the rapid lateral change in velocity suggesting that they are bounded by high-to-
moderate angle normal faults. The consistent upper crustal velocity-depth structure beneath the continental margin
implies that the variation in crustal thickness is accommodated by 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 thickness at ~23
km-thick at the southernmost end of the profile, and the stepped nature of the thinning northwards along profile
implies that it may have occurred in multiple phases: firstly, to 23 km-thick associated with initial Honduran
continental margin rifting; secondly, to ~14.5 km-thick over ~20 km beneath the current upper continental slope;
and finally, to ~10 km-thick for ~30 km to the south of the SITZ, both of the latter associated with transform
margin development.

The oceanic-type crust formed at the inside ridge-transform corner (~87 km to ~110 km along-profile
distance — Fig. 12c), is the thinnest (~3 km) observed anywhere along-profile, which suggests that its formation
process is different. Possible causes could be reduced mantle upwelling or that the ridge axis experienced a higher
rate of cooling. Either heat conduction across the transform margin boundary, or enhanced hydrothermal
circulation by fluid ingress into the transform fault system, or both, could result in such cooling. Moving
northwards, between ~110 and ~135 km along-profile distance (Fig. 12d), here the oceanic crust is thickest (~5 km)
and has higher velocity at shallower depths than observed elsewhere along the oceanic part of the profile. The
additional crust appears to be related to a thicker section of lower crust. This structure suggests that this oceanic
crust formed under more magma-rich conditions, and that the matching seabed topographic highs are volcanic in
origin. Further north, for the remaining ~45 km along-profile (Fig. 12e), the velocity-depth structure is more
consistent laterally, with an average crustal thickness of ~4 km. In general, at the seafloor velocities vary between

2.7 and between ~4.5 km s, while at the bottom of the upper oceanic crust they range between 5.5 and 6.0 km s™,
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defined as the point of change in vertical gradient. The lower oceanic crust generally has velocities higher than, on
average, 6.0 km s'. At the SITF (~80 to 87 km along-profile distance) the inversion suggests a very thin crustal
section of ~2 km, as expressed by the very shallow depth of the 7.0 km s velocity contour.

8.2. S-wave inversion model

The S-wave inversion model (Fig. 8c) exhibits a generally smooth and interface-free velocity pattern that also
largely mirrors the seabed topographic highs and lows. The model can be divided into three domains, and the depth
of the 7.0 km s™ P-wave velocity contour again used to define the base of crust. This contour mirrors the 4.0 km s
S-wave velocity contour. Although generally more laterally variable, particularly in the lower crust, features are
well resolved by ray coverage at a scale of 10 km-wide and 4 km-deep for the lower crust, and 4 km-wide by 2 km-
deep for the upper crust (Fig. 7f,i). The most notable feature of this model is the region between ~115 km to ~135
km along-profile distance (Fig. 8d) that has elevated S-wave velocities at shallow crustal depths, and is interpreted
as having formed during a magma-rich period based on the P-wave inversion model. In general, at the seafloor
velocities vary between ~1.5 and ~2.5 km s™, while at the bottom of the upper oceanic crust they range between 2.5
and 3.0 km s™', based on the depth below seabed of the 5.5 km s™' P-wave velocity contour. The lower oceanic crust
generally has velocities higher than, on average, ~3.2 km s'. The lowest velocities observed along profile lie in the
crust at what would have been, on axis, the transform fault-ridge axis intersection (~90 km to ~100 km along-

profile distance — Fig. 8d), which may suggest that this area is pervasively cracked and fractured.

8.3. Comparison with CAYSEIS Profiles P02 and P06

Profile P04 intersects directly with Profile P06 (Grevemeyer et al., 2018a) at ~112 km along-profile distance (Figs
3 & 8). It also runs within ~20 km along-flowline distance of Profile P02 (Harding et al., 2017) at ~137 km along-
profile distance. The analysis of the seismic data acquired along both of these profiles was undertaken by
tomographic inversion and so it is appropriate to compare their models with the P-wave inversion model to
determine consistency. The comparison with Profile P06 at the intersection point is shown in Fig. 8c, and with the
extrapolation of the end of Profile 02 in Fig. 8e. Given that the modelling has been undertaken independently using
three different tomographic approaches, these models are remarkably consistent, which adds confidence to their
uniqueness.

