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erosion and deposition beneath the 
subantarctic Front since the early 
oligocene
Uisdean Nicholson & Dorrik stow

the Antarctic Circumpolar Current (ACC) spills across the Falkland plateau into the south Atlantic as 
a series of high-velocity jets. these currents are a driving force for global overturning circulation, and 
affect climate by modulating CO2 exchange between the atmosphere and ocean, but their timing 
of onset remains controversial. We present new evidence of strong currents associated with the 
Subantarctic Front (SAF) jet since the earliest Oligocene (~34 Ma) based on a widespread erosional 
surface on the Falkland Plateau, preserved below a 30,000 km2 contourite sand deposit. this is the 
largest such feature ever to be recognized, and provides the most robust constraint of the initiation 
of the sAF to date. By contrast, the south Falkland slope Drift is dominated by contourite mud of 
Pleistocene-Recent age, substantially younger than previous estimates, indicating a significant 
decrease in long-term current strength at that time. As ACC strength is primarily a function of the 
position of the south-Westerly Winds, our data indicates that associated currents are likely to increase 
substantially in a warming world. Likely implications include increased upwelling and associated carbon 
flux from the deep ocean to the atmosphere, a positive feedback loop not included in most future 
projections of atmospheric Co2.

The Antarctic Circumpolar Current (ACC), the world’s largest moving body of water, is a wind-driven current 
that flows continuously around the Antarctic continent, transporting ~134 Sverdrups (Sv) of water1 and forming 
a pronounced oceanographic barrier between the cold waters surrounding Antarctica and the warmer waters of 
the Pacific, Atlantic and Indian oceans. The ACC is driven by surface shear stress induced by the South Westerly 
Winds (SWW), with surface currents capable of driving circulation of both intermediate and deep water masses. 
This wind-driven current system plays a critical role in the interconnected global ocean circulation and climate 
system, partly driving the Atlantic Meridional Overturning Circulation2, Agulhas leakage via the ‘warm-water 
route’ into the South Atlantic3, inducing upwelling and carbon exchange with the deep Southern Ocean4,5 and 
affecting ice-sheet stability in Antarctica6.

The main factor impacting the strength of the ACC is the alignment of the SWW with the Drake Passage gate-
way between South America and West Antarctica7, with wind belts having shifted substantially southward8 and 
increased in strength9 in the last few decades. Although this short-term (decadal) shift in wind strength has not 
yet been transmitted to the deep ocean in terms of changes in current strength9, it is clear that longer term trends 
do affect deep currents. Millennial-scale latitudinal migrations in the SWW appear to be related to out-of-phase 
warming and cooling conditions in the northern hemisphere, the so-called “bipolar seesaw” effect10, demonstrat-
ing the complex teleconnections between atmospheric CO2 content, warming and cooling conditions in both 
hemispheres, and global ocean circulation. Recent studies have shown that latitudinal shifts in SWW have had a 
critical effect on circulation and climate. These occurred in response to Dansgaard-Oeschger events during the 
most recent glacial period11 and in the transition from the last glacial to the current interglacial, when the ACC 
appears to have increased in intensity12.

However, despite their importance to palaeoceanographic and climate models, there are no substantial records 
of the longer-term changes in current strength associated with the ACC. Even the timing of onset of current 
activity remains disputed, with published estimates ranging from the Late Eocene to late Middle Miocene13. 
Long-term records are particularly important as the Earth warms to a pre-Pleistocene state, with CO2 levels and 
temperatures rapidly rising, wind-belts shifting polewards and a seasonal ice-free Arctic likely in the next few 
decades14. This would have an important impact on the strength of the currents associated with the ACC, and 
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possible associated feedback mechanisms, including upwelling and CO2 exchange between the atmosphere and 
the deep ocean5.

The principal exchange of water masses of the Southern Ocean with the South Atlantic Ocean, the ‘cold water 
route’, takes place across the North Scotia Ridge, which separates the Scotia Plate from the South American 
Plate, the latter including an E-W trending continental promontory known as the Falkland Plateau (Fig. 1A). 
The majority of the water of the ACC is transported across the ridge through a series of narrow passages, by 
high-velocity jets15, including the Subantarctic Front (SAF) through the 54–54 passage (52 Sv) between Burdwood 
Bank and Davis Bank, and the Polar Front (PF) through the Shag Rock Passage (48 Sv)1 (Fig. 1). Currents passing 
through these narrow passages are associated with the formation of meso-scale eddies16, where velocities are 
temporally elevated by the formation of vortices extending down to the seabed.

The SAF flows northward across the Falkland Plateau, with the core of the current approximately paralleling 
the 1600 m isobath17 (Fig. 1B). Elevated current velocities (>10 cm/s) extend from a depth of around 1400 m, 
close to the pycnocline between Antarctic Intermediate Water (AAIW) and Upper Circumpolar Deep Water 
(UCDW), to ~1800 m. The current therefore transfers water masses associated with Subantarctic Mode Water 
(SAMW), AAIW and UCDW. This current is associated with extensive contourite drifts, including the South 
Falkland Slope Drift (SFSD)18, which represent a valuable archive of current processes through time. A number 
of these drifts have been described by previous authors using multi-channel seismic data18–20 and in some cases 
penetrated by shallow (2–3 m) kasten cores21. A gravity core (GC528) acquired in 2011 penetrated the SFSD to a 
depth of 7 m, in close proximity to the Toroa#1 core that we use in this study. This well documented an increase 

