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1 INTRODUCTION

SUMMARY

The Amazon Cone Experiment acquired two transects (Profiles D & A) across the Demerara
Plateau, part of the French Guiana-Northeast Brazil continental margin, to better understand rift
and transform-style margin evolution. Profile A images an intermediate-type margin formed
as a result of trans-tensional extension. In this paper we describe the modelling of wide-angle
and multichannel seismic and gravity data from Profile D, to reveal whole crustal structure
and features exhibiting transform characteristics. Combining these results with other studies
in the region and comparing our results with ‘young’ rift analogues, we develop a model of
along-margin segmentation that explains the evolution of the west equatorial Atlantic.

Interpretation of the velocity-depth model for Profile D shows a 35—37 km thick continental
crust which thins to 10—11 km over a distance of 320 km. This thinning is accommodated in two
regions. The narrowest region, associated with the ocean—continent transition, is interpreted to
have formed by dextral shearing of the margin along major transform zones that accommodated
the initial break-up geometry of the Central Atlantic. Given the orientation of the margin
relative to local fracture zone traces it is likely that the second region of thinning, located
162 km landward of the ocean—continent transition, is a result of rifting suborthogonal to the
profile orientation. There is no evidence of rotated faulted blocks, half graben structures or rift-
related magmatism, manifest as either seaward-dipping reflectors or as a high-velocity region
within the lower crust. The Demerara Plateau is, therefore, interpreted as a margin segment
comprising thinned continental crust bound to the north and south by transform-type zones in
which trans-tensional extension is accommodated. In contrast to Profile A, modelling suggests
that the eastern margin exhibits a relatively broad region of crustal thinning associated with
extension consistent with a rift-type setting.

Offshore, unusually thin oceanic crust of 3.3—5.7 km thickness is identified which is consis-
tent with similar observations further south. In the absence of identifiable magnetic anomalies,
best estimates of the initial half-spreading rate of ~20 mm yr~' suggest that the thin crust
throughout the region is unlikely to be a result of ultra-slow spreading but, instead, it is most
likely due to a reduced magma supply at numerous, long-lived transform faults reflected by
those presently offsetting the Mid-Atlantic Ridge in this equatorial setting.

Key words: Composition of the oceanic crust; Controlled source seismology; Continental
margins: transform; Crustal structure.

margins — for example Mutter 1993) and crustal thickness (e.g. Clark
et al. 2007). Furthermore, correlations have been made (e.g. Behn

Passive continental margin studies have demonstrated that intracon-
tinental rifting results in the formation of a wide variety of crustal
structures, which are segmented along-margin-strike by transform
zones with offsets of tens to hundreds of kilometres. This structural
segmentation may be observed in the gravity free-air anomaly (FAA
— e.g. Sandwell & Smith 1997), variation in lithospheric strength
(e.g. Watts & Stewart 1998; Wyer & Watts 2006), degree of rift-
related magmatism (transition between volcanic and non-volcanic
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& Lin 2000) between the pattern of margin segmentation and that
associated with along-strike discontinuities (e.g. Macdonald 1982)
observed at the present-day at mid-ocean ridges (MORs).

While the distinction between strong and weak, and volcanic and
non-volcanic margins is not always clear, the division of passive
margins into rift and transform-style structures is generally
less problematic. Margins may be classified according to their
strike orientation relative to the MOR system formed after final
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break-up; rifted margins lying parallel (e.g. Namibia — Bauer et al.
2000; Vering — Mjelde et al. 2005; Goban Spur — Bullock &
Minshull 2005), and transform margins orthogonal (e.g. Newfound-
land — Todd et al. 1988; Ghana — Edwards et al. 1997). Multichannel
seismic (MCS) surveys of rifted margins image large, rotated base-
ment blocks infilled by small sedimentary basins, which form as
a result of fault-related extension of the upper crust (e.g. Reston
1996). This faulting is accompanied by mid-lower crustal thinning
in a wide transition zone (100-400 km — for example Chian et al.
2001 and Whitmarsh et al. 1996 respectively) prior to inception
of oceanic crustal accretion. In contrast, transform margins exhibit
crustal thinning within regions <40 km wide and a general ab-
sence of associated upper crustal fault blocks is observed (e.g. Grand
Banks — Keen ef al. 1990; Ghana — Edwards et al. 1997).

Recent studies have also highlighted the effect of trans-tensional
stresses during rifting, resulting in margins which lie oblique to
the MOR. Wilson ef al. (2003) interpret the West African margin
offshore Guinea as being an oblique margin setting in which several
closely spaced transform faults segment the margin between rift- and
transform-style structures. Greenroyd et al. (2007) show that trans-
tensional extension has formed an intermediate-style margin — a
‘leaky’ transform margin — offshore southern French Guiana, South
America (Profile A — Fig. 1), where continental crustal thinning
occurs over ~70 km in a zone narrower than that typically observed
at rifted margins and wider than that of transform margins.