Focusing on the intersection of Profiles P04 and P06, Grevemeyer et al. (2018a) conclude that the crust lies
within the transition between a phase of magma-rich to magma-poor formation, with the crust to the west of Profile
P04 progressively thinning and to the east thickening, largely by a thickening of the lower crust. This provides a
three-dimensional perspective of a waxing and waning magma supply and not simply a focused delivery to the
ridge axis. It also suggests a component of along-axis migration, or flow, associated with more magma-rich
periods, since this apparently magma-rich region along Profile P04 occupies a mid-segment setting. Consequently,
the birth and death of OCCs formed at the ridge axis may be triggered by the episodic arrival of magma, and the
distance over which it can migrate along-axis; the OCCs developing at that limit as the influx wanes. This may
explain why the OCCs observed to date (either active or inactive and preserved off-axis) are found to the north

along-axis, since the RMBA residual suggests a more northerly focus of magma replenishment. This conclusion is
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consistent with the interpretation of the crustal model for along-axis Profile PO1, which shows thicker crust to the
south of the Mt Dent OCC and suggests a recent magma event underlying the Beebe Vent field (Van Avendonk et
al., 2017).

8.4 Forward model

The forward model (Fig. 11a) comprises two main structural subdivisions: continental crust between 0 km to ~80
km along-profile distance, and oceanic crust at greater profile distances. The OCT is marked by an ~10 km-wide
SITF that is characterized by a higher velocity at shallower depth than observed in the crust on either side, and a
rapid lateral change in velocity particularly within the lower crust. The corresponding bathymetry (Fig. 8a)
suggests that the fault may not only have a component of left-lateral movement, but also a displacement in the
north-south direction, making this a ~10 km-wide trans-tensional system with an abrupt transition to the adjacent
margin crust contained largely within the lower crust.

In turn, the density anomaly suggests that this fault zone enables significant water ingress into the lower
crust and uppermost mantle facilitating metamorphism, with fracturing within a relatively narrow and sub-vertical
network effectively blocking the transmission of S-waves propagating from shots fired to the north of the SITF.
Such a fault network would explain why Sn arrivals are not observed, despite the better sensor coupling to the
seabed due to the thin covering of sediment on the continental slope.

South of the SITF, the continental margin crust has a maximum thickness of ~19 km at ~30 km along-profile
distance at the limit of the ray coverage, while the density model suggests the crust reaches a thickness of ~23 km
by the southern end of the profile. This thinning of ~14 km over a distance of ~80 km, is largely accommodated by
thinning of the lower crust. Although not required by either seismic model to achieve a good fit, gravity modelling
suggests that the base of the crust beneath the continental slope may have a step-like geometry.

The velocities increase from <2.5 km s at the seafloor to 7.0 km s™ at the Moho which is higher than
expected for continental crust (after Christensen and Mooney, 1995) and may be evidence for terrains having been
accreted to the Honduras margin. When compared to standard continental velocity-depth envelopes (e.g.
Christensen and Mooney, 1995) the crust is identified as thinned continental in type (Fig. 12a,b), and is consistent
with global averages in continental margin settings (e.g. Peirce et al., 1996; Greenroyd et al., 2007, 2008).

The oceanic crust has a relatively consistent thickness in velocity-depth profiles along-profile (Fig. 12c-¢), at
~4.0 km on average towards the north and ~5.0 km on average towards the SITF (inside corner). At the seafloor,
velocities vary between 2.7 and between ~4.5 km s™', while at the bottom of the upper oceanic crust they range

between 5.5 and 6.0 km s™'. The lower oceanic crust has a velocity of 6.0 km s™ in its upper part.

8.5. Differences between P-wave inversion and forward models

Although the forward modelling was only undertaken to test the result of the interface-free inversion approach and
identify likely artefacts, the P-wave inversion and forward models do have notable differences (Fig. 13) where the
velocity contrast at equivalent crustal depth exceeds +0.5 km s™'. The primary differences are located in the upper-
to-lower crustal transition between the continental slope where the forward model suggests higher velocities than

the P-wave inversion model. However, this upper crustal increase is mirrored in the lower crust of the P-wave
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inversion model by a higher velocity than the forward model — interpreted as a compensation feature commonly
observed in inversion-derived models. Generally, throughout the oceanic crust the P-wave inversion model tends to

show higher velocities except in the region of crust considered likely to have had a more magma-rich formation.

