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a b s t r a c t

Commonly, intra-continental wrenching is associated with a high degree of crustal faulting and fragmen-
tation. The resulting continental blocks can undergo vertical-axis rotations, which in turn can lead to the
generation of intricate fault networks within and along their boundary regions. Investigations into these
structural complexities can support understanding of when and how these continental blocks rotate, and
what their position was prior to transform margin formation. In the case of the Falkland Islands
Microplate (part of the Falkland Plateau transform margin), its position between South Africa, South
America, and East Antarctica prior to the break-up of Gondwana is still debatable. This uncertainty affects
the reliability of plate models for this region. Here we integrate gravity and 2D and 3D seismic reflection
data from the eastern margin of the microplate (west side of the Falkland Plateau Basin) to provide
insights into the tectono-stratigraphic architecture of this area from Jurassic onwards, and into the evo-
lution of the Falkland Islands Microplate. Our findings show that the western part of the Falkland Plateau
Basin is an integral part of the microplate, and it underwent deformation in a relatively fast-changing
stress regime. Stress field configuration estimates across the Falkland Islands Microplate support an alter-
nation between a NE-SW and NW-SE/WNW-ESE orientation of r3 during the Jurassic and an ENE-WSW
oriented r3 during the Lower Cretaceous. Correlations of this local stress configuration with the regional
support a Middle to Upper Jurassic rotation of the microplate in a predominantly extensional setting
facilitated by the early fragmentation of south-western Gondwana.

� 2021 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Typically, intra-continental wrenching is associated with high
degrees of crustal fragmentation and rotations of the resulting
crustal and lithospheric blocks (Scrutton, 1979; Mascle et al.,
1987; Nemčok et al., 2016; Ingersoll and Coffey, 2017). This leads
to structurally complex isolated blocks where smaller, secondary
fault systems within and along their boundaries accommodate rel-
atively large rotations (Ron et al., 1984; McKenzie and Jackson,
1986; Peacock et al., 1998; Platt and Becker, 2013). The analysis
of these fault networks can offer more insights into the temporal
variation in the stress regime that affected the blocks, which can
be used to aid reconstruction models. The Falkland Islands Micro-
plate (FIM) is an example of an isolated block developed in an
intra-continental wrenching setting. The FIM is part of the larger
Falkland Plateau transform margin that underwent intense
deformation during the fragmentation of Gondwana and the
opening of the South Atlantic in the Mesozoic due to wrenching
between East and West Gondwana, and South America and Africa
(Rabinowitz and Labrecque, 1979; Lorenzo and Mutter, 1988;
Platt and Philip, 1995; Richards et al., 1996; Richards and Fannin,
1997; Bry et al., 2004; Del Ben and Mallardi, 2004; König and
Jokat, 2006; Kimbell and Richards, 2008; Baristeas et al., 2013;
Lohr and Underhill, 2015; Schimschal and Jokat, 2019). Although
there are uncertainties in the nature of the FIM boundaries, we
define and refer to this block as a microplate due to its scale and
different motion during the fragmentation of Gondwana compared
to the surrounding major tectonic plates.

Extensive work has been undertaken looking at the deformation
affecting the FIM, which resulted in onshore to offshore fault net-
work compilations and crustal architecture models (Ludwig et al.,
1978; Lorenzo and Mutter, 1988; Platt and Philip, 1995; Richards
et al., 1996; Richards and Fannin, 1997; Thomson, 1998; Curtis
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and Hyam, 1998; Aldiss and Edwards, 1999; Bry et al., 2004; Del
Ben and Mallardi, 2004; Kimbell and Richards, 2008; Schreider
et al., 2011; Baristeas et al., 2013; Lohr and Underhill, 2015;
Schimschal and Jokat, 2019). However, no detailed structural anal-
ysis has been published for the eastern boundary of the FIM (the
western margin of the Falkland Plateau Basin). This scarcity of
information hinders attempts to generate a reliable reconstruction
model for the microplate and the entire plateau.

This study aims to document the western part of the Falkland
Plateau Basin, and its constituent depocentres: the Volunteer and
Fitzroy sub-basins. Their present-day tectono-stratigraphy reflects
the complexities of transform margins and was in addition influ-
enced by the development of the plateau between South America,
Africa, and East Antarctica. This study focuses on the area that
would have sat between the Falkland Islands and South Africa in
a rotational reconstruction model (Adie, 1952; Mitchell et al.,
1986; Marshall, 1994; Curtis and Hyam, 1998; Thomson, 1998;
Trewin et al., 2002; Stanca et al., 2019) by assessing the fault net-
work and stratigraphic architecture of this region. This facilitates
the analysis of the nature of the deformation that occurs within
and around the margins of a rotated microplate. Furthermore,
the results are discussed in the context of south-western Gond-
wana by comparing the local and regional stress regimes.
2. Geological background

2.1. Overview of the Falkland Plateau

The Falkland Plateau (FP) is located east of Argentina, extending
eastward �2000 km away from the Argentinian coast. It is
bounded to the north by the dextral Agulhas - Falkland Fracture
Zone (AFFZ) and to the south by the North Scotia Ridge (NSR)
(Ludwig, 1983; Richards et al., 1996) (Fig. 1). The formation of
the FP was associated with the break-up of Gondwana and the
opening of the Atlantic Ocean in the Mesozoic (Upper Triassic –
Upper Cretaceous) and was subsequently affected by oblique com-
pression and transpression related to sinistral strike-slip move-
ment during the development of the NSR (Lorenzo and Mutter,
Fig. 1. Bathymetric map (GEBCO Compilation Group, 2020) of the Falkland Plateau (FP)
(DSDP) data utilised in this study. The map shows the FP constituent basins (grey, das
Falkland Fracture Zone and North Scotia Ridge, respectively, and the thrust front of the N
Jokat (2019); AFFZ – Agulhas-Falkland Fracture Zone; NSR – North Scotia Ridge.
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1988; Uliana et al., 1989; Cunningham et al., 1998; Eagles, 2000;
Macdonald et al., 2003; Bry et al., 2004; Heine et al., 2013). The
behaviour of the FP during the break-up remains controversial.
Correlations between geological and geophysical data from the
Falkland Islands and South Africa led to the development of the
rotational theory which argues that the formation of the FP was
accompanied by up to 120� rotation of the Falkland Islands (Adie,
1952; Mitchell et al., 1986; Marshall, 1994; Mussett and Taylor,
1994; Thomson, 1998; Curtis and Hyam, 1998; Storey et al.,
1999; Trewin et al., 2002; Macdonald et al., 2003; Stone et al.,
2009; Stanca et al., 2019). The lack of documented evidence for this
rotation in the sedimentary infill of the basins surrounding the
islands (Richards et al., 1996), and the absence of a mechanism
to accommodate this rotation led several authors to favour a
non-rotational model. In this model, the Falkland Islands were in
a similar position relative to South America prior to the break-up
of Gondwana as today (Lawrence et al., 1999; Ramos et al., 2017;
Lovecchio et al., 2019; Eagles and Eisermann, 2020), and the frag-
mentation of the supercontinent was recorded by extension in the
sedimentary basins around the islands.

Regardless of the movement of the Falkland Islands, the frag-
mentation of Gondwana and the initial rifting in the South Atlantic
resulted in a series of structural and crustal provinces along the FP.
These are, from west to east: the Malvinas Basin, the Falkland
Islands (FI) with the North Falkland Basin to the north and the
South Falkland Basin to the south, the Falkland Plateau Basin
(FPB), and the Maurice Ewing Bank (Fig. 1). The North Falkland
Basin is further subdivided in the Jurassic Southern North Falkland
Basin (SNFB) and the Upper Jurassic-Lower Cretaceous North Falk-
land Graben (Lohr and Underhill, 2015; Stanca et al., 2019). The
FPB consists of the Volunteer sub-basin to the north-west and
the Fitzroy sub-basin in the west and south-west, the two being
separated by the Berkeley Arch basement high (Rockhopper
Exploration Plc., 2012; Dodd and McCarthy, 2016) (Fig. 1).
, overlain by the seismic reflection, exploration well, and Deep Sea Drilling Project
hed lines) and the regional structures bounding it (dextral and sinistral Agulhas –
orth Scotia Ridge); ocean bottom seismometer (OBS) position from Schimschal and
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2.2. Architecture of the Falkland Plateau Basin

2.2.1. Structure
The distribution of crustal types under the FPB is still uncertain.

The Falkland Islands and the Maurice Ewing Bank were part of a
continuous block, as suggested by geochemical and isotopic analy-
ses of their basement lithologies (Thomas et al., 2000; Chemale
et al., 2018), which underwent extension and/or potential break-
up during the fragmentation of Gondwana (Chemale et al., 2018).
Gravity modelling studies (Richards et al., 1996; Kimbell and
Richards, 2008) and the interpretation of seismic reflection and
refraction data (Ludwig, 1983; Lorenzo and Mutter, 1988) show
that the resulting basin is underlain by either thick oceanic crust
or thinned and underplated continental crust. Recent studies have
revealed more evidence on the presence of oceanic crust in the FPB
(Schimschal and Jokat, 2017, 2019; Eagles and Eisermann, 2020)
but the extent of the oceanic domain remains uncertain. The
results of the refraction study of Schimschal and Jokat (2017,
2019) show the presence of high P-wave velocities indicative of
oceanic crust along an E-W trending profile across the FPB
(Fig. 1), but with no constraints on the N-S extent of this potential
oceanic domain. Similarly, Eagles and Eisermann (2020) present a
crustal model of the FPB based on newly-acquired magnetic data
where the entire FPB, with the exception of the AFFZ-adjacent area,
is interpreted as oceanic or igneous crust. However, magnetic
reversal isochrons indicative of typical oceanic crust are present
only in the south-eastern part of the basin (Eagles and
Eisermann, 2020).