To understand the three-dimensionality of rifting processes and
how these vary over time as rifting proceeds requires observations of
the transition along-margin, between adjacent rift-, transform- and
intermediate-style crustal segments. The French Guiana—Northeast
Brazil margin is an example of such a margin whose evolution and
along-margin segmentation appear to be controlled by large-offset
transform faults or fracture zones which can be traced to, and offset,
the current Mid-Atlantic Ridge (MAR). The Amazon Cone Exper-
iment (ACE) acquired five transects across this margin of which
Profiles A and D cross a structurally segmented part of the margin
in the vicinity of the Demerara Plateau, while Profiles B, E and
F cross the Amazon Cone, one of the Earth’s largest deep-sea fan
systems. In this paper we present the results of modelling seismic
and gravity data acquired along Profile D, postulated to traverse the
northern boundary of one of the margin segments studied as part of
the ACE, and compare and contrast these with those from Profile
A which has been interpreted to traverse the southern boundary of
the segment (Greenroyd et al. 2007). In turn, we also compare our
results and segment evolution model with those from currently or
recently (in geological terms) rifted oblique and transform margins
where sediment cover is limited, the conjugate margin is proximally
located and rift-related structures can be mapped on land.

2 REGIONAL TECTONIC SETTING

The French Guiana-Northeast Brazil margin is located at the western
edge of the equatorial Atlantic (Fig. 1). Plate reconstructions sug-
gest that, prior to break-up, this margin was conjugate to the West
African margin comprising Guinea, Sierra Leone, Liberia, Ivory
Coast and Ghana (Blarez 1986; Unternehr e al. 1988; Niirnberg
& Miiller 1991). Stratigraphic interpretation of sediment accumu-
lated on the Demerara Plateau has resulted in the division of its
geological history into two main stages (Gouyet et al. 1994). The
first, from 213-113 Ma, is associated with the southwards open-
ing of the Central Atlantic, during which time the Demerara and
Guinea Plateaus were located proximal to incipient rifting. Lim-

ited continental thinning and/or subsidence are likely to have been
associated with this rifting, causing both plateaus to lie below sea
level and sedimentation to occur in a shallow marine, inner shelf
environment. In addition, between 145.6—131.8 Ma, the progressive
northward opening of the South Atlantic also started during this
stage, that is the rifting of Argentina from South Africa. The second
stage, from 113 Ma to present, includes the break-up of the French
Guiana-Northeast Brazil margin from West Africa and finally the
separation of the Demerara and Guinea Plateaus. As a result, the
depositional environment changed from shallow to open marine.

The abundance of fracture zones, as indicated by bathymetric and
gravity data (Fig. 1), suggests that break-up was accommodated by
a combination of perpendicular rifting and dextral shearing which
segmented the French Guiana—Northeast Brazil margin into a se-
ries of rift and transform-type structures. However, observation of
intermediate-style structures along ACE Profile A (Greenroyd et al.
2007) may indicate that the boundaries of these segments are tran-
sitional zones rather than relatively narrow lineations as might be
expected, given the likely role of transform faults and fracture zones
in margin evolution.

The ACE is the first seismic study of the French Guiana—Northeast
Brazil margin to image the entire crust and uppermost mantle. Prior
to this study existing seismic data were mostly limited to hydro-
carbon exploration reflection data over the Amazon Cone (Silva &
Maciel 1998; Cobbold et al 2004) and Demerara Plateau (Gouyet
et al. 1994; Erbacher et al. 2004), and sonobuoy refraction profiles
acquired over the Cone. The latter were analysed using a 1-D ap-
proach to create velocity-depth profiles for the uppermost crust only
(Edgar & Ewing 1968; Houtz 1977; Houtz et al. 1977). However,
limited constraint on deep crustal structure is provided by a gravity
transect of the Amapa Shelf and Amazon Cone which suggests that
the continental and oceanic crust are 30-35 km and 10 km thick
respectively (Braga 1991). This modelling was unable to determine
the precise location of the ocean—continent transition (OCT), nor the
role, if any, of magmatism in margin evolution. However, wide-angle
refraction (WA) and MCS data from ACE Profiles A and B suggest
that the margin is non-volcanic (Rodger et al. 2006; Greenroyd
etal 2007).

Relatively thick sediment cover is observed along the margin, par-
ticularly so to the south at the Amazon Cone where a distinct change
in deposition occurs during the mid-Miocene, prior to which depo-
sition was predominantly pelagic. At this time (~10 Ma), uplift and
erosion of the Bolivian Andes changed the continent-wide drainage
pattern such that sediment is transported primarily by the Amazon
River into the Atlantic (Benjamin ez al. 1987). This change in de-
position is marked by a seismic unconformity (Damuth & Kumar
1975; Castro et al. 1978; Braga 1991; Cobbold ef al. 2004) and also
as an increase in terrigenous material at Deep Sea Drilling Project
(DSDP) site 354 (Supko et al. 1977).