9. DISCUSSION

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

Recent studies conducted within the CAYSEIS context (Harding et al., 2017; Van Avendonk et al., 2017;
Grevemeyer et al., 2018a) conclude that oceanic crustal formation at the MCSC is dependent on a temporal
fluctuation of magmatism, reflecting the change from magma-rich to magma-poor spreading conditions over
several million years. Harding et al. (2017) propose that a pulse of on-axis magmatism at about 2 Ma generated the
Von Damm vent field, an axial-flank hydrothermal vent near the summit of the Mt Dent oceanic core complex.
Prior to this magmatic pulse, magmatism in this central portion of the MCSC was low and seafloor spreading
produced either thin crust or smooth, mantle-dominated seafloor. Van Avendonk et al. (2017) conclude that MCSC
magmatism has been intermittent, or episodic, for the last 20 My with the seismic crustal structure of the axial
valley showing two magmatic-tectonic segments along-axis. In a separate investigation, based on geological
information at the seafloor, Haughton et al. (2019) hypothesize that magmatic intrusions propagated southward
along the northern axial volcanic ridge and intersect Mt Dent. Haughton et al. (2019) also propose that the seafloor
immediately to the east of Mt Dent is volcanic and possibly formed by magmatic events that crosscut, and
potentially deactivate, the detachment.

In contrast with Haughton et al.’s (2019) hypothesis for the region east of Mt Dent, Van Avendonk et al.’s
(2017) velocity-depth model suggests that exhumed mantle exists at the boundary between the two segments, while
volcanic crust occupies most of the axial valley seafloor, as shown by the gradual increase in seismic velocity to
7.5 km s at a depth of 5 km close to Mt Dent, that is interpreted as unroofed and partially hydrated mantle rocks
rather than new igneous basement. This observation agrees with Hayman et al. (2011), who report that serpentinites
were recovered from the seafloor in the vicinity. According to Hayman et al. (2011), the 2 My-old basement of Mt
Dent consists of mantle rocks intruded by gabbros, with an inward-dipping detachment fault marking the western
rift valley wall, exhuming plutonic and upper mantle rocks as an OCC. This detachment fault may have facilitated
water ingress and deep hydration of the lithosphere of the axial valley adjacent to the OCC. Van Avendonk et al.
(2017) postulate that fault slip, either on this detachment or on new normal faults dissecting the OCC, could
accommodate the current extension across the central MCSC. Furthermore, the presence of low-velocity zones
within the two spreading regions is also noted, which are interpreted as mush zones resulting from an along-axis
magma migration, consistent with abundant volcanic rock outcrops in the axial basins (Hayman et al., 2011).

Grevemeyer et al. (2018a) show that seafloor spreading dynamics at the MCSC switched between episodic
phases of magma-rich and magma-poor oceanic crustal formation, including exhumation of serpentinized mantle.
Using a Vp/Vs of 1.9 to discriminate between serpentinized mantle (>1.9) and magmatically accreted crust (<1.9),
they conclude that to the west of the ridge axis seafloor younger than 10 My has been magmatically accreted, while
older seafloor is characterized by exhumation of serpentinized peridotite. Each phase of magma-rich and magma-

poor formation lasts about 2 My. The eastern ridge flank exhibits, overall, features similar to those of the western
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flank, although the durations of periods of magma-rich versus magma-poor spreading are distinctly different.

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), our
results show a generally thin oceanic crust (~4 km-thick) along the ~10 My isochron, suggesting that it formed
during dominantly magma-poor/tectonic spreading conditions. However, between ~115 km and ~132 km along-
profile distance, a localized period of magma-rich crustal formation appears to have occurred during this time. The
velocity-depth crustal structure supports this observation, with higher velocities correlating with topographic highs
that have been interpreted as volcanic in origin, and a Vp/Vs ratio similarly having an along-axis variation (Fig. 8).
The apparent absence of PmP arrivals suggests a transition zone into the oceanic mantle, which could be
interpreted as a consequence of water ingress down detachments and metamorphism of the lower crust/upper
mantle. These same detachments may also have exposed mantle peridotite at the seafloor.