The FPB is bounded to the west by NE-SW trending normal
faults that down-throw to the south-east (Richards et al., 1996),
and to the east by the Maurice Ewing Bank. Most of the normal
faults interpreted from seismic reflection data along the basin ter-
minate at the top Jurassic (Lorenzo and Mutter, 1988). Rifting
within the FPB was interpreted to have occurred either between
Middle Jurassic and Lower Cretaceous (Lorenzo and Mutter,
1988) or during the Lower Jurassic (Marshall, 1994; Richards
et al., 1996), although some authors argue for an earlier onset of
rifting during the Permo-Triassic (Richards et al., 1996). No wells
penetrated the oldest synrift deposits, rendering the timing of rift-
ing initiation speculative.

2.2.2. Stratigraphy
Gravity modelling and seismic reflection and refraction data

interpretation revealed the presence of an up to 12 km thick sedi-
ment infill in the FPB (Richards et al., 1996; Schimschal and Jokat,
2017). This sedimentary succession is constrained by well data on
the western part of Maurice Ewing Bank (DSDPs 327, 330, 511, 329,
and 512) and east of the Falkland Islands (61/05–1, 31/12–1)
(Figs. 1 and 2). The remaining part of the basin fill is interpreted
on the basis of seismic facies analysis (Ludwig et al., 1983; Del
Ben and Mallardi, 2004).

The Middle to Upper Jurassic recorded a relative sea-level rise
(Thompson, 1977) that accounted for the deposition of open shelf
deposits rich in terrigenous material. Middle Jurassic to Oxfordian
sandstones, siltstones, and claystones interbedded with limestones
(Barker, 1977) are overlain by Middle Jurassic non-marine sand-
stones and siltstones with lignitic intervals (Thompson, 1977).
From the end of the Jurassic and throughout the Lower Cretaceous
up to late Aptian time, claystones and mudstones rich in organic
matter and interbedded with micritic limestone were deposited
in a restricted basin environment (Barker, 1977; Thompson,
1977; Ludwig, 1983). The Albian, Upper Cretaceous, and the Ceno-
zoic were associated with open marine conditions (Thompson,
1977) and the deposition of pelagic carbonates, zeolitic oozes
and clays, and chalk. Throughout the Cretaceous, the western mar-
gin of the basin recorded the deposition of deltaic sandstones and
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sand-rich deep marine fans intercalated with claystones (BHP
Billiton Petroleum, 2010; Falkland Oil and Gas Limited, 2013). Pale-
ocene to Lower Oligocene sediment drift deposits are interpreted
in the Cenozoic succession (Lorenzo and Mutter, 1988; Del Ben
and Mallardi, 2004) overlain by Pliocene to Recent gravels, silic-
eous sands, and foraminiferal oozes (Barker, 1977; Ludwig, 1983)
(Fig. 2).

Major uncertainty remains on the age of the oldest sediments in
the FPB. DSDP 330 cored Middle Jurassic deposits resting on a Pre-
cambrian basement (Barker et al., 1977), but older sedimentary
rocks are inferred from seismic velocities and gravity modelling
with synrift deposition potentially starting in Permo-Triassic
(Richards et al., 1996).

Several regional unconformities have been identified on seismic
reflection data: a Tithonian to Lower Cretaceous unconformity
spanning 30 Myr (‘U20 in Lorenzo and Mutter (1988) and ‘J’ in
Del Ben and Mallardi (2004)), a Middle Cretaceous unconformity
marked ‘U30 in Lorenzo and Mutter (1988), and an unconformity
at the Cretaceous/Cenozoic boundary (‘U40 in Lorenzo and Mutter
(1988) and ‘K’ in Del Ben and Mallardi (2004)) (Fig. 2).
2.2.3. Volcanism
The break-up of south-western Gondwana was associated with

extensive volcanism and magmatism resulting in the formation of
the widespread Karroo – Ferrar large igneous province
(Encarnación et al., 1996; Macdonald et al., 2003). This event has
been related to the emplacement of several dyke swarms identified
onshore the Falkland Islands trending predominantly E-W and NE-
SW, although a higher variability in orientations has been observed
across West Falkland (Aldiss and Edwards, 1999; Mitchell et al.,
1999; Stone et al., 2009; Hole et al., 2016; Stone, 2016). E-W and
NE-SW trending dykes yielded K-Ar and Ar-Ar ages of 188 ± 2 to
190 ± 4 Ma and 162 ± 6 to 178.6 ± 4.9 Ma, respectively (Mussett
and Taylor, 1994; Thistlewood et al., 1997; Stone et al., 2008;
Stone et al., 2009), although a maximum age of 193 ± 4 Ma was
also obtained for a NE-SW trending dyke (Mussett and Taylor,
1994). An onshore N-S trending dyke swarm varying in age from
121 ± 1.2 Ma to 138 ± 4 Ma (Stone et al., 2008; Richards et al.,
2013) has been related to the early opening of the South Atlantic
(Stone et al., 2009; Stone, 2016). N-S trending dykes have also been
interpreted nearshore the Falkland Islands on magnetic data
(Barker, 1999).

Proof of volcanic activity has been invoked in the interpretation
of seismic reflection data from the FPB in the form of volcanic edi-
fices and dipping reflectors within the basement (Lorenzo and
Mutter, 1988). The presence of the latter was supported by
Barker (1999) and Schimschal and Jokat (2017) who correlated
potential seaward-dipping reflectors packages with velocities of
over 4 km/s. Positive magnetic and gravity anomalies along the
western margin of the FPB were also interpreted as being gener-
ated by basaltic flows and/or the presence of plutonic bodies
(Richards et al., 1996; Barker, 1999) whereas seismic reflection
data revealed the presence of sills intruded in the FPB sediment
pile and interpreted as Early Cretaceous in age (Richards et al.,
2013).
2.3. Falkland Islands Microplate – Current reconstruction models

The evolution and overall structure of the FPB is strongly corre-
lated with the behaviour of the Falkland Islands during the frag-
mentation of Gondwana. Similarly, the pre-break-up structural
grain of the Falkland Islands Microplate was inherited from the
Permo-Triassic Gondwanide orogeny, which resulted in WNW-
ESE trending folds and thrusts and NE-SW trending folds related
to NNE-SSW compression and NE-SW dextral transpression,



Fig. 2. Chronostratigraphic diagram for the Falkland Plateau Basin based on well data (Western FPB), the interpretation of the seismic reflection profile I95167 from Del Ben
and Mallardi (2004) (Eastern FPB), and DSDP information (Eastern FPB and Maurice Ewing Bank; Barker, 1977; Ludwig et al., 1980, 1983; Lorenzo and Mutter, 1988); main
unconformities and nomenclature from [1] Lorenzo and Mutter (1988) and [2] Del Ben and Mallardi (2004); unconformities and formation ages along the Western FPB from
BHP Billiton Petroleum (2010) and Falkland Oil and Gas Limited (2013); geometries of unconformities along the Eastern FPB redrawn after Del Ben and Mallardi (2004);
correlation of unconformities along the Maurice Ewing Bank redrawn after Lorenzo and Mutter (1988); units are colour-coded to reflect their ages; FPB – Falkland Plateau
Basin.
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respectively (Curtis and Hyam, 1998; Aldiss and Edwards, 1999;
Hodgkinson, 2002).