3 THE DATA SET

The ACE data set was collected during November 2003 onboard the
RRS Discovery (Watts & Peirce 2004) and consists of five profiles
(A, B, D, E and F) across the French Guiana—Northeast Brazil mar-
gin, plus one (G in parts a & b) across the Ceara Rise aseismic ridge
(Fig. 1). Each of these profiles comprises MCS, bathymetry, gravity
and magnetic data. In addition ocean-bottom seismographs and hy-
drophones (OBS/Hs) were deployed along five of the profiles (A, B,
D, F and G) to acquire coincident WA data. Land stations were de-
ployed along Profiles A and D to record very long-offset refraction
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Figure 1. French Guiana-Northeast Brazil margin. Lower: Grey-shaded satellite-derived free-air gravity anomaly of the western equatorial Atlantic (Sandwell
& Smith 1997), showing the location of large-offset transform faults at the Mid-Atlantic Ridge and their corresponding fracture zones which can be traced
to the adjacent continental margins (inset right). Also highlighted are prominent bathymetric features: the Demerara Plateau to the north; and the Amazon
Cone deep-sea fan system, Amapa Shelf (AP) and Ceara Rise aseismic ridge to the south. The coincident MCS and WA profile that forms the basis of
this study (D) is highlighted in red, while the remaining seismic profiles (A—G) which comprise the Amazon Cone Experiment, are shown as solid blue
lines with ocean-bottom instruments and land stations marked by matching circles and triangles respectively in both cases. The red dashed line surrounding
Profile D shows the extent of upper inset. Erbacher ez al.’s (2004) seismic stratigraphic reference profiles are shown by the solid green lines (inset left —
location shown by green box in main figure), while DSDP and ODP wells are marked by red and blue stars respectively. The red box in the inset right
shows the location of the study area within the Atlantic and the corresponding conjugate West African margin in relation to major fracture zone traces.
Upper: Acquisition geometry for Profile D. Seismic shot locations are marked by the solid black line. OBS locations are shown as red, OBH locations as blue
and land stations as green triangles respectively. The dashed line shows the full extent of Profile D, traversing 535 km across the French Guiana margin. Example
record sections from a subset of these instruments (marked by stars) are shown in Figs 4-6. Bathymetric contours are shown every 1000 m (solid), together
with the 500 m (dotted), 100 m, 50 m and 20 m (dashed) contours to highlight the location of the continental slope and rise.

data with which to constrain the lower crust and uppermost mantle

beneath the continental shelf. The Global Positioning System was 3.1 Multichannel seismic data

used as the navigational reference and time standard throughout the A 2.4 km, 96-channel streamer was used to acquire MCS data,
survey. Profile D (Fig. 1) is a 390 km long, combined WA and MCS recording shots fired by an array of 14 airguns of various cham-
margin transect. In addition, land-based seismographs were used to ber sizes totalling 6520 in® (~107 1) in volume. The array was
extend the WA coverage a further 145 km landward, resulting in of a compromise design, producing a high energy, relatively low-
a total profile length of 535 km. Industry MCS data and borehole frequency source signature for deep crustal WA data acquisition,
logs from Ocean Drilling Program (ODP) sites 1257-1261 (Fig. 1) whilst also being compatible with contemporaneous MCS imaging
(Gouyet et al. 1994; Silva et al. 1999; Erbacher et al. 2004) are of the stratigraphy of the sediment column and the geometry of the
used to provide the stratigraphic reference for the sediment column basement surface. Shots were fired at 40 s intervals which, at an aver-
imaged along Profile D. age surveying speed of ~4.3 kn, results in a shot interval of ~88 m.
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Data were recorded for 20 s after each shot and at a sampling inter-
val of 4 ms. A simple data processing flow (which included velocity
analysis, stacking, multiple removal/suppression and time migra-
tion) resulted in the high-quality image of the subseabed shown in
Fig. 2. At the oceanward end of the profile, the processed MCS
data image the entire sediment column, from a relatively smooth
seafloor down to the top of the basement. Landward of the shelf
break, a more laterally variable sediment column is observed, and
the basement surface is far less distinct.

Within the deep water basin the ~2.5 s two-way traveltime
(TWTT) sedimentary sequence comprises well-stratified reflections
with interval velocities ranging from 1.6 to 3.7 km s~! (Fig. 2). The
sedimentary reflections are laterally continuous and can be traced for
over 100 km along the profile. The high-amplitude reflection event
at ~7.7 s TWTT is identified as the Mid-Miocene Unconformity
(labelled MM in Fig. 2) associated with an increase in continental
erosion and, hence, deposition rate following uplift of the Bolivian
Andes (Benjamin ez al. 1987). This interpretation is based on the re-
flection showing similar characteristics to another identified within
the stratigraphy of the Amazon Cone (Silva et al. 1999; Rodger
et al. 2006) and within the sediment column to the north of the
Cone (Profile A — Greenroyd et al. 2007).