Figure 1. (A) Topographic features, plate tectonic and oceanographic setting of the Falkland Plateau (FP; 
outline in black dashed line), showing locations of main fronts of the Antarctic Circumpolar Current, including 
the Subantarctic Front (SAF), Polar Front (PF) and Southern Antarctic Circumpolar Current Front (SACCF)15. 
The yellow star shows the location of the 54–54 passage, where the SAF crosses the North Scotia Ridge between 
Burdwood Bank and Davis Bank. Image created using GeoMapApp. (B) Salinity and velocity data across 
the Falkland Plateau from the World Ocean Atlas, created using Ocean Data View software48. Blue dashed 
line shows the pycnoclines between water masses, including Subantarctic Mode Water (SAMW), Antarctic 
Intermediate Water (AAIW), Upper Circumpolar Deep Water (UCDW), and Lower Circumpolar Deep Water 
(LCDW). White dashed lines are velocity contours (in cm/s), measured using acoustic doppler current profilers 
on a parallel transect17, and show the location of the SAF and the PF. FT is the Falkland Terrace (C) Location 
map of the western Falkland Plateau showing depth contours (in metres), seismic and well data, and main 
sedimentary/geomorphological features associated with the SAF, including the main contourite drifts and the 
Falkland Terrace and the individual sand deposits that make up the Falkland Sand Sheet, based on the presence 
of high impedance seismic packages with distinct geomorphological features at the seafloor. SFSD – South 
Falkland Slope Drift; LFSD – Lower Falkland Slope Drift.
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in current strength at the end of the last glacial period, based on grain size and other proxies, but the record is 
limited to the Late Pleistocene (25 ka)12 due to the shallow depth of penetration.

The onset and evolution of the SAF was dependent on the opening and deepening of the Drake Passage, or 
precursor gateways22–24 between South America and Antarctica, as well as the formation of deep-water passages 
along the North Scotia Ridge25, an area where the tectonic history and palaeo-bathymetry remains poorly con-
strained. Previous estimates for the onset of deposition by bottom currents from the SFSD are based on proxy 
data, such as average sedimentation rates18 and long-distance seismic correlation20, both giving Early Miocene 
ages. Other contourite drifts in the Scotia Sea have also been used to infer the onset of ACC and changes in ACC 
current strength since the Miocene, but these are also based on limited core calibration, and are affected by 
Weddell Sea Deep Water formation as well as the ACC26.

We here use extensive 3D and 2D seismic reflection data and three recently acquired geotechnical bore-
holes from the Falkland Plateau to constrain the age and origin of the SFSD and the newly-identified Falkland 
Sand Sheet (FSS), in order to better constrain the dynamics of the ACC, and specifically currents associ-
ated with the SAF, through time. These new results provide robust confirmation for the Oligocene onset of 
strong intermediate-deep currents associated with ACC circulation and the Pleistocene transition to more 
weak-to-moderate current conditions, with clear implications for modelling ocean circulation in a world with 
pre-Pleistocene atmospheric conditions. Furthermore, we document, for the first time, the nature of the Falkland 
Terrace, which displays large-scale erosional features, and the extensive FSS, which formed beneath the SAF. This 
clearly demonstrates the significance of strong bottom currents in shaping slope architecture and in depositing 
large quantities of sand in deep water.

Falkland plateau slope morphology. The slope of the southern and eastern Falkland Plateau has a com-
plex morphology, with a number of terraces and locally mounded morphological features which are characteristic 
of margins dominated by bottom-current activity27. A number of pronounced changes in slope gradient and mor-
phology, both down the slope and along the slope from south-east to north-east, are evident from bathymetric 
data (Fig. 1) and seismic data (Fig. 2).

The south-western slope is characterized by two extensive sediment drifts, with characteristic convex-up mor-
phologies, separated by a slope-parallel erosional moat at around 1600–1700 m water depth (Fig. 2A). This moat 
separates the SFSD from another drift deposit, which we herein refer to as the Lower Falkland Slope Drift (LFSD). 
Both of these drifts sit above a prominent erosional unconformity (the base drift unconformity). Truncation of 
underlying seismic reflectors below the unconformity (Fig. 2B) indicates that there may be more than 100 ms of 
missing sequence in this location.

Figure 2. (A) Regional 2-D seismic line across the Falkland Plateau slope, across the South Falkland Slope Drift 
and Lower Falkland Slope Drift. All seismic sections are in the time domain (vertical axis is Two-Way Time) 
and have a ~5x vertical exaggeration (VE) unless otherwise stated. Blue, circled, letter A represents the core of 
the current flowing away from the reader. (B) Compressed (~20x VE) seismic section across the SFSD, with 
main horizons from Koenitz et al.18, and location of the Toroa#1 geotechnical borehole. Black arrows indicate 
erosional truncation of underlying seismic reflections at the base-drift unconformity. (C) Regional 2-D seismic 
line across the central Falkland Plateau, showing stepped/terraced morphology and erosional (and minor 
depositional) features associated with the SAF. The white dashed line indicates the possible seafloor height 
before erosion by the SAF. Seismic lines were originally acquired by Wavefield and PGS. (D) Lithologies and 
interpreted ages of the Toroa#1 borehole through the SFSD, acquired and analysed by BHP. Core recovery is 
shown by the black (sample) and white (core gap) barcode to the right of the lithology column. The key to the 
lithology is shown in Fig. 4 and detailed biostratigraphy is shown in Appendix A.
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Along slope to the north-east, the slope flattens out into a broad terrace at water depths of ~1200–1800 m, 
which we refer to as the Falkland Terrace (Fig. 2C). The terrace forms part of a broader area of slope erosion, with 
evidence for along-slope erosion occurring up to water depths of 800 m, and locally even as shallow as 500 m 
(Fig. 1). There are a number of prominent moats evident in the seismic data, the shallowest of which is situated 
at around 800–950 m water depth (Fig. 2C), as well as other indications of sea-floor scouring along the main 
Falkland Terrace. In some locations, there are also depositional features, including minor drifts, some of which 
are associated with moats and other erosional features (Fig. 2C, inset). These coincide with areas of higher seabed 
amplitudes, with the larger acoustic impedance contrast indicating a distinct change in lithology at the seabed.