Stratigraphic and structural correlations between the Falkland
Islands and South Africa along with fossil assemblages, Late Paleo-
zoic ice flow directions, and palaeomagnetic data analysis have
been used to reconstruct a rotated position of the islands in a
Gondwana pre-break-up configuration. The angle of rotation
between the pre-Jurassic and current day position has been esti-
mated between �80� and 120�, with an additional �60� occurring
during the opening of the South Atlantic (Adie, 1952; Mitchell
et al., 1986; Marshall, 1994; Mussett and Taylor, 1994; Curtis
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and Hyam, 1998; Trewin et al., 2002; Stone et al., 2009; Stanca
et al., 2019) (Fig. 3). This scenario positions the Falkland Islands
off the south-east coast of South Africa, with the basement crop-
ping out onshore the islands representing a fragment of the
Namaqua-Natal-Maud belt extending across South Africa and East
Antarctica (Thomas et al., 1997; Jacobs et al., 1999; Jacobs et al.,
2003; Jacobs and Thomas, 2004; Vorster et al., 2016). A separation
between the East and West Falkland reconstruction has been inter-
preted along the Falkland Sound Fault which has been inferred to
run between the two main islands (Fig. 4a; Thomas et al., 1997).
However, the sense of movement, displacement, and timing of



Fig. 3. Jurassic rotational ([1] and [3]) and non-rotational ([2]) reconstruction models of the Falkland Islands after [1] Trewin et al. (2002), [2] Ramos (2008), and [3] Stanca
et al. (2019); the stratigraphy and correlation between the Falkland Islands and South African onshore sedimentary deposits is based on Trewin et al. (2002); the PBOCB for
the rotational models is based on gravity data and drawn after Lawver et al. (1999) and Macdonald et al. (2003); the PBOCB for the non-rotational model is based on seismic
and bathymetric data and drawn after Martin et al. (1981); inset in bottom, right corner shows the south-western configuration of Gondwana after Müller et al. (2019) with
Africa fixed in its present-day position.
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activity along this major structure have been difficult to constrain
(Marshall, 1994; Richards et al., 1996; Thomas et al., 1997; Curtis
and Hyam, 1998; Aldiss and Edwards, 1999).

The rotated reconstruction requires a fragmentation of the FP so
that the islands are part of a separate microplate (the FIM) that
underwent isolated clockwise vertical-axis rotation. Definition of
FIM boundaries is still subject to debate. The microplate is consid-
ered to continue north all the way up to the Agulhas-Falkland Frac-
ture Zone by some authors (Marshall, 1994) whereas others put
the boundary further south, along the gravity positive anomaly
corresponding to the Southern North Falkland Basin (Storey
et al., 1999) (Fig. 4b, c). Its western extent is interpreted to be
marked by the arcuate positive gravity anomaly along the edge
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of the Malvinas Basin, and the eastern boundary is thought to coin-
cide with the NE-SW trending positive gravity anomaly (Storey
et al., 1999) (Fig. 4b, c). The minimum southern extent corresponds
to the NSR (Figs. 1 and 4b, c).

Studies favouring the rotation of the Falkland Islands argue for a
more northern position of the islands relative to South Africa
(Fig. 3). This would require significant displacement along a
right-lateral fault between Patagonia and the remainder of the
South American plate (e. g. Gastre Fault; Rapela and Pankhurst,
1992; Ben-Avraham et al., 1993) which has been disproved by sub-
sequent studies (von Gosen and Loske, 2004; Franzese and
Martino, 1998 in Ramos et al., 2017). More recent global and South
Atlantic reconstructions achieve a closer fit between Patagonia



Fig. 4. a) Free-air gravity anomaly (Sandwell et al., 2014) across the Falkland Plateau along with gravity lineaments showing the variation in structural grain; stippled black
lines mark potential intra-plate fracture zones accommodating the rotation of the FIM; an area-weighted rose diagram of the mapped features is also shown; white rectangles
– seismic cubes; b) tilt derivative (TDR); black arrows show the potential regional fracture zones; c) total horizontal derivative (THD); white arrows show the potential
regional fracture zones; inset showing the structural grain along the western margin of the Falkland Plateau Basin; black, thick stippled lines in (b) and (c) mark the potential
boundaries of the FIM, white stippled line marks an alternative northern boundary of the FIM after Storey et al. (1999) and black question marks show uncertainties in the
location of the western FIM boundary; thin stippled line in (b) mark the extent of magnetic reversal isochrons from Eagles and Eisermann (2020) (oc. c. – oceanic crust); d)
map-view of potential intra-block fault networks accommodating block rotation after Peacock et al. (1998); grey areas mark the regions gained and lost during block rotation
assuming an original rectangular shape of the blocks; the change in shape is accommodated through intra-block faulting; potential fault patterns that may occur are drawn
after Peacock et al. (1998) and are, from left to right: one fault network consisting of faults parallel to the block bounding faults, two fault networks parallel to the block and
zone bounding faults, conjugate strike-slip faults in the corners where compression is expected, thrusts and normal faults occurring in the contractional (cc) and extensional
(ec) corners, respectively; deformation exhibits a fractal behaviour and block widths vary between 10 mm and 100 km in the model of Peacock et al. (1998); AFFZ - Agulhas-
Falkland Fracture Zone; NSR – North Scotia Ridge; FSF – Falkland Sound Fault.

R.M. Stanca, D.J. McCarthy, D.A. Paton et al. Gondwana Research 105 (2022) 320–342
(and the islands) and South Africa by taking into account intra-
plate deformation of South America during the fragmentation of
Gondwana (Heine et al., 2013; Müller et al., 2019).

The lack of documented deformation in the sedimentary basin-
fills offshore the islands (Richards et al., 1996) that would support
the rotation, along with the absence of a mechanism for it
occurring at the FIM scale, led to several authors favouring a
non-rotational evolution model. In this model, the Falkland Islands
remain fixed to the South American plate (Fig. 3) throughout the
Mesozoic, and the present-day morphology of the FP is either the
result of extension coeval with the opening of the South Atlantic
(Lawrence et al., 1999; Ramos et al., 2017; Lovecchio et al., 2019;
Schimschal and Jokat, 2019) or the plateau represents the conju-
gate to the Weddell Sea and undergoes extension related to the
break-up and drift of the Antarctic plates (Eagles and Vaughan,
2009; Eagles and Eisermann, 2020). Arguments supporting these
models are based on stratigraphic and structural correlations car-
325
ried between the Falkland Islands and Patagonia (Lawrence et al.,
1999; Ramos et al., 2017; Chemale et al., 2018; Lovecchio et al.,
2019) and magnetic reversal isochrons and magnetic anomaly
correlations between the FP on one side, and the Central Scotia
Sea and the Weddell Sea on the other side (Eagles and
Eisermann, 2020).

3. Data and methodology

3.1. Gravity data and interpretation

The gravity data consist of the V24.1 1-minute satellite altime-
try free-air gravity anomaly grid of Sandwell et al. (2014) for the
entire FP. Total horizontal (Cordell and Grauch, 1985) and tilt
derivatives (Miller and Singh, 1994; Verduzco et al., 2004; Oruç
and Keskinsezer, 2008) were computed using Geosoft’s Oasis Mon-
taj software and used to map gravity lineaments across the entire
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FP (Fig. 4). The nature of the interpreted structures was con-
strained using seismic reflection data.

3.2. Seismic reflection data and interpretation

The seismic reflection data comprise 2D and 3D survey data
(courtesy of the Falkland Islands Government) from seven vintages
acquired between 1977 and 2014 by Falklands Oil and Gas Limited,
WesternGeco, Noble Energy, Lamont-Doherty Earth Observatory,
and Geophysical Service Incorporated (GSI) (Fig. 1). The Falkland
Oil and Gas Limited 2D survey from 2007 was the main 2D dataset
used for the interpretation due to its resolution and coverage of the
western margin of the FPB. It consists of 154 lines with variable
spacing on a grid predominantly orientated parallel (NE-SW to
ENE-WSW) and sub-perpendicular (WNW-ESE to NNW-SSE) to
the shelf (Fig. 1). The record length of this survey is of 8 s TWT,
with shot and receiver spacing of 25 m and 12.5 m, respectively.
The coverage of this dataset was complemented by 22 lines from
the 1993 WesternGeco survey (reprocessed in 2003). These have
a record length of 9 s TWT and a shot and receiver spacing of
40 m and 10 m, respectively. Two 3D seismic cubes (FINA along
the Berkeley Arch and Volunteer sub-basin and FISA in the Fitzroy
sub-basin) aided with the interpretation of smaller scale faults and
with the assessments of the 3D distribution of these fault networks
and of the magmatic systems. The FINA and FISA cubes cover areas
of �5750 km2 and �5500 km2, respectively, and have record
lengths of �9 s TWT. Older regional surveys (two lines from the
RC2106 1978 Lamont-Doherty Earth Observatory survey, one line
from the 1978 GSI survey, and four lines from the 1977 Western
survey) were used for correlations between the western margin
of the FPB and the DSDPs on the eastern side. These have record
lengths between 4 and 12 s TWT and a poorer data quality com-
pared to the more recent surveys but provided regional informa-
tion about the basement geometries and the main stratigraphic
packages. Five wells (31/12–1, 42/07–1, 61/05–1, 61/17–1, and
61/25–1) and three DSDPs (327, 330, and 511) were tied to the
seismic reflection data for the horizon interpretation stage.