Reflections below the Mid-Miocene Unconformity are not flat-
lying and dip landwards in the section towards a basement high at
430 km offset and the toe of the Demerara Plateau at 380 km offset.
The morphology of these layers suggests a relatively high-energy
deposition environment due to high sediment flux from the Demer-
ara Plateau oceanward and/or a laterally variable rate of subsidence
within the crust landward of 380 km offset. The deep water sed-
iments were subdivided into five units for inclusion into the WA
seismic model based on the amplitude and lateral continuity of the
reflection events, the morphological characteristics of the layers,
and to be consistent with the regional stratigraphic reference of
Erbacher ez al. (2004) as applied to Profile A and described in detail
in Greenroyd et al. (2007).

The basement surface oceanward of ~380 km offset appears
rough and hummocky (Fig. 3) and exhibits ~1.5 s TWTT topo-
graphic variation. These characteristics are typical of the Atlantic
oceanic crust and, hence, this surface is identified as such and the
overlying sediment as post-rift. This region extends landward to
385 km offset at which point a significant shallowing, and pos-
sibly outcropping, of the basement surface is observed which is
interpreted as the oceanward limit of the Demerara Plateau. Be-
tween ~360 and ~385 km offset a distinct basement reflection is
observed. However, landward of ~360 km this reflection is largely
absent, although at least 2.5 s TWTT of sediment are observed on
the Demerara Plateau.

Evidence of shallow faulting within the sediment column of Pro-
file D is limited to a region around the northern oceanward limit
of the plateau (Fig. 3). In contrast to Profile A, the characteristic
upward-branching, flower pattern of some of these faults indicates
that they are most likely a result of strike-slip motion, rather than
purely extensional, orthogonal or suborthogonal to the profile orien-
tation. These faults may be analogous to strike-slip faults observed
along the margin at the Amazon Cone (Cobbold et al. 2007). There
is no evidence for seaward-dipping reflector (SDR) sequences often
associated with volcanic margins or intracrustal and Moho reflec-
tion events beneath the basement reflection, nor is there evidence
of salt layers and associated structures similar to those observed
along the passive margins of southern Brazil (e.g. Campos & Santos
Basins — Demercian et al. 1993).

3.2 Marine wide-angle refraction data

Along Profile D, twenty OBS/Hs were deployed and successfully
recovered (Fig. 1). All instruments were fitted with hydrophones
and the OBSs were also equipped with three-component 4.5 Hz
geophone packages. OBSs and OBHs were deployed alternately at
10 km intervals over and oceanward of the Demerara Plateau, be-
tween 278 and 468 km offset in 1.10-4.75 km water depth.

Direct water waves (/,,) and crustal diving rays (sediment — Py;
and basement — P,) are observed as first arrivals on all WA record
sections (Figs 4-6). In addition, mantle diving rays (P,) are also
recorded by OBS/Hs deployed at the oceanward end of the profile.
For the majority of instruments the thickness and velocity of the
underlying sediment column was such that the P, phases arrived
earlier than the sedimentary P phases, limiting sedimentary first
arrivals to a zone just 3 km wide and obscuring their appearance
as secondary phases. Consequently, the data were deconvolved to
minimize wavelet reverberation. This processing resulted in small
time shifts of arrivals and, thus, the resulting data sections were used
solely as an aid in the identification of secondary phases and not for
their traveltime picking. Sedimentary arrivals were subdivided into
five types (Py; to Pys) to be consistent with the MCS data, and the
deep crustal arrivals into two types (P,; to P,;) to be consistent with
standard models of oceanic and continental crustal structure (e.g.
Spudich & Orcutt 1980; Bratt & Purdy 1984; Christensen & Mooney
1995), and also the approach adopted for modelling of Profile A and
described in detail in Greenroyd ef al. (2007).

Amongst the most oceanward instruments, high-velocity
(~6.2 km s7') Py, arrivals are observed at ~10-20 km offset, ad-
jacent to high-amplitude Moho reflections (P,,P) and P, arrivals
between ~20—-40 km offset. However, heading landward the crustal
arrivals dip steeply at ~—24 km offset suggesting refraction at a
steeply-dipping interface. This asymmetry of arrivals on the data
section is characteristic of many of the oceanward instruments and
indicates that the upper crust in this region displays significant lat-
eral structural variation.

The data sections from the more landward instruments show very
long offset crustal arrivals, up to 220 km, suggesting that the crust
is much thicker towards the landward end of the profile. OBH 14
(Fig. 4) also shows a distinct shadow zone and shift in arrival times
at ~385 km offset, coincident with the location of the toe of the
Demerara Plateau. Hence, 385 km offset is the likely point at which
a significant crustal structural change occurs, which is consistent
with the MCS data that show that both the seafloor and basement
surface rise steeply at this location. Further landward, the OBS/H
data sections (Figs 5 and 6) all show characteristic long-offset crustal
arrivals but no mantle arrivals, indicating that the Demerara Plateau
is characterized by a relatively thick crust.