Following Grevemeyer et al.’s (2018a) approach, we use the Vp/Vs ratio to distinguish between serpentine-
vs. non—serpentine-dominated crust (Fig. 8f) in addition to a more gradual corresponding increase in velocity with
depth. We show that, off-axis, a 1.9 Vp/Vs discriminator remains valid and that it may also be used to mark the
transition between upper and lower crust. The Vp/Vs model (Fig. 8f) also shows that the bathymetric highs along
Profile P04 are volcanic constructs.

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-
transform intersection (now relict at ~10 My off-axis) being tectonically dominated. This hypothesis of very
focused magma delivery along-axis, such that regions of tectonic and magmatically formed crust may be inter-
dispersed, would be consistent with observations of ultramafic and mafic gabbroic rocks dredged from the seabed
(Hayman et al., 2011).

Adjacent to the SITF, our model shows that thin tectonized oceanic crust or serpentinized mantle abuts
against thinned continental crust across a sharp transition located at the approximate centre of the bathymetric
depression. This suggests that repeated earthquake rupture is focused along this very narrow zone along which
several tens of kilometres of rupture occurs. As such, the transform fault represents a highly tectonized transition
zone to the oceanic crust to the north. This interpretation is supported by the high velocity/high density correlation,
which could be explained as zone of fracturing acting as a conduit for fluid that has altered both crustal and

uppermost mantle rocks.

9.2 Swan Islands transform ocean-continental margin
Beneath the Swan Islands (Honduran) margin seismic modelling shows that the continental crust is relatively thin
at ~15-18 km-thick below effectively the entire shelf and slope region, when compared to that expected (Fig.
12a,b). The density model, which provides better constraint on crustal thickness at the southern limit of the model,
suggests the crust is 23 km-thick. At its thinnest adjacent to the SITF, the continental crust is ~10 km-thick having
further thinned by 13 km over a distance of ~80 km; yielding a thinning of more than 50% over this distance.

Such continental crustal thinning is supported by Sanchez et al. (2016), who analyse satellite potential field

data to conclude that generally low Bouguer anomalies represent thicker crust under the margin relative to further
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offshore. Their modelling suggests a progressive increase in crustal thickness from around 5-10 km in the Cayman
Trough, to 20-25 km in the northern Honduran borderlands. In addition, Sanchez et al. (2016) also study the
continental crustal characteristics in the southern Honduran borderlands and interpret the thin crust revealed by the
gravity and magnetic data as resulting from rifting associated with Jurassic and Cretaceous extension, driven by the
proto-Caribbean rifting and oceanic spreading that developed as the North American and South American plates
moved apart. However, continental crustal thinning can be dramatically different between transform margins as
shown by several studies conducted at margins in stage 3 (passive stage) of their evolution, where gravity and
wide-angle seismic models suggest that the continental crust thins sharply 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. Edwards et al. (1997) also note that the
Ghana ocean-continent boundary is characterized by high density (3100 kg m™), high velocity (5.8-7.3 km s™') and
high magnetization (1.10-1.25 A m™). They suggest that this zone may be a consequence of either intrusion by
basic igneous rocks or serpentinization of upper mantle material.

In the case of the SITF, the OCT is characterized by high velocity at shallower depths similar to Edwards et
al.’s (1997) model for the Ghana margin, and by high densities. We explain the high-density anomaly to result from
water ingress into the lower crust and uppermost mantle through the fracture system, facilitating metamorphism,
with fractures concentrated within a relatively narrow and sub-vertical network. Contrasting conclusions are drawn
by Greenroyd et al. (2007, 2008), who studied two profiles offshore French Guiana, crossing the French Guiana
continental margin and the Demerara Plateau. Here the pre-rift continental crust is 35-37 km-thick, while at the
oceanward end of each transect the oceanic crust is 3.5-5.0 km-thick. At the Demerara Plateau the continental crust
thins abruptly over a distance of 70 km, adjacent to a 45 km-wide ocean-continent transition zone. Offshore French
Guiana more gradual thinning occurs over 320 km adjacent to an abrupt transition to oceanic crust. Greenroyd et al.
(2007, 2008) explain such wide zones of continental crustal thinning as resulting from trans-tensional motion.