Four horizons were mapped across the Fitzroy and Volunteer
sub-basins (western part of the FPB) and associated with mega-
sequences based on stratal terminations and internal geometries
of seismic facies (Mitchum et al., 1977; Hubbard et al., 1985a, b).
These horizons are: (1) the Upper Cretaceous Claystone and (2)
Valanginian unconformity within the transitional to post-rift sec-
tion, (3) near top Jurassic as the top synrift, and (4) near top Pale-
ozoic as the top of the pre-rift sequence (Fig. 5). Jurassic deposits
were only penetrated by well 61/05–1 and DSDPs 330 and 511,
reducing the reliability of correlation of Jurassic strata across the
Berkeley Arch and into the Volunteer sub-basin. Volcanic rocks of
Triassic (?) age were penetrated by well 61/05–1 (Fig. 2) but their
extent remains uncertain.

Wavy low to high amplitude reflectors are readily observed
within the pre-rift in the Fitzroy sub-basin and are truncated by
a section of relatively constant thickness marked by subparallel
to oblique reflectors and areas of transparency (Fig. 5a, c). These
deposits are associated with wavy to oblique discontinuous reflec-
tors further north, across the Berkeley Arch and in the Volunteer
sub-basin, where the upper part of the pre-rift is characterised
by higher amplitudes and semi-continuous reflectors (Fig. 5b, d),
which make the differentiation from the overlying Mesozoic sedi-
ments challenging.

The main synrift phase was correlated with Jurassic and older
deposits. The continuous reflectors within this mega-sequence
have very low to high amplitudes and are disrupted in the Fitzroy
sub-basin by sub-vertically stacked pockmarks. The deposits up to
the Upper Valanginian unconformity record the transitional/sag
phase. The latter two sections are crosscut by high amplitude
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saucer-shaped bodies. The younger Cretaceous section up to Cam-
panian shows oblique geometries with the Maastrichtian and
younger deposits onlapping on the former (Fig. 5).

Isochron maps were computed in order to analyse the migra-
tion of the depocentres in the FPB as a response to the tectonic
activity and sediment source/input (Fig. 6). Faults were mapped
across the Volunteer and Fitzroy sub-basins and the Berkeley Arch.
The variance and edge detection attributes were the primary meth-
ods used to identify small-scale discontinuities in the seismic
reflection data related to normal or oblique-slip faults.
4. Structural and stratigraphic characteristics of the Falkland
Plateau Basin from seismic and gravity data

4.1. Basin depocentre migration during Mesozoic

The pre-rift section of the western FPB has been interpreted as
folded and faulted strata and correlated with the Siluro-Devonian
deposits cropping out onshore the Falkland Islands and uncon-
formably overlain by Permo-Carboniferous deposits. The strati-
graphic architecture of the infill overlying these Paleozoic
deposits was controlled by the tectonic activity affecting the pla-
teau from Mesozoic and throughout the Cenozoic. The top pre-
rift TWTmap shows the two depocentres corresponding to the Vol-
unteer sub-basin in the north and the Fitzroy sub-basin in the cen-
tral area separated by a basement high, the Berkeley Arch (Fig. 6a,
b). The top pre-rift to Valanginian isochron shows a similar strati-
graphic architecture, with sedimentation confined to the two sub-
basins and little to no deposits above the Berkeley Arch. A south-
ward migration of the Fitzroy sub-basin depocentre is visible on
the Valanginian – Campanian isochron. The Cenozoic marks the
merging of the two sub-basins in the larger FPB with little sedi-
mentation occurring at this point along the south-western and
northern margins of the basin (Fig. 6c, d and e).

Locally, the Berkeley Arch and Volunteer sub-basin show a
higher variability in their stratigraphic architecture throughout
the Jurassic and Cretaceous, which is related to the tectonic struc-
tures present in the area (Fig. 6f-i). The TWT map of the pre-rift
shows fault-bounded WNW-ESE trending depocentres in the
northern part of the Berkeley Arch and within the Volunteer sub-
basin (Fig. 6f), and minor NNW-SSE striking depocentres in the
central and southern parts of the Berkeley Arch, deepening
towards the east (Fig. 6f). A similar distribution is observed for
the Jurassic deposits with the Volunteer sub-basin as the main
depocentre and little sedimentation occurring above the Berkeley
Arch (Fig. 6g). Thermal sag deposits that follow the trend of the
underlying fault-controlled depocentres were eroded at the end
of the Valanginian particularly in the north-eastern part of the area
covered by the seismic cube (Fig. 6h). The Lower Cretaceous sees
the erosion of Valanginian deposits along a WNW-ESE direction
potentially controlled by further sag along the WNW-ESE faults
and/or uplift from the north, which focuses these deposits along
the Jurassic depocentres (Fig. 6i). During the Upper Cretaceous,
the accommodation space increases northwards with little sedi-
mentation occurring along the Berkeley Arch (Fig. 6d). From Maas-
trichtian onwards, the FPB is established as the main depocentre
(Fig. 6c).

The structural control of the Fitzroy sub-basin is less apparent,
the depocentre variation being similar to the one described for the
entire western margin of the FPB. Local features characteristic of
this sub-basin are represented by post-Valanginian Lower Creta-
ceous channel systems and shelf-incised canyon-fills (Fig. 7).



Fig. 5. a) and b) Uninterpreted seismic sections along the Fitzroy sub-basin and the Berkeley Arch, respectively; c) and d) interpreted sections showing the sedimentary
sequences, fault network, and evidence of magmatism; lines position shown in Fig. 1.
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Fig. 6. a) Morphology of the pre-rift topography; b) strike section along the shelf showing the main mega-sequences and basins; c), d), e) thickness maps of the overlying
deposits showing depocentre migration as a result of sediment input and tectonism; black rectangles – position of the two 3D seismic cubes; f) top pre-rift TWTmap showing
the Volunteer sub-basin, WNW-ESE fault-controlled depocentres, and the Berkeley Arch; g) thickness of Jurassic section showing fault controlled deposition; h) thickness of
Valanginian-Berriasian deposits showing extensive erosion and fault-controlled depocentres; i) thickness of the Lower Cretaceous section showing uplift from the north
controlling the sediment pathway into the basin; location of (f) - (i) shown in (e); black stippled lines – outlines of main depocentres.
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4.2. Volcanism and magmatism

Evidence for volcanic activity was identified in both the Volun-
teer and Fitzroy sub-basins. In the Fitzroy sub-basin, the correla-
tion of vertically or sub-vertically stacked pockmarks (Fig. 8)
resulted in a network of N-S trending features showing no evi-
dence of vertical or horizontal displacements. These features are
consistent with an interpretation of igneous dykes following the
rationale of Magee and Jackson (2019).

Saucer-shaped bodies with high amplitudes and step-like
geometries were mapped across the extent of both sub-basins.
These are restricted to the Jurassic – Valanginian stratigraphic level
and associated with deformation of the surrounding sedimentary
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deposits. Their western extent, as constrained by the 2D and 3D
seismic reflection data, can be seen in Fig. 11. We interpret these
features as sills and their emplacement was associated with the
force-folding of the intruded sediments. The relative age for this
volcanic event is constrained by onlapping geometries (Fig. 9b,
d). Folding of the Valanginian and Aptian-Albian markers and
onlap geometries identified in the pre- and post-Valanginian suc-
cessions indicate an emplacement spanning the Lower Cretaceous.
These sills can also be identified above some of the dykes, and we
interpret the emplacement of the two as coeval. Locally, the
magma feeding the sills and dykes reached the surface resulting
in lava flows (Fig. 9b, d, f). Further evidence of volcanism along this
margin of the FPB can be seen in the lower section of the Volunteer



Fig. 7. Evidence for shelf-incised canyons (a, b, d, e) and stacked channels (a, b, d) during the Lower Cretaceous in the Fitzroy sub-basin (southern rectangle in Fig. 6); BCS –
base channel system; palaeo-shelf surface in (c) and (e) corresponds to the palaeo-shelf (green dashed line) in (a), (b) and (d). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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sub-basin as high amplitude reflectors (Fig. 13a) interpreted as
(pre-)Jurassic volcanic deposits.

4.3. Structural architecture

Three predominant structural trends were identified and
mapped across the entire FP with the aid of free-air gravity anom-
aly data and its computed derivatives and seismic reflection data:

� NW-SE to WNW-ESE: corresponding to the Jurassic SNFB faults,
the western margin of the Maurice Ewing Bank and the north-
ern part of the Berkeley Arch (Fig. 4a);

� NE-SW: reflecting the structural grain along the western margin
of the FPB, the eastern Maurice Ewing Bank, and the area west
of West Falkland; larger scale structures (stippled black lines
in Fig. 4a) following the same NE-SW trend were interpreted
across the FPB, parallel to the Falkland Sound Fault inferred
between the East and West Falkland; a potential continuation
of the NE-SW trend of the Falkland Sound Fault can be seen
on the gravity data east of the North Falkland Basin (Fig. 4a);

� N-S to NNW-SSE: comprising the Upper Jurassic – Early Creta-
ceous North Falkland Graben, features in the main FPB and
the area west and south-west of the Falkland Islands (Fig. 4a).