A prominent feature of the shallow subsurface across the Falkland Plateau is a ‘hard’ (increase in acoustic 
impedance) reflector, which is situated between 150–700 ms below the seabed, and which cross cuts stratigraphy 
(Fig. 2A,C). The discordant nature and seismic polarity of the reflection is consistent with an Opal A-CT tran-
sition28. This transition is one of a group of ‘bottom simulating reflectors’ (BSRs), and represents the diagenetic 
transformation of silica from a non-crystalline to a disordered crystalline form29. The primary control on this 
reaction is temperature, with other factors such as lithology, pore-fluid chemistry and time having a lesser influ-
ence30. The Opal A-CT transition is a non-reversible diagenetic process, with Opal remaining in a crystalline form 
even when temperature and pressure are reduced, thus it acts as a palaeothermometer, recording the maximum 
temperature experienced by the sediments.

The Opal A-CT transition in the south-western Falkland Plateau is situated at a maximum of around 
700 ms TWT below the seabed (Fig. 2A), which is equivalent to around 560 m based on Loligo-1 velocity data 
(~1600 m/s). Using a geothermal gradient of 38.5 °C/km and a seabed temperature of 2 °C from Loligo-1, this 
is equivalent to a temperature of ~22 °C. This is at the lower bound (~20 °C) of temperatures derived from 
wells associated with clear geophysical expressions of Opal A-CT transitions elsewhere, most of which exceed 
35–40 °C28,31,32. Opal A-CT transitions at significantly greater depths, with temperature greatly exceeding this 
value have also been reported in some instances, where the vertical (upward) migration of the diagenetic front 
has been arrested, or fossilized, for reasons that remain poorly understood31,33. However, empirical observations 
of shallower and lower temperature (~16–20 °C) transitions are rare28, and are only found in association with 
large-scale slide scars representing widespread seabed erosion

Under the Falkland Terrace, however, the Opal A-CT transition is significantly shallower than in the 
south-western Falkland Plateau region, typically around 250 ms (~200 m) and as little as 150 ms (~120 m) below 
the seabed, representing temperatures of ~10 and ~6 °C respectively. These temperatures are significantly lower 
than any experimental or empirical observations for the onset of the Opal A-CT transformation28,32. These anom-
alously low present-day temperatures suggest that subsurface temperatures are, or were in the past, higher in 

Figure 3. Seismic attributes from 3D data across the Falkland Terrace and Falkland Sand Sheet. Locations 
of the FINA (A) and FISA (B) survey are shown in Fig. 1. Attributes include depth, dip angle and absolute 
amplitude for both surveys, as well as an isopach (sediment thickness) map of the sand sheet for the FINA 
survey. ‘Warm’ colours (green-red) on the amplitude maps represent sand, which has a higher acoustic 
impedance than shale near the seafloor. The main geomorphological features annotated on the maps include 
individual sand sheets (ss), sand ribbons (sr), circular-elliptical scours (cs), erosional remnants (er) and 
escarpments (es), all of which are produced by bottom currents associated with the Subantarctic Front.
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this area. In the case of the Falkland Terrace, assuming that there are no significant lateral changes in geothermal 
gradient, we interpret the anomalously shallow Opal A-CT transition to be a result of widespread seafloor erosion 
(~300 m, locally exceeding 400 m) across the Falkland Terrace region since the Opal A-CT transition initially 
formed. This area of maximum erosion is directly associated with the core of the SAF, suggesting that elevated 
bottom current velocities associated with the front are, or have been, strong enough to erode, entrain and trans-
port substantial quantities of sediment.

Contourite drifts. The SFSD is a plastered drift deposit that extends from ~500 m to 1500 m water depth, 
across an area of over 6600 km2 (Figs 1 and 2). The base of the drift is marked by a ~60 m deep, SW-NE trending 
erosional moat at 1600 m (Fig. 2A) separating it from the ~2000 km2 LFSD. The base of the LFSD is indistinct 
due to incomplete seismic coverage, but likely extends to the Falkland Trough, where a thick Neogene sequence 
is present34.

The SFSD was penetrated by the Toroa#1 geotechnical borehole, which extended to the base of the drift at 
the well location (Fig. 2B), with recovery rates of ~30% in the shallow 40 m and ~10% below that. This well 
penetrated a thick (175 m) sequence of Middle Pleistocene-Holocene mud, with minor silt layers, above a thin 
(10 m) clay-rich sand of indeterminate age (Fig. 2D). A Middle Pleistocene age (MIS8; <270 ka) for the mud is 
confirmed by the presence of E. huxleyi coccolithophores down to the base of the drift, as well as a distinctive 
nannofossil assemblage35 (the complete nannofossil and foram assemblage is summarized in Appendix A). The 
basal sand sits on a pronounced erosional unconformity, overlying Upper Cretaceous (Campanian-Santonian) 
mudstone, based on the presence of the dinoflagellate Isabelidinium cretaceum and other microfossils35. This 
mid-Pleistocene age is significantly younger than previous published estimates for the SFSD, which inferred an 
Early Miocene onset of drift deposition, and a series of intra-drift unconformities of Miocene to Pliocene age18,20. 
Our results show that onset of drift deposition was much more recent than any published age for the onset of 
ACC circulation13, and that the intra-drift unconformities must represent fluctuations in current strength on 
glacial-interglacial, or shorter, timescales.