3.3 Land wide-angle refraction data

Four SEIS-UK 6TD land seismographs, deployed alongside the Ma-
roni River, from Awala-Yalimapo to St. Jean, recorded the marine
shots at long offset. This onshore extension to the profile was de-
signed to image the full thickness of the pre-rift crust landward of
the Demerara Plateau. Unfortunately, two of the instruments failed
to record usable data due, largely, to high levels of local background
noise. The clearest arrivals are observed on land station 22 and are
interpreted as refracted arrivals from the lower crust and upper-
most mantle with velocities of 6.5 and 8.0 km s™! respectively. The
P, phase emerges from the P,, phase at ~165 km offset suggest-
ing that, as anticipated, the crust is significantly thicker than that
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Figure 3. Enlarged view of features imaged in the MCS data from Profile D. (a) Oceanic basement reflection (purple) showing significant ‘deepening’ of the
surface oceanward. (b) Intrasediment faulting (green) with strike-slip characteristics observed on the Demerara Plateau. Key sedimentary marker horizons are
shown by light blue lines, and the seabed a dark blue line. OBS/H locations are shown by red triangles.

observed at the oceanward end of the profile, and that the Moho is
quite steeply-dipping beneath the plateau.

4 SEISMIC MODELLING

A P-wave velocity-depth model of the crust was constructed by for-
ward modelling the WA seismic data. The approach to modelling

© 2007 The Authors, GJI, 172, 549-564
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follows that described in Greenroyd et al. (2007) which is based on
that of Zelt (1999) and uses the RAYINVR modelling package (Zelt
& Smith 1992). Picked traveltimes were assigned errors of +15—
100 ms based on the clarity of the first arrivals and the signal-to-noise
ratio, which was generally better for short offset arrivals and poorer
for longer offsets. Errors were also increased when picking sec-
ondary arrivals which were often obscured by the ringing wavelet of
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Figure 4. Ray-trace modelling of hydrophone data recorded by OBH 14. See Fig. 1 for instrument location. (a) Filtered record section plotted at true amplitude.
The horizontal axis shows offset from the instrument position. (b) Record section showing observed (black vertical bars whose length represents the assigned
picking error) and calculated (red lines) traveltime picks for comparison with the observed data shown in a). For this, and the ray diagram in c), the horizontal
axis shows offset along Profile D. (c) Ray diagram showing modelled arrivals. The complete final model, including velocity annotation, is shown in Fig. 7. Red
triangles show OBS/H locations. Both record sections are plotted at a reduction velocity of 6 km s~! and at the same horizontal scale with each part aligned to

the instrument position. Arrival labels are defined in the text.

first arrivals. Assigned land station errors were larger still, generally
+200 ms.

The initial model was developed using bathymetry data to define
the seabed and key MCS reflections to constrain subsurface layer
boundaries down to the basement (Fig. 2). The final model was cre-
ated using a top-down approach by iteratively fitting the calculated
and observed traveltimes for each seafloor instrument. The model

fit for OBS/Hs 14, 7 and 2 is shown in Figs 4-6. The statistical fit
to the data for each phase is shown in Table 1.

4.1 Results

The best-fit P-wave velocity-depth model (Fig. 7) is characterized by
six key units described below, whose layer thicknesses and P-wave
velocities are summarized in Table 2:
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Figure 5. Ray-trace modelling of hydrophone data recorded by OBS 7. See Fig. 4 for details.

(1) water column of up to 4.6 km thickness;

(2) sediment column (50-535 km model offset) comprising five
layers (S1-S5);

(3) continental crust (0—70 km) which is subdivided into Upper
and Lower Crust,

(4) thinned continental crust (70-387 km);

(5) oceanic crust (387-535 km) subdivided into Layer 2 and
Layer 3; and

(6) upper mantle.
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4.1.1 Sediment column

The sediment column extends laterally for more than 350 km over
the thinned continental crust of the Demerara Plateau (contribut-
ing to the shallow seafloor on the shelf), and for at least a further
~200 km out into the deep ocean to the end of the profile. This unit
is subdivided into five layers S/—S5. Velocities range from 1.65—
3.80 km s~!, typical of oceanic Layer I, and the maximum sed-
iment thickness of 3.9 km is observed at 450 km model offset.
The sediment column is therefore significantly thinner than that
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Figure 6. Ray-trace modelling of hydrophone data recorded by OBH 2. See Fig. 4 for details.

observed to the south along ACE Profiles A and B (Greenroyd et
al. 2007; Rodger et al. 2006), most likely a result of Profile D ly-
ing further from the Amazon River, the primary source of sediment
in the region since the mid-Miocene, and its southern boundary
acting effectively as a barrier to northward sediment transport by
ocean currents as is reflected in the ‘footprint’ of the Amazon Cone
(Fig. 1).

Correlation between the WA model boundaries and prominent
reflectors within the MCS data is generally good (Fig. 2), although
the steeply dipping basement surface at 387 km offset could not be

fully matched within ray coverage constraints. Hence, this region
of the WA model is slightly smoothed when compared with the
basement surface structure observed in the MCS data. The interface
at ~6.5 km depth at the oceanward end of the profile is identified as
the Mid-Miocene Unconformity (cf. Fig. 2).