This tridirectional structural distribution is evident along the
eastern shelf of the FIM. WNW-ESE striking normal faults displace
folded Paleozoic deposits and, along the western margin of the FPB,
were identified and mapped exclusively in the northern part of the
Berkeley Arch (Fig. 10). NNE-SSW striking normal faults affect the
rest of the basement high, the Volunteer sub-basin, and are
inferred to control the entire western margin of the Fitzroy sub-
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basin (Fig. 10). The syn-kinematic deposits associated with both
fault sets are predominantly Jurassic (Fig. 12) and are consistent
with an alternation between almost orthogonal extension direc-
tions resulting in the formation and reactivation of NNE-SSW and
WNW-ESE striking faults (Figs. 10 and 12).

N-S to NNW-SSE trending normal faults are interpreted along
the entire western margin of the FPB and are distributed in either
a left- or right-stepping en-échelon geometry (Fig. 14a- e). The
faults in this set have small displacements and are restricted to
either the Jurassic section along the Berkeley Arch (Fig. 14f) or off-
set the Valanginian unconformity in the Fitzroy sub-basin and the
northern part of the Berkeley Arch (Fig. 14f, g). Although these nor-
mal faults are predominantly interpreted on the 3D seismic reflec-
tion data, a similar trend can be observed on the gravity data, at a
larger scale, along the western margin of the FPB (Fig. 4c) and
locally along the more eastern interpreted fracture zones (Fig. 4a).

Evidence of localized compression in the form of periclinal folds
and WNW-ESE trending reverse faults with lengths of up to 4 km
can be seen in the Volunteer sub-basin and along the Berkeley
Arch, respectively (Fig. 13). These are restricted to the Jurassic level
(Fig. 13a, b), albeit a small degree of deformation of the Valangi-
nian marker is noticeable along some of the inverted fault seg-
ments (Fig. 13c). Locally, reverse faults reactivate or displace
Jurassic WNW-ESE trending normal faults, suggesting a younger
relative age for the compression event (Fig. 13b, c).

The post-Valanginian up to present-day section is relatively
undeformed with the exception of polygonal faulting (Fig. 5c, d,
Fig. 12b).



Fig. 8. Pockmarks interpreted as dykes (stippled lines) in the Fitzroy sub-basin; line position shown in Fig. 1.
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5. Discussion

5.1. The evolution of the western Falkland Plateau Basin

The present-day morphologies of the Volunteer and Fitzroy
sub-basins are the result of extension along the Falkland Plateau
associated with the fragmentation of Gondwana and the opening
of the South Atlantic. They were further influenced by the move-
ment along the AFFZ and the formation of the NSR. The contrasting
structural frameworks and stratigraphic architectures of the two
constituent sub-basins point towards different tectono-
stratigraphic histories.

The Volunteer sub-basin and the Berkeley Arch show extensive
deformation of Paleozoic deposits with two sets of normal faults
subdivided based on their orientation: one trending NE-SW and
one WNW-ESE (Fig. 10). The synrift deposits show that NW-SE
directed extension both preceded and followed the formation of
the WNW-ESE trending fault set (Fig. 12), although an alternation
between WNW-ESE and roughly NE-SW extension is more likely
(Figs. 15, 16). On the free-air gravity anomaly map (Fig. 4a), the
WNW-ESE trend correlates with the reactivated faults from the
SNFB, suggesting a coeval rifting stage during the Jurassic (Lohr
and Underhill, 2015; Stanca et al., 2019). One can argue for an
onset of extension synchronous to the emplacement of the Lower
Jurassic onshore E-W trending dykes (188 ± 2 to 190 ± 4 Ma;
Mussett and Taylor, 1994; Ramos et al., 2017; Fig. 16a). Extension
perpendicular to the western NE-SW trending margin of the FPB
potentially started during the Lower to Middle Jurassic when dykes
following the same trend were emplaced onshore the Falkland
Islands (162 ± 6 to 178.6 ± 4.9 Ma; Thistlewood et al., 1997;
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Stone et al., 2008; Fig. 15a, Fig. 16b). Variations in the configuration
of stress components are seen throughout the Jurassic, resulting in
N-S trending en-échelon normal faults superimposed on the first
generations of faults (Fig. 14b), and suggestive of secondary sinis-
tral and dextral shearing along NE-SW and WNW-ESE directions,
respectively. Locally, evidence of (Upper?) Jurassic compression
and positive inversion are seen in the Volunteer sub-basin
(Fig. 13). Although the deposition of the Cretaceous and younger
sections shows some control of the underlying structures
(Fig. 6h, i), the only active faults at this level are polygonal
(Fig. 5b, d, Fig. 12b) with evidence of restricted WNW-ESE dextral
shearing occurring in the northern part of the seismic cube from
this area (Fig. 14b, f) during the Lower Cretaceous.

In contrast, the Fitzroy sub-basin shows little faulting of the
Paleozoic deposits, the depth of its depocentre pointing towards
subsidence due to loading as a result of a high input of sediments
rather than crustal thinning. Discrete faulting could occur basin-
ward, underneath the sills where the seismic imaging is poor
(Fig. 5a, c). Localized evidence of Jurassic faulting is interpreted
along the shelf (Fig. 10). However, the faulting within the sub-
basin is restricted to the Lower Cretaceous interval when N-S to
NNW-SSE normal faults are generated with intrusion of dykes that
follow the same trend (Fig. 14c- e and g). The en-échelon distribu-
tion of these faults suggests a sinistral strike-slip component. The
extensive formation and filling of submarine canyons and channels
in the Fitzroy sub-basin (Fig. 7) suggest an increase in sediment
supply during the Hauterivian-Albian, and/or a relative sea-level
fall (Covault, 2011) which might be related to a larger scale iso-
static adjustment.



Fig. 9. Sills and lava flow distribution and associated forced-folds in the Fitzroy sub-basin; a) uninterpreted strike line; b) interpretation of section in (a) showing lava flows
and sill geometries and extent, and pre- and post-Valanginian evidence of forced-folding coeval with the sills emplacement; c) uninterpreted dip line; d) interpretation of
section in (c) showing folding and truncation above the Jurassic marker and in the post-Valanginian section; e) uninterpreted strike line; f) interpretation of section in (e)
showing erosional truncation and onlapping below and above the Aptian-Albian marker; lines position shown in Fig. 1.
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Although small-scale faults control the stratigraphic architec-
ture in the study area, the overall morphology of the FPB was
strongly impacted by the large-scale tectonism, such as movement
along the AFFZ and the formation of the NSR. The wrenching and
active transform motion period of the AFFZ, as documented on
the South African side, occurred between 134 and 92 Ma (Valangi-
nian - Turonian) and resulted in a gradual westward migrating
uplift in the Outeniqua Basin (Baby et al., 2018). In the Volunteer
sub-basin, the deposition of the Valanginian-Cenomanian
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sequence is focused along a WNW-ESE direction (sub-parallel to
the AFFZ) and onlaps onto the Valanginian deposits, which could
suggest uplift from the north, along the AFFZ (Fig. 6i). A large-
scale unconformity is interpreted along the South African margin
during the Aptian-Albian (McMillan, 2003; Baby et al., 2018) and
related to large scale tectonic events that could explain the canyon
incision seen at this time along the western margin of the FPB
(Fig. 7).



Fig. 10. Compiled Jurassic structural map of the Falkland Islands on– and offshore areas ([1] Aldiss and Edwards, 1999; [2] Stone et al., 2009; [3] Lohr and Underhill, 2015; [4]
Stanca et al., 2019, and this study) along with area-weighted rose diagrams for every deformational stage and fault network, showing extension directions throughout Jurassic
assumed to be perpendicular on the onshore dyke swarms and offshore normal faults; ages of onshore dykes after [5] Mussett and Taylor (1994) and [6] Stone et al. (2008);
arrows show extension direction and their orientation is equivalent to the orientation of r3; rectangles – location of 3D seismic data.
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Compression and uplift along the NSR are thought to have
started in the Upper Cretaceous (Bry et al., 2004), which resulted
in the southward tilt of the Falkland Plateau (Ewing et al., 1971).
This is expressed as a south-eastward increase in accommodation
space during this time in the FPB (Fig. 6c).

5.2. Mesozoic structural evolution of the Falkland Islands Microplate

The seismic reflection data interpreted along the western
boundary of the FPB does not show a crustal scale feature that
could be associated with the eastern boundary of the FIM
(Fig. 5). Furthermore, the deformation related to wrenching sug-
gests little sinistral displacement along what was interpreted to
be the margin of the microplate (Fig. 14). Therefore, we consider
the region comprising the Fitzroy and Volunteer sub-basins as part
of the FIM, and that the NE-SW trending gravity anomalies inter-
preted as fracture zones (Fig. 4a, b and c) accommodate the
intra-plate deformation during rotation of the FIM, with the east-
ernmost fracture zone potentially acting as the eastern FIM
boundary.