At the SITF, continental crustal thinning occurs over a distance of ~80 km adjacent to a sharp OCT <10 km-
wide. However, in contrast to the margins described above, the SITF is currently an active transform margin, across
which the plates continue to drift with a prevalent left-lateral strike-slip motion as evidenced by earthquake focal
mechanisms (Hayman et al., 2011; Graham et al., 2012). Thinned old continental crust, resulting from the
Jurassic/Cretaceous rifting process (Sanchez et al., 2016) is, thus, then juxtaposed against very thin and young
oceanic crust formed at the MCSC. The thin oceanic crust adjacent to the SITF could, therefore, be the
consequence of a reduction in melt generation at the ultraslow Mid-Cayman Spreading Centre as a result of
conductive heat loss in the slowly rising mantle, or due to a reduced magma budget at the tips of the ridge segments

adjacent to oceanic fracture zones (White et al., 1984, 1992; Minshull et al., 1991).

9.3 Larger-scale processes
Our modelling suggests that the continental crust of the Honduran margin was most likely already thinned prior to
onset of transform margin development, with there being no evidence for that rifting taking place in a magma-

enhanced stretching environment. Our modelling also suggests that on-going transform margin formation further
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stretched this crust to less than half of its pre-transform margin initiation thickness. Consequently, at the Swan
Islands margin at least, ocean-continent transform development involved stretching of the adjacent continental
crust.

Furthermore, the oceanic crust that formed in the inside corner position of the intersection between the
transform fault system and the ridge axis, occurred in a magma-poor environment (Reston et al., 2009). This may
have resulted from reduced mantle upwelling or enhanced cooling either by the adjacent older, cold continental
crust or by an enhanced fluid cooling system, able to reach a significant depth as a result of the fracturing and

faulting associated with transform motion, which appears to have had a trans-tensional component.

10. CONCLUSIONS

New velocity-depth and density-depth models for the Swan Island transform margin have been presented for an
~180 km-long transect that also traverses ~10 My-old oceanic crust generated at the Mid-Cayman Spreading
Centre. These models are consistent and robustly tested and we summarize their interpretation as follows:

1) the oceanic crust accreted at the ultraslow MCSC is ~4 km-thick and most likely formed during a period of
predominantly magma-poor/tectonic spreading both along- and across-axis;

2) Vp/Vs ratio variation along-profile suggests focused and episodic magma-rich crustal formation within a
20 km-wide region corresponding with off-axis bathymetric highs, making them most likely volcanic in
origin;

3) off-MCSC-axis, a Vp/Vs ratio of 1.9 is a valid discriminator between serpentine- vs. non-serpentine-
dominated crust as well as a discriminant between upper and lower crust;

4) in between the OCCs the crust appears to have been magmatically accreted and, given the crustal
thickness, under “just enough” magmatic conditions suggesting, in turn, focussed magma delivery to the
ridge axis;

5) the continental crust beneath the Honduran margin is thin, and thins in multiple phases by a further ~13 km
over a distance of ~80 km towards the SITF;

6) the SITF is an ~5-10 km-wide fault zone at the southern edge of the Cayman Trough crust, bound to the
south by a sharp transition between oceanic- and continental-type crusts; and

7) the Swan Island stage 2 (drifting) transform continental margin is characterized by a ~20 km-wide trans-
tensional system, that accommodates left-lateral strike-slip motion between North American and Caribbean

plates, and has corresponding higher velocity and density anomalies within the crust.
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TABLES

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

Inversion parameter P-wave model S-wave model

sz 0.125 0.125

alpha 0.95 0.95

lambda0 100 100

lambda reduction factor 1.414 1.414
inversion cell — horizontal 2.0 km 3.0 km
first phase vertical 1.0 km 1.0 km
inversion cell — horizontal 1.0 km 1.0 km
second phase vertical 0.5 km 1.0 km

Table 2. Summary of density model block densities.