The basement surface at the oceanward end of the profile is well
constrained by a combination of Layer 2 refracted arrivals and a
distinct hummocky MCS reflection. This oceanic basement surface
shows ~2.4 km of topographic variation across the profile, which
is primarily accommodated by a step between 435 and 448 km
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Table 1. Number of observations (N), rms misfit between calculated
and picked traveltime (m,ms) and normalized x? for each identified
phase.
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offset, potentially indicating the presence of a large basement fault.
Landward, however, no distinct basement surface is observed in the
MCS data, although some highly folded layers are observed (Fig. 2).

Phase N Myms (mS) x2 These layers show a lateral structural variation which is beyond the
W 711 1a 051 resolution of the WA data and, hence, the basement surface landward
Py 496 16 0.38 of ~360 km is considered to be poorly constrained.
S. ..
Py 455 23 1.00
P 27 21 0.19
P 363 49 1.88 4.1.2 Continental crust
PoP 73 30 0.53 Full thickness, pre-rift, continental crust is tentatively identified
PP 946 26 0.50 .
PP 467 63 177 landward of 70 km model offset, constrained only by long-offset
P:SP 202 51 0.85 lower crustal and upper mantle refractions recorded by land sta-
Pyl 2013 ) 284 tions. The shallow crustal structure beneath these instruments is not
Py 7434 93 1.95 well constrained and consequently resolution is poor. The crust is
P, 980 120 1.22 35-37 km thick in this region, similar to that observed along Profile
PP 386 72 0.89 A to the south.
All OBS phases 21639 68 1.32
Py 101 232 136
P, 90 148 0.55 4.1.3 Thinned continental crust
All land station phases 191 197 0.98 Continental crustal thinning generally occurs gradually to 10.6 km
thickness over a region of 317 km in width, between 70 and
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Figure 7. P-wave velocity model (bottom) of the French Guiana margin. A simplified illustration of the interpreted crustal units is also shown (middle).
Velocities are colour-coded and contours annotated in km s~!. Red triangles mark OBS/H and land station locations (see Fig. 1). SI-S5 are sedimentary layers.
Layer 2 and Layer 3 are oceanic crustal layers, while the continental crust is divided into the Upper Crust and Lower Crust. In both cases the 6 km s~! isovelocity
contour marks the transition between the two crustal layers. Approximate crustal ages and fracture zone traces (after Miiller ez al. 1997) are annotated in the
lower right panel and by the blue arrows respectively. P-wave velocities were converted into density as outlined in the text and the free-air gravity anomaly
calculated (solid red line) for comparison (top) with the shipboard anomaly (blue dashed). The satellite-derived (Sandwell & Smith 1997), longer-wavelength
anomaly is included (solid blue line) to show the anomaly variation landward of the limit of marine acquisition.
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Table 2. P-wave velocity, layer thickness, density and estimated resolution of the final model.

P-wave velocity Thickness Density
(km's™) (km) (gem™)
Model layer top bottom top bottom
Water: 1.49 1.52 variable 1.03 1.03
Deep water S1 1.68 £0.10 1.85 £0.10 0.33-0.54 £ 0.10 1.65 1.82
sediments: 52 1.95 £0.20 223 +£0.20 0.26-0.39 £0.15 1.91 2.04
S3 2.33£0.20 2.50 £0.20 0.28-0.55 £ 0.20 2.02 2.13
54 2.37£0.10 3.08£0.10 0.53-1.93 £0.20 2.09 2.30
S5 3.50 £0.20 3.65+£0.20 0.00-1.06 £ 0.30 2.36 241
Demerara Plateau Y 1.65+0.10 2.00 £0.10 0.49-1.25 £0.10 1.65 1.82
sediments: S2 2.05£0.20 2.45+0.20 0.15-1.25 £ 0.15 1.91 2.04
S3 228 £0.20 2.96 £0.20 0.10-1.80 + 0.20 2.02 2.13
S4 3.20+£0.10 3.45+0.10 0.00-0.86 £ 0.25 2.09 2.30
S5 3.40 +£0.20 3.80 £0.20 0.00-1.30 £0.25 2.36 2.41
Crust:
oceanic Layer 2 430 £0.30 6.20 £ 0.30 0.15-1.30 £ 0.45 2.46 2.78
Layer 3 6.40 £ 0.20 7.40 £ 0.20 2.30-5.80 £ 0.60 2.87 3.00
continental Upper Crust 430 £0.20 5.70 £ 0.20 5.00 £ 0.45 2.45 2.78
Lower Crust 6.40 = 0.20 6.90 £+ 0.20 31.00 £ 2.50 2.85 3.01
Mantle: 8.00 £0.15 - - 3.31

387 km offset. Thinning is observed primarily in two regions: 70—
235 km where it occurs gradually (34.4-21.7 km thickness); and
320-387 km where it is more rapid (21.0-10.6 km). P-wave veloc-
ities are well constrained beneath OBS/Hs oceanward of ~280 km
offset, ranging from 4.2 to 6.2 km s~! in the Upper Crust and from
6.2 to 6.9 km s~! in the Lower Crust. The upper surface of the
thinned continental crust shows no evidence either in the MCS or
WA data for large-scale rotated fault blocks and half graben often
observed at rifted continental margins (e.g. Reston 1996). Thus, al-
though a wide region of continental crust is surveyed the margin
does not appear to be a typical rifted margin.