Subsequent to the Gondwanide orogeny, which resulted in
WNW-ESE trending folds and thrusts and NE-SW trending folds
across the FIM (Curtis and Hyam, 1998; Aldiss and Edwards,
1999), the incipient stages of continental fragmentation resulted
in a complicated fault network affecting the microplate. Situated
between three major plates, the microplate underwent faulting
and dyke emplacement related to the undocking and drifting of
East Antarctica and South America away from Africa (Fig. 15).
332
During the Lower Jurassic, the early stage of Karoo-Ferrar mag-
matism was marked by WNW-ESE to W-E oriented dyke intrusion
in the southern part of West Falkland (188–190 Ma). This was fol-
lowed by NW-SE directed extension resulting in the emplacement
of another dyke swarm (162–179 Ma) onshore the islands, assum-
ing dyke intrusion occurred perpendicular to r3. This stage was
potentially synchronous with normal faulting in the Volunteer
sub-basin and along the Berkeley Arch (Fig. 16a, b). The Middle
(?) - Upper Jurassic sees a rotation in the extension direction to
NNE-SSW allowing for the reactivation of the Permo-Triassic
thrusts in an extensional regime seen both in the Southern North
Falkland Basin and the Volunteer sub-basin (Fig. 16c, d). The struc-
tural inheritance given by the presence of older WNW-ESE trend-
ing thrusts does not require the extension direction to be
perpendicular to these thrusts in order for them to reactivate.
Experimental studies on oblique rifting show that pre-existing
structures can reactivate with a predominantly normal dip-slip
component for angles between 45� and 135� between their trend
and the extension direction (Withjack and Jamison, 1986; Henza
et al., 2010). For angles outside this range, oblique-slip or strike-
slip faults tend to develop (Withjack and Jamison, 1986; Henza
et al., 2010). The reactivated thrusts in the SNFB show predomi-
nantly normal displacements to oblique-slip (Richards et al.,
1996; Lohr and Underhill, 2015; Stanca et al., 2019) suggesting
an extension direction between NNW-SSE and NE-SW which
would allow multiple stages of movement along these faults
throughout the Jurassic (Fig. 16a, c and d).



Fig. 11. Compiled Cretaceous structural map of the Falkland Islands on– and offshore areas ([1] Aldiss and Edwards, 1999;[2] Stone et al., 2009; [3] Lohr and Underhill, 2015;
[4] Stanca et al., 2019, and this study) along with area-weighted rose diagrams for every deformational stage and fault network, showing extension diresction during
Cretaceous assumed to be perpendicular on the onshore dyke swarms and offshore normal faults and dykes; ages of onshore dykes after [5] Stone et al. (2008) and [6]
Richards et al. (2013); arrows show extension direction and their orientation is equivalent to the orientation of r3; rectangles – location of 3D seismic data.

Fig. 12. Relative ages of the WNW-ESE and NNE-SSW trending normal faults in the Volunteer sub-basin and along the Berkeley Arch showing a secondary separation of the
same-strike faults based on their ages; motion on NNE-SSW trending faults occurs both before and after the formation on the WNW-ESE trending faults, but both sets are
restricted to the Jurassic interval; lines position shown in Fig. 11.
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Fig. 13. Evidence for compression/positive inversion in the Volunteer sub-basin in the form of folds and reverse faults; sense of movement for the hanging-wall of the faults
indicated; onlaps on folds shown as syn-kinematic indicators; lines position shown in Fig. 11.
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Jurassic en-échelon faulting along the margin of the FPB
(Fig. 14a, b) is consistent with sinistral and dextral wrenching gen-
erated by a NE-SW oriented r3 (Fig. 14h and Fig. 16c, d). However,
the predominantly small displacements associated with these
faults along with the lack of age constraints for the Jurassic section
make their relative dating in the context of SNFB rifting difficult.
From the end of the Jurassic and into the Lower Cretaceous r3

oscillates around a roughly E-W orientation, leading to the opening
of the North Falkland Basin, normal faulting in the Fitzroy sub-
basin, and the onshore and offshore emplacement of a Lower Cre-
taceous generation of dykes between 121 ± 1.2 Ma to 138 ± 4 Ma
(Fig. 16e, f). Sinistral and dextral shearing occurs at this time
locally, along the western margin of the FPB (Fig. 14c, d, e) and
in the northern part of the Berkeley Arch (Fig. 14b), respectively,
potentially related to the onset of wrenching along the AFFZ (at
134 Ma; Baby et al., 2018). However, these right and left-
stepping en-échelon faults could represent reactivated Jurassic
structures that accommodated the FIM intra-plate deformation
during its rotation, in a similar way to the NE-SW trending regional
fracture zones (Fig. 4a) but on a much smaller scale (Peacock et al.,
1998; Fig. 4d).
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5.3. Stress orientation variation across the FIM in the context of
Gondwana

5.3.1. Plate model considerations
In the context of a pre-break-up configuration of south-western

Gondwana, the stress variation interpreted across the FIM could
help constrain the timing of microplate rotation. This can be done
by comparing structures of similar age identified across south-
western Gondwana with the aforementioned structural frame-
work. To do this, we used a modified version of the South Atlantic
reconstruction after Müller et al. (2019) with Africa fixed to its
present-day position. We consider the Falkland Plateau to consist
of two sub-plates: the FIM and the Maurice Ewing Bank region.
The FIM is defined as the area bounded to the north, west, and
south by the black stippled lines in Fig. 4b, c and extends eastward
up until the magnetic stripes from Eagles and Eisermann (2020)
(oc. c. region in Fig. 4b, c). These were interpreted as magnetic
reversal isochrons associated here with the presence of oceanic
crust, although a more extensive oceanic domain has been inter-
preted by Schimschal and Jokat (2019) based on P-wave velocities
(black dots in Fig. 1) and by Eagles and Eisermann (2020) based on
magnetic data. The Maurice Ewing Bank sub-plate represents the
remainder of the plateau. The amount of rotation for the Falkland
Islands Microplate during the Lower Jurassic is after Stanca et al.



Fig. 14. a) Variance timeslice across the Berkeley Arch showing the distribution of en-échelon faults; black polygon – inset in (b); b) edge detection attribute along an intra-
Jurassic horizon showing right and left-stepping en-échelon fault networks; c) faults and dykes distribution on the 3D seismic in the Fitzroy sub-basin; black rectangle - inset
in (d); d) en-échelon faults and the sense of shear estimated from their orientation; black rectangle – inset in (e); e) edge detection attribute along an intra-Jurassic horizon
showing the complex fault and fracture network generated by sinistral wrenching; f) section through the en-échelon faults in (b); g) section through the en-échelon faults in
(e); h) strain ellipse with the orientation of the minimum horizontal stress for (a) and (b); i) strain ellipse with the orientation of the minimum horizontal stress for (c), (d) and
(e); direction of arrows mark extension direction and their orientation is equivalent to the orientation of r3; position of timeslices in (a) and (c) shown in Fig. 11.
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(2019) but its exact location remains debatable. Here we position
the islands further south than Stanca et al. (2019) in order to elim-
inate the space between the FIM and South America in the Jurassic
reconstruction while not invoking dextral movement along the
335
Gastre Fault. A more northern position could be accomplished by
further deformation of the South American plate. We do not
address these scenarios here; rather, the sole aim of the recon-
struction is to carry out a qualitative comparison between the