Crustal region Density
kg m’
continental crust
upper 2600-2700
lower 2800-2950
mantle 3310-3315
oceanic crust
upper 2500-2750
lower 2900-3060
mantle 3320-3340

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

i)

i

iii)

= direction of extension

= direction of spreading
= thick continental crust
[ thinned continental crust
(] oceanic crust

= oceanic spreading centre
[ | obliquely extended crust
<— oceanic transform

iv)

Figure 1. Conceptual model of transform margin evolution (Peirce et al., 1996; Greenroyd et al., 2007, after
Mascle and Blarez, 1987; Mascle et al., 1997) through a series of stages comprising: (i) Stage 1 — rifting: initial
intracontinental transform rifting; (ii) Stage 2 — drifting: continental crust thins in rift segments separated by
transforms; and (iii) Stage 3 — aging: oceanic spreading results in the juxtaposition of old continental lithosphere
against young oceanic lithosphere. iv) Eventually fossilization occurs as lateral motion across the fracture zone
ceases. The Swan Islands margin is an example of a transform continental margin in the drifting (Stage 2) phase of

evolution in a proximal mid-ocean ridge setting.
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Figure 2. 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 M,, >7 events (USGS Earthquake Hazards
Program catalogue; https://earthquake.usgs.gov). Study area is outlined by the black box. b) Oceanic crustal age
(after Miiller 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., 2007a).
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Figure 3. Cayman Trough and adjacent Honduran continental shelf and slope bathymetry. Profile P04 (solid black
line) and OBSs (white dots) are marked. Red dots highlight OBS 410, OBS 420 and OBS 430 whose record
sections are shown in Fig. 4. Dashed red line shows the Swan Islands Transform Fault (SITF) and the OTF, with
red arrows showing its left-lateral slip direction and the spreading direction of the MCSC. Other profiles from the
CAYSEIS experiment are shown by labelled black dashed lines. The Mt Dent OCC is labelled and earthquake

epicentres are marked by yellow stars.
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Figure 4. Example hydrophone WA refraction data sections (see Fig. 3 for location). a) Record section for OBS
410 plotted with a reduction velocity of 8 km s™' and a 1-2-20-30 Hz band-pass filter. Horizontal axis shows along-
profile distance (cf. Figs 5-9,11,13). b) Record section for OBS 410 showing observed water wave (Ww - black),
crust and mantle P-wave (Pg and Pn - blue), and crustal S-wave (Sg - green) 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. 11) is also shown (red). c-d) Record sections for OBS 420. e-f) Record sections
for OBS 430. Note: to the south of the SITF, PmP reflections are observed at ~55 to 80 km offsets on a number of
OBS:s.
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Figure 5. Inversion modelling. a) P-wave initial model. b) P-wave interim model. c) Best-fit P-wave inversion
model. See text and Table 1 for approach and parameters adopted. ¥ fit, the r.m.s. misfit (Trms) and the number of
travel time picks are labelled for each stage. Velocity contours are plotted at 0.5 km s intervals. 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 410, 420 and 430 highlighted in red, and OBSs 419

and 422 in green.
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Figure 6. Inversion modelling. a) S-wave initial model. b) S-wave interim model. ¢c) Best-fit S-wave inversion
model. See text and Table 1 for approach and parameters adopted. ¥ fit, the r.m.s. misfit (Trms) and the number of
travel time picks are labelled for each stage. Velocity contours are plotted at 0.5 km s intervals. d) Cell hit count
indicatively showing ray coverage used to mask the S-wave inversion model in other figures. In all parts, OBS
locations are marked by inverted black triangles, with OBSs 410, 420 and 430 highlighted in red, and OBSs 419

and 422 in green.
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Figure 7. Checkerboard resolution testing of the P-wave inversion model (left) and S-wave inversion model (right).
a) Checkerboard applied to the P-wave inversion model with a 2 x 2 km pattern size and 5% velocity anomaly. b)
Recovered checkerboard. ¢) Semblance masked by ray coverage. A semblance of 0.7 is used as the good resolution
threshold. % fit is annotated. A good resolution is achieved for the top 2-3 km of the crust. d-f) Checkerboard
testing with a 4 x 2 km and 5% velocity anomaly checkerboard. A good resolution is achieved to ~5 km depth in
the crust. g-i) Checkerboard testing with a 10 x 4 km and 5% velocity anomaly checkerboard. A good resolution is
achieved to below Moho depth. j-1), m-o0) and p-r) Equivalent checkerboard resolution testing of the S-wave