The LFSD has not been penetrated by any geotechnical boreholes, thus its age remains uncertain. A number 
of prominent intra-drift unconformities are present (Fig. 2A, inset), which could be tentatively correlated to the 
unconformities in the SFSD (Fig. 2B), but this remains speculative.

Falkland terrace and sand sheet. The Falkland Terrace covers a large area of the eastern Falkland Plateau 
slope, between 1200 m and 1800 m water depth (Figs 1 and 2C). 3D seismic data across the Falkland Terrace 
shows that the seabed has a markedly rugose morphology, with numerous erosional features, both parallel and 
perpendicular to the slope and to modern currents (Fig. 3). These include slope-parallel erosional escarpments, 
with seabed gradients locally exceeding 45 degrees and relief up to 200 m, plateau-like erosional ‘remnants’ 
bounded by escarpments, and circular-elliptical scour features, typically 0.5–3 km in diameter and up to 100 m 
deep (Figs 3 and 4). These scours form in discrete clusters parallel to the slope contours, and are markedly asym-
metrical with a steep scarp at the up-current end and a gentler slope extending down-current.

These various erosional features occur both at the seabed and underlying a high-impedance seismic package, 
which is present across a large area of the Falkland Terrace (Figs 1 and 3). Where present, this high-impedance 
package has a much higher amplitude seabed reflector than surrounding areas, and a strong negative base 
reflector (Fig. 4C). This shows that this feature has a significantly higher acoustic impedance than adjacent or 
subjacent units. This high-impedance package is typically located down-slope of moats (Fig. 2C, inset), on the 
plateau-like erosional remnants (Fig. 4C), and on the northeast (down-current) side of individual erosional bed-
forms (Fig. 4D).

Two wells penetrate the shallow stratigraphy, including the high-impedance seismic package. This package is 
not evident in the seismic data at the Loligo#A location (Fig. 4C). This well penetrated a thin (~2 m, below seismic 
resolution), sand-dominated interval (Fig. 4E), with a Holocene-Pleistocene age inferred from the presence of 
E.huxleyi, C.leptoporus microfossil assemblages35. Neritic foraminifera and the presence of glauconite indicate 
a shallow water origin for the sediment, whereas abundant Eocene microfossils indicate a substantial degree of 
reworking of older sediments. Below 3 m, there is a distinct change in both lithology and fossil assemblages, with 
the sediment being dominated by mudstone of exclusively late Eocene (Priabonian − 35–37 Ma) age.

The Loligo#C well penetrated a thicker (16.5 m) sequence of sand, with fossil assemblages of Oligocene to 
Holocene age, indicating long-lived coarse-grained sediment transport and reworking. The base of the sand pack-
age is most likely earliest Oligocene (~34 Ma), but with a minimum age of 25.1 Ma, based on the abundance of 
Chiasmolithus altus and other Oligocene nannofossil assemblages35. Most of the sand is Oligocene-Pliocene in 
age, with only the shallowest ~1 m of Holocene age. Pleistocene sediments are absent, or were missed due to the 
sampling frequency. The base of this 16.5 m-thick sand coincides with the base of the high-impedance seismic 
package, which is evident from the seismic at this location, confirming that the high-impedance seismic package 
represents an extensive Oligocene-Recent sand deposit, herein referred to as the Falkland Sand Sheet. Below 
~16.5 m, there is a distinctive change to latest Eocene – earliest Oligocene mudstone, with a distinct absence of 
reworked fossil assemblages. Unequivocal Priabonian (late Eocene) species dominate the mudstone sequence 
from ~26 m depth, with Bartonian (middle Eocene) species occurring below 99 m.

The high-impedance seismic package which we interpret as the Falkland Sand Sheet has been mapped across 
both the FINA and FISA surveys, as well as on the 2D data. It covers around half of the seafloor across the 
Falkland Terrace, (Figs 1 and 3), a total area of more than 30,000 km2. Where present it is typically 10 ms (mini-
mum seismic resolution) to 75 ms ‘thick’ in TWT (~60 m thickness) and locally as much as 150 ms TWT (~112 m 
true thickness) (Fig. 3A). Assuming an average thickness, of ~30 m where present (50% of the total area), we 
estimate the total volume of sediment in the Falkland Sand Sheet to be around 900 km3. As such, this is the largest 
contourite sand sheet to be recognized anywhere in the modern or ancient sedimentary record, to our knowledge.
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Extensive individual sand sheets, ‘ribbons’ and sand waves, are evident in both map view and on seismic 
cross sections. Individual sand sheets range in size from several hundred to over 2000 km2 (Fig. 1). Individual 
sand ‘ribbons’, which may represent sand infilling elongate erosional troughs rather than depositional bedforms, 
can be traced over at least 2–10 km (Fig. 3). The gently sinuous sand wave crests extend up to 5 km laterally, with 
wavelengths typically around 500 m, and are oriented perpendicular, or highly oblique, to the isobaths (Fig. 3B). 
The sand has a complex relationship with the erosional features mentioned above, many of which have evidently 
pre-dated the deposition of the sand itself, and then partly controlled the location of sand deposition. This is 
particularly evident within the circular-elliptical scour features, where the sand is preferentially deposited on the 
shallow-dipping upstream-facing side relative to prevailing currents (Fig. 4). Although these are primarily ero-
sional bedforms, we interpret the dominant process as being analogous to cyclic steps in turbidite systems, where 
the flow initially accelerates and becomes more turbulent (and erosive) on the lee-side of the scours, and then 
decelerates and deposits sediment on the stoss side36. This indicates that the currents are supercritical, at least 
periodically, and that flow was continuously south-west to north-east, as in the present day.