Fig. 15. Correlation between the position of the Falkland Islands and south-western Gondwana based on the orientation of r3 for a rotated reconstruction of the FIM; a)
Middle Jurassic plate configuration showing the change in the regional orientation of r3 from Lower to Upper Jurassic (right panel) and the structural features used for its
estimation; b) NE-SW extension direction (Paton and Underhill, 2004) and plate configuration during Upper Jurassic; c) NNE-SSW directed extension (Paton and Underhill,
2004) marked by the emplacement of now N-S trending Early Cretaceous dykes on– and offshore the Falkland Islands; rotation of the FIM after Stanca et al. (2019); the
Falkland Islands Microplate and the South American plate rotate clockwise with the remaining �60� during the opening of the South Atlantic (Mitchell et al. 1986) to reach
their present-day position; onset of wrenching along the Agulhas – Falkland Fracture Zone after Baby et al. (2018); FI – Falkland Islands; MB – Malvinas Basin; NFB – North
Falkland Basin; NLDS – Northern Lebombo dyke swarm; NWMP – Northern Weddell Magnetic Province; OB – Outeniqua Basin; oc. c. – oceanic crust (based on magnetic
reversal isochrons from Eagles and Eisermann, 2020); ODS – Okavango dyke swarm; PSZ – Pagano Shear Zone; RRDS – Rooi Rand dyke swarm; SJoB – San Jorge Basin; SLDS –
Save Limpopo dyke swarm; SWMP – Southern Weddell Magnetic Province; SWMP and NWMP framework from Jordan et al. (2017); South Africa simplified dyke network
drawn after Gomez (2001); East Antarctica dykes drawn after Curtis et al. (2008); Falkland Islands onshore and nearshore dykes drawn after Stone et al. (2009); Outeniqua
Basin fault network after Paton et al. (2006) and Parsiegla et al. (2009); SNFB and NFB fault networks after Lohr and Underhill (2015) and Stanca et al. (2019); South America
fault network after Lovecchio et al. (2019); Karoo lavas extent after Jourdan et al. (2007); Chon Aike lavas extent after Bouhier et al. (2017); DML-Ferrar lavas extent after
Elliot (1992) and Elliot et al. (1999); arrows show extension direction and their orientation is equivalent to the orientation of r3.
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stress fields and structures across the FIM and south-western
Gondwana. Similarly, Schimschal and Jokat (2017, 2019) and
Eagles and Eisermann (2020) interpreted oceanic crust underlying
the whole Falkland Plateau Basin. Although the seismic data pre-
sented here show folded Paleozoic deposits indicative of a more
extensive continental crust in the east of the FIM than suggested
by these studies, we do not refute the presence of oceanic crust
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in the eastern part of the Falkand Plateau Basin. This would change
the extent of the two sub-plates of the Falkland Plateau, but it
would not affect the fact that the structural features of the Falkland
Islands, North Falkland Basin, and the Volunteer and Fitzroy sub-
basins are part of the same microplate and underwent the same
amount of rotation. Therefore, we consider that the extent of the
sub-plates and the overall crustal architecture of the plateau



Fig. 16. Stress field evolution across the Falkland Islands Microplate (based on the structures from this study and literature, and the regional stress compilation in Fig. 15)
throughout the Jurassic and Lower Cretaceous showing: a) Lower Jurassic emplacement of dykes onshore the islands and potential extension occurring in the Southern North
Falkland Basin and across the Berkeley Arch; b) extension along the eastern shelf of the Falkland Islands and the emplacement of a NE-SW trending dyke swarm onshore; c)
reactivation of the Southern North Falkland Basin faults and secondary shearing occurring in the Volunteer sub-basin area, followed by continued WNW-ESE directed
extension in the Fitzroy and Volunteer sub-basins; d) reactivation of the faults in the Southern North Falkland Basin and continued shearing in the Volunteer sub-basin
region; e) opening of the North Falkland Basin and extension along the eastern shelf of the Falkland Islands; f) Lower Cretaceous emplacement of dykes on-and offshore the
Falkland Islands and continued extension and wrenching in the offshore basins; NFB – North Falkland Basin; SNFB – Southern North Falkland Basin; onshore and nearshore
dykes drawn after Stone et al. (2009); SNFB and NFB fault networks after Lohr and Underhill (2015) and Stanca et al. (2019); no onshore structural features besides dykes are
shown for simplicity (see Figs. 10 and 11 for the detailed map); arrows show extension direction and their orientation is equivalent to the orientation of r3.
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should not have implications for the purpose of this comparison
between the local (FIM) and regional (south-western Gondwana)
stresses. In the following section, the orientation of the regional
r3 is mentioned relative to the fixed Africa (Fig. 15), whereas the
local orientation is relative to the present-day position of the Falk-
land Islands (Fig. 16).
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5.3.2. Local vs. regional stress orientation
The Lower Jurassic E-W trending dyke swarm onshore the Falk-

land Islands is thought to have compositional affinities with the
now N-S trending Rooi Rand basalts in Lebombo, SE Africa
(Armstrong et al. (1984) in Mitchell et al. (1999)), which were in
turn correlated with the early E-W rifting between Africa and
Antarctica (Reeves, 2000) (Fig. 15a). However, more recent dating
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of the Rooi Rand dyke swarm yielded ages between 164.7 and
177.8 Ma (Jourdan et al., 2007; Hastie et al., 2014) and therefore
younger than the Lower Jurassic dykes onshore the Falkland
Islands (188 ± 2 to 190 ± 4 Ma). Older dyke swarms that mark
the beginning of the Karoo-Ferrar magmatism and early stages of
Gondwana fragmentation are the N-S striking dykes in the north-
ern part of the Lebombo monocline in south-east Africa, although
E-W regional extension might have started as early as 190 Ma with
the emplacement of the ENE-WSW trending dykes from Ahlman-
nryggen region, Dronning Maud Land (Antarctica) (Riley et al.,
2005; Jourdan et al., 2007; Klausen, 2009). The pre-break-up posi-
tion of the Falkland Islands, incorporating the rotation from Stanca
et al. (2019), would result in a NW-SE to N-S orientation of the old-
est Jurassic dyke swarm relative to Africa. This is sub-parallel to the
North Lebombo and the reconstructed Dronning Maud Land dykes,
suggesting that their emplacement could have occurred in a simi-
lar stress regime (Fig. 15a). The Lower Jurassic dykes onshore the
Falkland Islands show a more radial distribution (ENE-WSW
swinging to WNW-ESE) which could suggest a continuation of
their intrusion coeval with the Okavango and Save-Limpopo dyke
swarms in Africa, discussed below, and a conjugate relationship
with the NE-SW trending dykes onshore the Falkland Islands as
suggested by Musset and Taylor (1994).

The Jurassic NE-SW (present-day orientation) oriented dyke
swarm (162 ± 6 to 178.6 ± 4.9 Ma) has the same orientation as
the Jurassic normal faults mapped along the Berkeley Arch and
suggest a NW-SE to WNW-ESE orientation of r3 (Fig. 16b). The
regional stress orientation during Lower Jurassic relative to a fixed
Africa was controlled by NNW-SSE to N-S-oriented extension
between East Antarctica andWest Gondwana as inferred from field
analysis of the Okavango and Save-Limpopo dyke swarms in Africa
(Le Gall et al., 2002, 2005; Jourdan et al., 2007; Klausen, 2009;
Hastie et al., 2014). At this time, NNW-SSE, NNE-SSW, and NE-
SW striking dykes were emplaced in the Straumsvola, Ahlman-
nryggen, and Vestfjella regions, respectively, on the East Antarctic
side (Riley et al., 2005; Curtis et al., 2008). The variation in the ori-
entation of the Dronning Maud Land dyke swarms is considered to
be suggestive of radial intrusions around a plume head (Curtis
et al., 2008) rather than controlled by the regional stress field but
are shown here in the interest of completeness. Rifting in the Wed-
dell Sea Rift System (�175–180 Ma) and across Patagonia and the
Malvinas Basin (Fig. 15a) is considered to have occurred during the
Lower to Middle Jurassic (Jordan et al., 2017; Lovecchio et al., 2019;
Riley et al., 2020), which is consistent with a roughly NNW-SSE
regional extension relative to Africa. A counterclockwise rotation
of the FIM to its original position would align the Lower to Upper
Jurassic dykes perpendicular to the regional extension direction
(Fig. 15a). However, the age range of these dykes is relatively wide
and the age of the NE-SW trending normal faults along the Berke-
ley Arch is poorly constrained. These are speculated to be syn-
chronous to the dyke emplacement based on their orientation
alone. Faults and dykes with a similar trend would be generated
during stage 2 of the Middle Jurassic extension (Fig. 15a) when
the r3 rotates to an NNW-SSE orientation as East Antarctica drifts
southwards (at �167.2 Ma; König and Jokat, 2006). This would
align the nowWNW-ESE to NW-SE trending dykes of Middle Juras-
sic age (�170 Ma) from northern Patagonia (Rapalini and Lopez De
Luchi, 2000; López De Luchi and Rapalini, 2002) with the Lower to
Upper Jurassic dyke swarm from onshore the Falkland Islands and
relate them to the same extensional episode (stage 2 of the Middle
Jurassic deformation in Fig. 15a). This switch in the extension
direction could also have led to the undocking of the FIM from
Africa.

During the Upper Jurassic, the thrust faults in the SNFB undergo
negative structural inversion and NW-SE to WNW-ESE trending
normal faults are generated along the Berkeley Arch. These suggest
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an NNW-SSE to NE-SW orientation of r3 (Fig. 16d). WSW-ENE
directed extension is registered in the Outeniqua Basin (Paton
and Underhill, 2004) related to the drifting of South America
(Fig. 15a). This would require the FIM to be in an intermediary
rotated position during the Upper Jurassic. The reactivated thrusts
in the SNFB are in an orientation relative to the regional horizontal
minimum stress that favours reactivation during the Lower and
Middle Jurassic as well when E-W extension occurs between Africa
and Antarctica (Fig. 15a) accompanied in the later stages by the
emplacement of the Rooi Rand dykes (between 164.7 and
177.8 Ma; Jourdan et al., 2007) and the formation of the Northern
Weddell Magnetic Province (�155–175 Ma; Grunow, 1993; Riley
et al., 2020; Fig. 15a). This would point towards multiple phases
of thrust reactivation in an extensional regime as suggested by
the multiple synrift packages associated with them (Lohr and
Underhill, 2015; Stanca et al., 2019). E-W trending faults
(present-day orientation) documented by Stanca et al. (2019)
north of the Falkland Islands would be generated synchronously
to extension in the SNFB.