inversion model with cell sizes as annotated.
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Figure 8. Comparison between P-wave and S-wave inversion models. a) Swath bathymetry. OBS locations (black
dots/inverted triangles) shown in all parts, with OBSs 410, 420 and 430 (red dots/inverted triangles) and OBSs 419
and 422 (green dots/inverted triangles) highlighted. CAYSEIS Profiles P06 (intersecting) and P02 (extrapolated for
20 km beyond end of profile) are marked by dot-dashed lines. b) P-wave inversion model plotted with velocity
contours at 1.0 km s intervals. The 5.5 km s™ contour marks the upper-to-lower crust transition, while the 7.0 km
s”' contour defines the Moho (black solid lines). The 7.5 km s™ contour is also shown for reference (black dashed
line). Solid red line marks the region of Profile P04 formed during a magma-rich phase at the ridge axis. ¢)
Comparison between P-wave velocity-depth models for Profiles P06 and P04 at their intersection. d) S-wave
inversion model with 5.5, 7.0, and 7.5 km s P-wave velocity contours annotated. ¢) Comparison between P-wave
velocity-depth models for Profiles P04 and P02 at their extrapolated intersection. f) Vp/Vs model showing crustal

regions resulting from phases of magma-rich formation (<1.9 - red).
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Figure 9. Gravity modelling test of the P-wave inversion model. a) Density-depth model with dashed lines marking
the 4.0, 5.0 and 6.0 km s (black) and 7.0 km s (red) velocity contours used as block boundaries initially.
Constant densities were applied to blocks within the same layer. Dotted vertical lines mark Profile PO6 and P02
intersections, and the red line the region of Profile P04 formed during a magma-rich phase at the ridge axis. OBS
locations are marked by inverted black triangles, with OBSs 410, 420 and 430 highlighted in red and OBSs 419 and
422 in green. 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 (76 km to 95 km
along-profile distance) higher densities are required throughout the crust. Open triangles mark regions interpreted
as rifting-related basement topographic highs, while stars mark P-wave inversion model artefacts. c) Observed
(ship — black line; Sandwell and Smith 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 (blue); variable density blocks within layers consistent with their
continental or oceanic location (green); and variable density blocks required to achieve the best-fit (red). d) Misfit

plotted against FAA error bounds.
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Figure 10. Residual mantle Bouguer anomaly for the MCSC and adjacent off-axis crust. a) Bathymetry with the
locations of Profile P04 (solid black lines with OBSs as white and red circles) and other profiles (solid black lines)
from CAYSEIS acquisition marked. Transform-ridge-transform geometry is marked by the dashed red line. b) Free-
air anomaly (FAA) with solid red line marking the region of Profile P04 formed during a magma-rich phase at the
ridge axis. ¢) Bouguer anomaly (BA). d) Mantle Bouguer anomaly (MBA). e) Residual mantle Bouguer anomaly
(RMBA) calculated with the transform-ridge-transform geometry shown in a). f) RMBA residual showing areas of

relative positive and negative anomaly. See text for discussion. The location of the Mt Dent OCC is highlighted.
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Figure 11. Forward ray-tracing to constrain the Moho. a) Forward model derived from the P-wave inversion model
and using the 5.5 km s™ contour to mark the boundary between the upper and lower crust. P-wave inversion model
7.0 and 7.5 km s contours are shown for reference as solid and dashed red lines respectively. OBS locations are
shown (black inverted triangles), with OBSs 410, 420 and 430 (red) and OBSs 419 and 422 (green) highlighted.
CAYSEIS Profiles P06 (intersecting) and P02 (extrapolated for 20 km beyond end of profile) are marked by the dot-
dashed lines. Solid red line shows the region of the modelled oceanic crust formed during a magma-rich phase at
the ridge axis. b) Ray diagram for OBSs 410, 420 and 430, 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 410, 420 and 430 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. 4.
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Figure 12. 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) inside corner of the 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 13. Comparison between P-wave velocity-depth models resulting from a) inversion and b) forward
approaches to modelling. The 5.5 km s velocity contour marks the transition from upper-to-lower crust and the 7.0
km s contour denotes the Moho. OBS locations are shown (black inverted triangles), with OBSs 410, 420 and 430
(red) and OBSs 419 and 422 (green) highlighted. CAYSEIS Profiles P06 (intersecting) and P02 (extrapolated for 20
km beyond end of profile) are marked by the dot-dashed lines. Solid red line shows the region of the modelled
oceanic crust formed during a magma-rich phase at the ridge axis. ¢) Calculated velocity difference between the
two models, contoured at 0.25 km s™ intervals. The inversion results in faster velocities in the upper crust than the

forward ray-tracing approach. See text for discussion.
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