It is clear that the whole of the Falkland Terrace has been affected by prolonged and extensive erosion. Such 
slope-parallel terraces are known to form under the persistent action of bottom currents, especially where the 
interface between water masses impinges on the seafloor37. It is here that kinetic energy transferred to the seafloor 
is at a maximum. Significant erosion in this case may partly coincide with the interface (pycnocline-thermocline 
couple) between the AAIW and UCDW, which intersects the slope at around ~1200 m water depth. 
Hydrodynamic activity at this interface can be elevated by an order of magnitude or more in the presence of 
benthic storms or by the action of internal waves38. However, although the updip limit of the Falkland Terrace 
coincides with the AAIW-UCDW pycnocline, the erosional features extend well down the continental slope to a 
depth of 1800 m or more, corresponding closely with the location of the Subantarctic Front17.

Although there is strong evidence that the primary mechanism for such pronounced erosion was (and is) strong 
bottom currents associated with the SAF, measured current velocities at the seafloor in the region of the SAF are 
only in the order of 0.1–0.2 ms−1 17, which are significantly lower than the predicted current strength for generating 
the erosive (>1 ms−1) and depositional (0.5–0.8 ms−1) bedforms observed39. Erosion may be enhanced by the pres-
ence of episodic, fast-flowing, meso-scale eddies and vortices related to the interaction of the front with complex 
seafloor topography. In the area around the 54–54 passage, such eddies have been observed in present-day seismic 

Figure 4. Seismic sections from the FINA 3D survey and geotechnical boreholes through the Falkland Sand 
Sheet. (A) Depth (i) and seismic amplitude map (ii) of the seabed around the Loligo well locations. White line 
shows location of the seismic section in panel C. (B) Depth map of the seabed across a linear array of circular-
elliptical scour features in the northeast of the survey area. White line shows location of the seismic section in 
panel D. Locations of maps A and B are shown in Fig. 3. (C) Seismic line across the Loligo#A and Loligo#C 
geotechnical boreholes. The high-impedance seismic package near the seabed around Loligo#C is absent around 
Loligo#A. Dashed orange horizon is the Bartonian-Priabonian (37.8 Ma) boundary, which is offset by numerous 
polygonal faults. (D) Seismic line along a linear array of asymmetric circular-elliptical scour features, typically 
1–3 km in diameter, and parallel to the main flow of the SAF (blue arrow). Scours are mostly asymmetric, with 
a steep SW flank and a shallow NE flank, with sand preferentially deposited on the NE (down-current) flank. 
(E) Lithostratigraphic and biostratigraphic correlation of Loligo#C and Loligo#A wells, acquired and analysed 
by BHP, which penetrate the Falkland Sand Sheet. Core recovery is shown by the black (sample) and white (core 
gap) barcode to the right of the lithology column. Detailed biostratigraphic data are shown in Appendix B,C.
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oceanographic records40, with modelled velocities of several metres per second in the area1. However, both eddies and 
turbulence at the pycnocline would also affect the plateau to the south, in the vicinity of the SFSD, where erosion and 
coarse-grained deposition has not occurred since the Pleistocene. Therefore, it seems likely that the currents which 
generated the Falkland Sand Sheet were significantly stronger than those forming the Pleistocene-Recent SFSD.

eocene-recent evolution of the subantarctic front. It is evident from our seismic stratigraphic obser-
vations and data from the shallow boreholes that substantial changes in SAF intensity have taken place since 
the Paleogene. Eocene sediments penetrated in Loligo#A and Loligo#C are dominated by biosiliceous pelagic 
sediment, with little terrigenous input and no evidence of bottom-current reworking of older sediment in the 
deep ocean. By contrast, the Oligocene-Recent sediment encountered in the Falkland Sand Sheet sits on top of 
an erosional surface, with evidence from seismic reflection terminations, and our interpretation of an exhumed 
Opal A-CT transition, for up to 300 m of erosion in places, clearly formed by high-energy along-slope bottom 
currents. We interpret the unconformity as marking the onset of strong bottom currents associated with the SAF 
in the Falkland Plateau region. This major oceanographic change occurred after 35 Ma, in the earliest Oligocene 
(or possibly latest Eocene), and by 25 Ma at the latest. Our interpretation of the data is that the erosional uncon-
formity occurred at or very close to the Eocene-Oligocene boundary.

This erosional unconformity was not only a result of uplift of an active forebulge34, but was primarily caused by 
intense bottom current erosion throughout the region, acting over a long period of time. This, therefore, provides 
us with a most likely age (~34 Ma) of ACC onset, which precisely matches the generally accepted onset of global 
cooling at the Eocene-Oligocene boundary. It is consistent with the hypothesis that thermal isolation of Antarctica 
by the ACC was a fundamental component of this transition, rather than global cooling being purely a function 
of atmospheric CO2 levels41. Recent studies have shown a strong coupling between atmospheric CO2 and ocean-
ographic processes in the Pleistocene4, likely impacted by variations in upwelling from deep CO2 laden waters42,43 
due to changes in wind-strength that drives the ACC5. The onset of the wind-driven ACC likely had a direct role in 
changing atmospheric CO2 concentrations at the Eocene-Oligocene transition as well. We note that this predates 
the onset of ocean spreading in the Drake Passage (~26.5 Ma22), and indicates that an intermediate-depth gateway 
must have formed by the early Oligocene, which was sufficient to allow shallow and intermediate water circulation 
around Antarctica. These data also necessitate the presence of a sufficiently deep 54–54 passage in the North Scotia 
Ridge to allow the SAF to flow across the bathymetric barrier by this time. We note that a marked Eocene-Oligocene 
unconformity is evident elsewhere along the Atlantic margins indicating that the entire AMOC was affected44.