Little evidence for compression can be seen during this period
(Fig. 13) in the north-eastern corner of the FIM (Volunteer sub-
basin and Berkeley Arch). This could be due either to clockwise
rotation against the Maurice Ewing Bank or related to the wrench-
ing between eastern and western Gondwana or Africa and the Falk-
land Plateau. However, the small and localised scale of this
compression suggests that the space into which the FIM rotated
was in an overall extensional regime (i.e. the overall movement
between Africa, South America, and Antarctica resulted in space
being created at the same rate or faster than the FIM rotated,
favouring the formation of predominantly extensional features
over compressional or transpressional).

The Upper Jurassic to Lower Cretaceous normal faults in the
NFB and Fitzroy sub-basin and the Lower Cretaceous (121 ± 1.2 M
a to 138 ± 4 Ma) on- and offshore dykes are consistent with a NE-
SW regional extension direction (Paton and Underhill, 2004)
related to the opening of the South Atlantic (Fig. 15b, c). This indi-
cates that, at this stage, the FIM was roughly in its present-day
position relative to South America (Fig. 15b, c).

Jurassic to Lower Cretaceous en-échelon normal faults in the
Fitzroy sub-basin and along the Berkeley Arch suggest that some
degree of sinistral wrenching occurred along the western NE-SW
trending margin of the FPB during this time and WNW-ESE dextral
shearing along the Berkeley Arch (Figs. 4, 14). This is consistent
with intra-plate deformation related to a clockwise rotation of
the FIM throughout the Jurassic. Further plate reorganization
and/or wrenching related to movement on the AFFZ occur as late
as Lower Cretaceous when evidence of WNW-ESE dextral shearing
is identified along the Berkeley Arch and NE-SW sinistral wrench-
ing is interpreted in the Fitzroy sub-basin (Figs. 4, 14). Large-scale
NE-SW features (Fig. 4a, b and c) were identified further east on the
plateau which we interpret as regional intra-plate sinistral shear
zones that accommodated the rotation of the FIM with the small-
scale en-échelon faults allowing further deformation along and
between these features. Although geometries indicative of sinistral
wrenching were identified on the seismic and gravity data (Figs. 4,
14), the amount of horizontal displacement along these potential
fracture zones remains difficult to constrain.

Besides the NE-SW fault zones interpreted within the FPB, the
Falkland Sound Fault, running between the West and East Falkland
(Fig. 4a), follows the same trend and we could argue for a common
origin. Studies carried along the Falkland Sound Fault suggest that
these shear zones might be long-lived basement structures with
activity recorded as early as late Paleozoic (Aldiss and Edwards,
1999; Stone, 2016) and re-established as left-lateral faults during
the Mesozoic. However, based on the current data, the amount of
displacement along these potential fracture zones cannot be quan-
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tified. Dextral movement in the range of 3.3–300 km was inter-
preted along the Falkland Sound Fault during the Permo-Triassic
or coeval with the break-up of Gondwana (Thomas et al., 1997;
Curtis and Hyam, 1998; Aldiss and Edwards, 1999). However, no
evidence of Jurassic or sinistral reactivation has been documented
by more recent studies in the offshore sedimentary basins along-
strike the Falkland Sound Fault (Richards et al., 1996; Lohr and
Underhill, 2015; Stanca et al., 2019) which contributes to the
uncertainty regarding the nature and age of this potential fracture
zone. This precludes a correlation with the eastern fracture zones
following the same trend and hinders a more detailed reconstruc-
tion of the microplate and an understanding of its overall geometry
prior to the break-up.
5.3.3. Implications for the FIM rotation mechanism
Invoking the kinematic models of Ron et al. (1984), McKenzie

and Jackson (1986), and Peacock et al. (1998) for the rotation of
the FIM is a novel explanation. The extent of the blocks/mi-
croplates that have undergone this style of deformation related
to large amounts of rotations in transform margin settings is spar-
sely documented. Examples of large recorded rotations, compara-
ble to the FIM case, include the Santa Catalina Island (�90�) in
South California (Luyendyk et al., 1985), albeit affecting a much
smaller block (thousands versus hundreds of thousands of km2),
and the Ellsworth-Whitmore Terrane (�90�) in Western Antarctica
(comparable in areal extent to the FIM; Curtis and Storey, 1996).
Instances where the deformation related to rotation was accom-
modated by strike-slip faults anthithetic to the main shear zone
(Ron et al., 1984; McKenzie and Jackson, 1986) are reported in
the eastern and western Transverse Ranges in Southern California
(Platt and Becker, 2013; Ingersoll and Coffey, 2017), and the ocea-
nic Manus microplate (Bismarck Sea) in a back-arc spreading sys-
tem (Martinez and Taylor, 1996). However, in none of these
examples this style of deformation was both documented and led
to >80� rotation of a microplate the size of the FIM.

We report evidence of sinistral wrenching across the FIM,
potentially on several NE-SW striking shear zones (Fig. 4a, b and
c). This observation is consistent with the kinematic models of
Ron et al. (1984) and McKenzie and Jackson (1986), considering
that the rotation of the FIM occured in an overall dextral shear
zone developed between East and West Gondwana, and Africa
and South America. Furthermore, fault networks that are several
orders of magnitude smaller, and suggestive of conjugate dextral
and sinistral shearing have been interpreted along the eastern shelf
of the Falkland Islands (Fig. 14). This is consistent with the model
proposed by Peacock et al. (1998) where high degrees of block
rotation can be accomodated through small-scale faulting and
increased deformation within the block itself (Fig. 4a, d and
Fig. 14). Although these models can be used to interpret the cur-
rent structural architecture of the FIM, more data is required to
constrain whether the microplate rotated as a whole, or whether
the NE-SW shear zones are responsible for a further fragmentation
of the FIM. Furthermore, the answer to why this particular trans-
form margin has seen such high degrees of rotation affecting a
microplate several hundred of kilometers wide remains elusive.
Possibly this is a consequence of the origin of the microplate at a
junction of multiple tectonic plates, where rapid variations in the
stress configuration are expected, followed by its evolution along
one of the most long-lived and long-offset transform faults on
Earth. Alternatively, it is the result of deeper processes that precon-
ditioned this scale of rotation, and ultimately led to the break-up of
Gondwana (Ben-Avraham et al., 1993; Storey, 1995; Dalziel et al.,
2000). Nonetheless, we advocate testing the kinematic models of
Ron et al. (1984), McKenzie and Jackson (1986), and Peacock
et al. (1998) in other settings where comparable scales of micro-
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plates and amount of rotation require a mechanistic explanation
(e.g. the Ellsworth Whitmore Terrane).

6. Conclusions

The western margin of the Falkland Plateau Basin recorded a
series of rapid changes in the orientation of r3 during the Jurassic
and Lower Cretaceous related to a vertical-axis rotation of the Falk-
land Islands Microplate. This rotation took place under a complex
stress regime corresponding to the region located between South
America, Africa, and East Antarctica and the early stages of trans-
form margin formation.

The clockwise rotation resulted in the generation of NE-SW and
WNW-ESE trending faults in the northern part of the margin (along
the Berkeley Arch and in the Volunteer sub-basin) superimposed
by N-S striking en-échelon normal faults extending into the Fitzroy
sub-basin. When collated with information from the North Falk-
land Basin and onshore the Falkland Islands, the larger structural
framework supports a complex tectonic history of the FIM. The ori-
entation of the minimum horizontal stress across the FIM alter-
nated between roughly NE-SW and NW-SE/WNW-ESE during the
Jurassic and switched to a NE-SW orientation during the Lower
Cretaceous.

Interpretation of seismic reflection data along the eastern shelf
of the FIM points towards a larger eastern extent of the microplate
than previously constrained. The revised microplate comprises the
region of the Volunteer and Fitzroy sub-basins. A comparison of
the newly defined FIM local stress configuration with the regional
stress in the reconstructed south-western Gondwana suggests that
the rotation of the microplate started during or after the intrusion
of the Jurassic NE-SW trending dykes onshore the Falkland Islands
(during the drift initiation of East Antarctica in Middle Jurassic)
and continued throughout the Upper Jurassic. During the incipient
stages of rotation, a small degree of compression occurred in the
north-eastern corner of the microplate, but the predominant
extensional structures suggest that the early fragmentation of
Gondwana generated enough space during the clockwise rotation
of the islands to limit the widespread occurrence of compression.
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