4.1.4 Oceanic crust

The crust oceanward of 387 km offset is identified as oceanic in
nature, primarily due to the hummocky morphology of the basement
reflection in the MCS data and also due to the characteristic two layer
velocity structure observed in the WA model (White ez al. 1992). The
oceanic crust is considered to be well constrained by a combination
of Py, Py, P, and P,, P arrivals and is observed to be unusually thin,
Layer 2 and Layer 3 exhibiting a combined thickness of 3.3-5.7 km.

A velocity of 7.4 km s™! is observed in a narrow region in the
lowermost crust at 425 km offset, slightly landward of a large change
in basement topography at 445 km offset which is corresponds to
the thinnest subsediment oceanic crust along the entire profile, and
is interpreted as a relict fracture zone. This is the maximum crustal
velocity observed across the entire profile and its location ~38 km
from the OCT suggests that it did not form at the time of rifting. In-
stead the high velocity material may result from a degree of serpen-
tinization of the upper mantle associated with water ingress along
whole crustal faults suggested by the apparently thinner crust at this
location (e.g. Bonatti 1978; Fox & Gallo 1986). While the step in
the basement may be the surface expression of such faulting, there is
no evidence that this fault propagates through the entire crust as the
underlying Moho appears to be relatively flat-lying and continuous
within the model resolution.

4.1.5 Transition zone

Rifted continental margins are often associated with transition zones
separating continental from oceanic crust. The MCS characteristics,

WA velocity and/or density structure of such zones may be neither
distinctly continental nor oceanic in style. Along Profile D, the tran-
sition between crustal types is relatively abrupt and an oceanic-style
basement reflection is observed to abut directly against reflectors
which are consistent with continental crust. The most landward re-
gion of oceanic crust is observed to be slightly thicker than that fur-
ther oceanward, although this difference is considered insufficient
to conclude that the crust is no longer oceanic. Hence, a transition
‘zone’, as observed along Profile A, is inferred to be absent from this
margin profile and, instead, we conclude that the margin terminates
at a sharp OCT.

4.1.6 Resolution

The goal of the forward modelling was to fit the calculated and
observed traveltimes both visually and statistically, within the er-
ror bounds. This was achieved for the majority of instruments and
phases and the fit statistics are shown in Table 1, where a x? value
of 1 indicates an acceptable fit. Instruments 11 and 12 (Fig. 1) are
the least well fit, being located where sedimentary layers pinch-out
onto a single steeply-dipping seafloor/basement surface. Overall,
however, over 21000 OBS/H arrivals fit to a x> of 1.3 suggest-
ing that, at least between 278 and 468 km offset the model is well
constrained.

A fit to within the error bounds does not, however, guarantee
model uniqueness as traveltimes are a function of both the seismic
velocity and path length of propagation, and a fit may often be
achieved by trading one of these parameters off against the other.
To determine the effect of such trade-off, the model was sensitivity
tested by systematically varying the model parameters defining layer
depths and velocities. An upper bound on acceptable misfit error was
defined as twice the average error for a particular group of phase
arrivals. The resulting resolutions are summarized in Table 2.

5 GRAVITY MODELLING

In order to test the validity and uniqueness and improve the con-
straint of the WA velocity model, gravity modelling was undertaken.
Fig. 7 shows that the shipboard FAA closely matches
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satellite-derived data (Sandwell & Smith 1997) and that there is
a distinct ‘offshore dipping double’ pattern with peaks at 325 and
380 km offset. Watts & Marr (1995), in a study offshore Africa,
associate such a FAA pattern with mechanically weak continental
crust abutting weak oceanic crust.

5.1 Modelling approach

The best-fit velocity-depth model was converted to a density model
using a combination of velocity—density relationships: sediment col-
umn — Nafe & Drake (1957) and Ludwig et al. (1970); continental
crust — Christensen & Mooney (1995); and oceanic crust — Carlson
& Raskin (1984). The conversions were applied to layers defined not
by the WA model boundaries, but instead from 0.1 km s~ isovelocity
contours extracted from the P-wave velocity model. This approach
allowed the best representation of lateral velocity variation across
individual model layers and is equivalent to creating layers every
0.02 g cm ™ increase in density from the seabed to the Moho. The
water column was assigned a constant density of 1.03 g cm™—> and
the uppermost mantle 3.31 g cm™3 (Kuo & Forsyth 1988), values
commonly used in gravity studies of continental margins (e.g. Wu
et al. 2006). Table 2 summarizes the resulting densities for each
layer of the WA model. The program GRAV2D was used for FAA
modelling. This program is a 2-D line integral method based on
Talwani et al. (1959).