The onset of drift deposition in the SFSD and LFSD, by contrast, was significantly later, with a Middle Pleistocene 
age interpreted for the base of the penetrated sequence. Although the oldest drift sediments have not been penetrated18, 
extrapolation of sedimentation rates from the upper succession would suggest that the entire drift is younger than 
0.5–0.7 Ma. Minor erosional unconformities within this are associated with thin silt or sand beds, indicating that they 
were formed by elevated current conditions, most likely due to the alignment of the SWW with the Drake Passage 
to the east. This may also explain the onset of sedimentation in the muddy drift at this time, as it seems that current 
conditions prior to the Pleistocene were likely too strong to allow the deposition of fine-grained sediment. Ongoing 
erosion at this location continued from the Oligocene until the Pleistocene, by which time weaker current conditions 
allowed the muddy drift to accumulate. We hypothesize that this decrease in current strength between the Pliocene and 
the Pleistocene was a result of the northward migration of the SWW, in response to the onset of northern hemisphere 
glaciation, as has previously been proposed for DO events11 and interglacial-glacial transitions12.

Given this hypothesis, it is not yet clear why the onset of drift deposition occurred near the mid-Pleistocene, rather 
than at the end of the Pliocene. We speculate that this may be related to a change in ACC intensity following the middle 
Pleistocene transition (~0.7–0.9 Ma), possibly due to increasing variability of sea-surface temperatures45, or possibly in 
the transition from ‘lukewarm’ to warm interglacials at 450 ka46. However, the long-term trend is clear. The extended 
period of erosion and coarse-grained sediment deposition from the Oligocene to the Pliocene was due to the onset a 
prolonged high-energy of bottom currents in the region. The onset of fine-grained (mud) deposition in the Pleistocene 
was due to a marked slow-down in current speed, suggesting that the latitude and strength of the SWW was closely 
coupled to the climate state as the Earth entered ice-house conditions. Our data suggests that SWW were stronger and 
better aligned with the Drake Passage in the Oligocene-Pliocene, when atmospheric CO2 content and global tempera-
tures were substantially higher, driving a faster-flowing ACC than at present, even at intermediate depths.

This is of fundamental importance to future models of ocean-atmosphere interactions in the southern hemisphere, 
as the SWW are currently moving southwards and intensifying in response to climate change8, resulting in an increase 
in shear stress on surface waters. Our data suggests that this will result in a pronounced strengthening of ACC circula-
tion at intermediate-to-deep depths, as well as of surface currents. The nature and strength of past circulation, therefore, 
is clearly an important key to predicting future patterns of circulation and their influence on climate. The link between 
climate state and current strength remains controversial, however, and requires more high-resolution data from con-
tourite deposits around the Southern Ocean, including the SFSD. The results from ongoing scientific drilling expedi-
tions around the Southern Ocean in the coming years, will be crucial to our further understanding of the feedbacks 
between atmospheric circulation, ocean circulation and climate in a warming world.

Methods
We use a regional 2D multichannel seismic reflection dataset and two large (total of ~12,000 km2) 3D seismic reflec-
tion volumes (the FINA and FISA surveys), as well as biostratigraphic and lithological data35 from three geotechnical 
boreholes (Toroa#1, Loligo#A and Loligo#C; Fig. 1), and two deep exploration boreholes (Toroa-1 and Loligo-1), to 
calibrate stratigraphic age and lithology. Core recovery for the geotechnical boreholes is typically 10% on average. 
Biostratigraphic data from these boreholes are summarized in the Appendices, and the original data are available 
from the Falkland Island Government’s Department of Mineral Resources (https://www.fig.gov.fk/minerals/).
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The 3D surveys were acquired by PGS using two Bolt LLXT airguns with an air pressure of 2000 psi and 4130 
cubic inch volume. Data were recorded using an array of 12*6.6 km long streamers at 120 m spacing, each with 
528 Hydroscience 24 bit hydrophones at a 12.5 m group interval. The data were processed using a 3D Kirchhoff 
pre-stack time migration (PSTM) sequence.

Shallow seismic velocities (v) of around 1600–2000 metres per second, and a dominant frequency (f) of ~40–
50 Hz give a vertical resolution (v/4f) of around 10 m for the shallow sections of these surveys, with a horizontal 
resolution of 12.5 m. Well-to-seismic ties were carried out using an average velocity of 1520 m/s for shallow sed-
iments, derived from calibrated time-depth pairs in the Loligo-1 well (Fig. 1). Seismic interpretation was carried 
out using Schlumberger Petrel 2015 software, including horizon mapping, dip and amplitude extractions for 
seismic geomorphological analyses47.

References
 1. Smith, I. J., Stevens, D. P., Heywood, K. J. & Meredith, M. P. The flow of the Antarctic Circumpolar Current over the North Scotia 

Ridge. Deep Sea Research Part I: Oceanographic Research Papers 57, 14–28 (2010).
 2. Kuhlbrodt, T. et al. On the driving processes of the Atlantic meridional overturning circulation. Reviews of Geophysics 45 (2007).
 3. Biastoch, A., Böning, C. W., Schwarzkopf, F. U. & Lutjeharms, J. Increase in Agulhas leakage due to poleward shift of Southern 

Hemisphere westerlies. Nature 462, 495 (2009).
 4. Marshall, J. & Speer, K. Closure of the meridional overturning circulation through Southern Ocean upwelling. Nature Geoscience 5, 

171 (2012).
 5. Anderson, R. et al. Wind-driven upwelling in the Southern Ocean and the deglacial rise in atmospheric CO2. science 323, 1443–1448 

(2009).
 6. Pritchard, H. et al. Antarctic ice-sheet loss driven by basal melting of ice shelves. Nature 484, 502 (2012).
 7. Toggweiler, J. R., Russell, J. L. & Carson, S. R. Midlatitude westerlies, atmospheric CO2, and climate change during the ice ages. 