5.2 Results

Fig. 7 shows the results of gravity modelling along Profile D.
In general, the calculated and observed shipboard FAA fit well.
However, oceanward of 440 km offset and also between 190 and
275 km offset, the calculated FAA is too low by ~10 mGal. While
this misfit is small it may indicate that the density of the crust in these
regions is too low, or that the crust is too thick. An improved fit may
be obtained by shallowing of the Moho between 440 and 475 km
offset by ~600 m, a variation which is smaller than the resolution
of WA modelling at this depth. The misfit further landward is more
likely a result of shallow structural variation along the continental
basement surface which is poorly resolved by both the MCS and
WA data.

6 DISCUSSION

The aim of the ACE was to study the along-margin-strike variation in
crustal structure at the French Guiana—Northeast Brazil continental
margin. Comparison of the models for ACE Profile A (Greenroyd
et al. 2007) and Profile D, reveals several significant differences
from which considerable along-strike variation in crustal structure
within the ~240 km region of the margin imaged by these transects
may be inferred. Both of these whole crustal profiles are interpreted
to extend from pre-rift continental to post-rift oceanic crust and,
thus, may also be used to determine the geometry and mode of
opening of the equatorial Atlantic. Here, the results of modelling
Profile D are discussed in terms of the specific characteristics of the
margin in the vicinity of this transect. In addition, we compare the
interpreted structures with those from young rifts in similar tectonic
settings as a means of resolving the remaining uncertainties in the
interpretation, particularly the initial spreading rate and the most
likely origin of the thin oceanic crust. Finally, a hypothetical model
of segmentation of the French Guiana—Northeast Brazil margin as a
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whole is also presented that is consistent with the modelling of both
profiles.

6.1 Geodynamic setting

The interpretation of a 300 km wide zone of continental crustal
thinning along Profile D would suggest that the margin is of rift-
type and has formed through a prolonged period of extension (cf.
Biscay —Montadert et al. 1979; de Charpal et al. 1978; Goban Spur—
Horsefield et al. 1993; Iberia— Pickup et al. 1996; Rockall — England
& Hobbs 1997; and West Africa — Contrucci et al. 2004). However,
the depth to the continental Moho suggests that this thinning occurs
primarily in two distinct locations: from 34.4-21.7 km thickness
between 70 and 235 km profile offset; and more rapidly between
320 and 387 km offset from 21.0-10.6 km. This, in turn, suggests
that the majority of crustal thinning may have taken place during
two phases within the overall longer duration of extension prior to
break-up.

The rate of rifting is difficult to quantify due to the orientation
of Profile D relative to the rift direction. However, Greenroyd et al.
(2007) use the degree of crustal thinning, the margin width over
which this thinning occurred and the absence of magmatic under-
plate along ACE Profile A to estimate a rift duration of ~18 Myr
(Bown & White 1995; Davis & Kusznir 2002), while drilling of syn-
rift sediments on the Amapa Shelf (Fig. 1) indicates a rift duration
at that location of >25 Myr. The region of abrupt thinning between
320 and 387 km offset and the duration of rifting, therefore, lead to
the interpretation that the OCT along Profile D marks the location
of the transform zone (cf. Edwards et al. 1997).

The region of the French Guiana margin traversed by Profile D
is, therefore, interpreted to be a non-volcanic transform margin for
the following reasons. Firstly, Profile D shows no evidence of large
volumes of high-velocity (>7.2 km s~!) underplate in the WA model
or SDR sequences in the MCS data. Consequently, as these features
are also not observed on Profile A (Greenroyd et al. 2007) the French
Guiana margin as a whole is inferred to be non-volcanic in origin.
Secondly, the thinning of, and transition from, continental to oceanic
crust in the velocity-depth model is relatively abrupt in contrast to
that of Profile A. Finally, the orientation of the local fracture zone
traces (Fig. 1), and their projected intersection with the margin,
implies that Profile D lies in a transform zone setting.

6.2 Structural implications

Immediately landward of the OCT, at the foot of the Demerara
Plateau, both the velocity-depth model (Fig. 7) and the MCS data
(Fig. 2) show two basement ridges which bound a small sedimen-
tary basin (Fig. 8). The relatively high topography and steep edges
to these features suggest that they are not tilted fault blocks, but
instead may be volcanic extrusions or alternatively marginal ridges
associated with a transform zone. Gadd & Scrutton (1997) suggest
that such ridges may result from thermal expansion due to lateral
flow of heat from young, hot, oceanic lithosphere to old, cold conti-
nental lithosphere across a transform zone. Alternatively, they may
result from density changes associated with serpentinization at the
OCT, although such density changes were not detected by the gravity
modelling. Similar marginal ridges have previously been identified
at the margins of Newfoundland (Todd et a/. 1988) and Ivory Coast
(Basile et al. 1992, 1998), the latter of which is approximately con-
jugate to the French Guiana margin. Fig. 8 illustrates the similarities



