Paleoceanography 21 (2006).
 8. Toggweiler, J. R. & Russell, J. Ocean circulation in a warming climate. Nature 451, 286 (2008).
 9. Böning, C. W., Dispert, A., Visbeck, M., Rintoul, S. & Schwarzkopf, F. U. The response of the Antarctic Circumpolar Current to 

recent climate change. Nature Geoscience 1, 864 (2008).
 10. Broecker, W. S. Paleocean circulation during the last deglaciation: a bipolar seesaw? Paleoceanography 13, 119–121 (1998).
 11. Buizert, C. et al. Abrupt ice-age shifts in southern westerly winds and Antarctic climate forced from the north. Nature 563, 681 

(2018).
 12. Roberts, J. et al. Deglacial changes in flow and frontal structure through the Drake Passage. Earth and Planetary Science Letters 474, 

397–408 (2017).
 13. Barker, P. F., Filippelli, G. M., Florindo, F., Martin, E. E. & Scher, H. D. Onset and role of the Antarctic Circumpolar Current. Deep 

Sea Research Part II: Topical Studies in Oceanography 54, 2388–2398 (2007).
 14. Stocker, T. Climate change 2013: the physical science basis: Working Group I contribution to the Fifth assessment report of the 

Intergovernmental Panel on Climate Change. (Cambridge University Press, 2014).
 15. Orsi, A. H., Whitworth, T. III. & Nowlin, W. D. Jr. On the meridional extent and fronts of the Antarctic Circumpolar. Current. Deep 

Sea Research Part I: Oceanographic Research Papers 42, 641–673 (1995).
 16. Hallberg, R. & Gnanadesikan, A. The role of eddies in determining the structure and response of the wind-driven Southern 

Hemisphere overturning: Results from the Modeling Eddies in the Southern Ocean (MESO) project. Journal of Physical 
Oceanography 36, 2232–2252 (2006).

 17. Naveira Garabato, A. C., Stevens, D. P. & Heywood, K. J. Water mass conversion, fluxes, and mixing in the Scotia Sea diagnosed by 
an inverse model. Journal of physical oceanography 33, 2565–2587 (2003).

 18. Koenitz, D., White, N., McCave, I. N. & Hobbs, R. Internal structure of a contourite drift generated by the Antarctic Circumpolar 
Current. Geochemistry, Geophysics, Geosystems 9 (2008).

 19. Cunningham, A. P., Howe, J. A. & Barker, P. F. Contourite sedimentation in the Falkland Trough, western South Atlantic. Geological 
Society, London, Memoirs 22, (337–352 (2002).

 20. Perez, L. F. et al. Erosional and depositional contourite features at the transition between the western Scotia Sea and southern South 
Atlantic Ocean: links with regional water-mass circulation since the Middle Miocene. Geo-Mar. Lett. 35, 271–288, https://doi.
org/10.1007/s00367-015-0406-6 (2015).

 21. Howe, J. A., Pudsey, C. J. & Cunningham, A. P. Pliocene-Holocene contourite deposition under the Antarctic circumpolar current, 
western Falkland trough, South Atlantic Ocean. Marine Geology 138, 27–50 (1997).

 22. Eagles, G., Livermore, R. A., Fairhead, J. D. & Morris, P. Tectonic evolution of the west Scotia Sea. Journal of Geophysical Research: 
Solid Earth 110 (2005).

 23. Livermore, R., Hillenbrand, C. D., Meredith, M. & Eagles, G. Drake Passage and Cenozoic climate: An open and shut case? 
Geochemistry, Geophysics, Geosystems 8 (2007).

 24. Lodolo, E., Donda, F. & Tassone, A. Western Scotia Sea margins: improved constraints on the opening of the Drake Passage. Journal 
of Geophysical Research: Solid Earth 111 (2006).

 25. Eagles, G. & Jokat, W. Tectonic reconstructions for paleobathymetry in Drake Passage. Tectonophysics 611, 28–50 (2014).
 26. Maldonado, A. et al. Ocean basins near the Scotia–Antarctic plate boundary: influence of tectonics and paleoceanography on the 

Cenozoic deposits. Marine Geophysical Researches 27, 83–107 (2006).
 27. Hernández-Molina, F. J. et al. Contourite depositional system on the Argentine Slope: An exceptional record of the influence of 

Antarctic water masses. Geology 37, 507–510 (2009).
 28. Berndt, C., Bünz, S., Clayton, T., Mienert, J. & Saunders, M. Seismic character of bottom simulating reflectors: examples from the 

mid-Norwegian margin. Marine and Petroleum Geology 21, 723–733 (2004).
 29. Hein, J. R., Scholl, D. W., Barron, J. A., Jones, M. G. & Miller, J. Diagenesis of late Cenozoic diatomaceous deposits and formation of 

the bottom simulating reflector in the southern Bering Sea. Sedimentology 25, 155–181 (1978).
 30. Kastner, M., Keene, J. & Gieskes, J. Diagenesis of siliceous oozes—I. Chemical controls on the rate of opal-A to opal-CT 

transformation—an experimental study. Geochimica et Cosmochimica Acta 41, 1041–1059 (1977).
 31. Neagu, R. C., Cartwright, J., Davies, R. & Jensen, L. Fossilisation of a silica diagenesis reaction front on the mid-Norwegian margin. 

Marine and Petroleum Geology 27, 2141–2155 (2010).
 32. Kuramoto, S. et al. 73. Can opal-A/opal-CT BSR be an indicator of the thermal structure of the Yamato Basin, Japan Sea? Age 794, 

36.35 (1992).
 33. Meadows, D. & Davies, R. J. The limited suitability of silica diagenetic boundaries as isothermal markers: Insights from seismic 

reflection imaging, Offshore Sakhalin, Russian Far East. Marine and Petroleum Geology 27, 1028–1039 (2010).
 34. Bry, M., White, N., Singh, S., England, R. & Trowell, C. Anatomy and formation of oblique continental collision: South Falkland 

basin. Tectonics 23 (2004).

https://doi.org/10.1038/s41598-019-45815-7
https://doi.org/10.1007/s00367-015-0406-6
https://doi.org/10.1007/s00367-015-0406-6


9Scientific RepoRts |          (2019) 9:9296  | https://doi.org/10.1038/s41598-019-45815-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 35. Crux, J. A. Biostratigraphic study of core samples from three geotechnical boreholes, offshore the Falkland Islands. 13 (BHP Billiton 
Petroleum, 2009).

 36. Cartigny, M. J., Postma, G., van den Berg, J. H. & Mastbergen, D. R. A comparative study of sediment waves and cyclic steps based 
on geometries, internal structures and numerical modeling. Marine Geology 280, 40–56 (2011).

 37. Hernández-Molina, F., Llave, E. & Stow, D. Continental slope contourites. Developments in Sedimentology 60, 379–408 (2008).
 38. Rebesco, M., Hernández-Molina, F. J., Van Rooij, D. & Wåhlin, A. Contourites and associated sediments controlled by deep-water 

circulation processes: state-of-the-art and future considerations. Marine Geology 352, 111–154 (2014).
 39. Stow, D. A. et al. Bedform-velocity matrix: the estimation of bottom current velocity from bedform observations. Geology 37, 

327–330 (2009).
 40. Sheen, K., White, N., Caulfield, C. & Hobbs, R. Seismic imaging of a large horizontal vortex at abyssal depths beneath the Sub-

Antarctic Front. Nature Geoscience 5, 542 (2012).
 41. DeConto, R. M. & Pollard, D. Rapid Cenozoic glaciation of Antarctica induced by declining atmospheric CO2. Nature 421, 245 

(2003).
 42. Adkins, J. F., McIntyre, K. & Schrag, D. P. The salinity, temperature, and δ18O of the glacial deep ocean. Science 298, 1769–1773 

(2002).
 43. Skinner, L., Fallon, S., Waelbroeck, C., Michel, E. & Barker, S. Ventilation of the deep Southern Ocean and deglacial CO2 rise. Science 

328, 1147–1151 (2010).
 44. Faugères, J.-C. & Stow, D. Contourite drifts: nature, evolution and controls. Developments in sedimentology 60, 257–288 (2008).
 45. Clark, P. U. et al. The middle Pleistocene transition: characteristics, mechanisms, and implications for long-term changes in 

atmospheric pCO2. Quaternary Science Reviews 25, 3150–3184 (2006).
 46. Jaccard, S. et al. Two modes of change in Southern Ocean productivity over the past million years. Science 339, 1419–1423 (2013).
 47. Posamentier, H. W. & Kolla, V. Seismic geomorphology and stratigraphy of depositional elements in deep-water settings. Journal of 

sedimentary research 73, 367–388 (2003).
 48. Schlitzer, R. Ocean Data View. odv.awi.de (2018).

Acknowledgements
We are grateful to the Rockhopper Exploration for providing us with 3D seismic data and well data for this 
research, and for permission to publish the data, as well as to the Falkland Island Government, for providing 
access to, and permission to publish, 2D seismic data and geotechnical borehole data. Seismic data were originally 
acquired by PGS and Wavefield and geotechnical boreholes were acquired and analysed by BHP. Thanks also to 
David Van Rooij, Robert Larter, Dan Arnold and one anonymous reviewer for constructive reviews of the first 
version of this manuscript.

Author Contributions
U. Nicholson carried out the seismic interpretation and well analysis and wrote the paper. D. Stow contributed to 
the interpretation of the results and writing the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45815-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45815-7
https://doi.org/10.1038/s41598-019-45815-7
http://creativecommons.org/licenses/by/4.0/

	Erosion and deposition beneath the Subantarctic Front since the Early Oligocene
	Falkland Plateau slope morphology. 
	Contourite drifts. 
	Falkland Terrace and Sand Sheet. 
	Eocene-recent evolution of the subantarctic front. 
	Methods
	Acknowledgements
	Figure 1 (A) Topographic features, plate tectonic and oceanographic setting of the Falkland Plateau (FP outline in black dashed line), showing locations of main fronts of the Antarctic Circumpolar Current, including the Subantarctic Front (SAF), Polar Fro
	Figure 2 (A) Regional 2-D seismic line across the Falkland Plateau slope, across the South Falkland Slope Drift and Lower Falkland Slope Drift.
	Figure 3 Seismic attributes from 3D data across the Falkland Terrace and Falkland Sand Sheet.
	Figure 4 Seismic sections from the FINA 3D survey and geotechnical boreholes through the Falkland Sand Sheet.




