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Scotia Sea and the Drake Passage is key towards understanding the development of modern oceanic 
circulation patterns and their implications for ice sheet growth and decay. The sedimentary record of the 
southern Scotia Sea basins documents the regional tectonic, oceanographic and climatic evolution since 
the Eocene. However, a lack of accurate age estimations has prevented the calibration of the reconstructed 
history. The upper sedimentary record of the Scotia Sea was scientifically drilled for the first time in 
2019 during International Ocean Discovery Program (IODP) Expedition 382, recovering sediments down 
to ∼643 and 676 m below sea floor in the Dove and Pirie basins respectively. Here, we report newly 
acquired high resolution physical properties data and the first accurate age constraints for the seismic 
sequences of the upper sedimentary record of the Scotia Sea to the late Miocene. The drilled record 
contains four basin-wide reflectors – Reflector-c, -b, -a and -a’ previously estimated to be ∼12.6 Ma, 
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∼6.4 Ma, ∼3.8 Ma and ∼2.6 Ma, respectively. By extrapolating our new Scotia Sea age model to previous 
morpho-structural and seismic-stratigraphic analyses of the wider region we found, however, that the 
four discontinuities drilled are much younger than previously thought. Reflector-c actually formed before 
8.4 Ma, Reflector-b at ∼4.5/3.7 Ma, Reflector-a at ∼1.7 Ma, and Reflector-a’ at ∼0.4 Ma. Our updated 
age model of these discontinuities has major implications for their correlation with regional tectonic, 
oceanographic and cryospheric events. According to our results, the outflow of Antarctic Bottom Water 
to northern latitudes controlled the Antarctic Circumpolar Current flow from late Miocene. Subsequent 
variability of the Antarctic ice sheets has influenced the oceanic circulation pattern linked to major global 
climatic changes during early Pliocene, Mid-Pleistocene and the Marine Isotope Stage 11.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The formation and evolution of the Tasmanian and Drake 
Passage-Scotia Sea gateways allowed for the establishment and his-
tory of the Antarctic Circumpolar Current (ACC). The onset of the 
ACC influenced the thermal isolation of Antarctica, that together 
with atmospheric CO2 decline, enabled growth of the Antarctic ice 
sheets (e.g., Barker et al., 2007; Bijl et al., 2013). Formed during the 
final phases of the Gondwana breakup, the Drake Passage has since 
been a crucial area for exchange of water masses between the Pa-
cific Ocean, the Atlantic Ocean and the Weddell Sea (e.g., Barker 
et al., 2007; Eagles and Jokat, 2014). The time of opening and 
establishment of deep-water circulation through the Drake Pas-
sage and Scotia Sea is still widely debated (e.g., Eagles and Jokat, 
2014; Maldonado et al., 2014). Tectonic reconstructions based on 
age constraints from oceanic spreading magnetic anomalies and 
heat flow measurements point to divergence of the continental 
blocks starting around 41 Ma (e.g., Eagles and Jokat, 2014). While 
some palaeoceanographic reconstructions, based on variability of 
isotopic ratios, propose shallow flows across the Drake Passage ex-
isting since then (Scher and Martin, 2006), others however suggest 
a barrier to deep-water flows lasting until ∼12 Ma (e.g., Dalziel 
et al., 2013).

The eastward migration of continental blocks, which initially 
maintained a continental bridge between South America and the 
Antarctic Peninsula, and the subsequent formation of oceanic crust 
by a number of spreading centres led to the formation of the 
Scotia Sea as a cluster of distinct sedimentary basins in a back-
arc extensional context (e.g., Dalziel et al., 2013; Martos et al., 
2014). A total of five sedimentary basins were emplaced within 
the southern Scotia Sea (Fig. 1). Since their formation, these sedi-
mentary basins have impacted and recorded elements of the global 
oceanographic dynamics (e.g. Naveira-Garabato et al., 2002). Their 
bathymetry and morphology have controlled the flow of the deep-
est part of the ACC, the Lower Circumpolar Deep Water (LCDW), 
in turn modifying the Atlantic Meridional Overturning Circulation 
(AMOC). Between the Polar Front and the Southern ACC Front, 
modern South Pacific Deep Water (SPDW) has bathed the seafloor 
beneath the LCDW since the Pliocene (Kwiek and Ravelo, 1999). 
South of the Southern ACC Front, the deepest abyssal plains are 
bathed by Antarctic Bottom Water (AABW) which mixes with the 
LCDW (e.g., Naveira-Garabato et al., 2002). The flow of AABW has 
repeatedly waxed and waned, but it has connected the sedimen-
tary basins of the Southern Hemisphere since the late Miocene 
(Carter and McCave, 1994). The southern Scotia Sea basins have 
acted as distinct oceanic gateways for the northward outflow of 
the Weddell Sea component of the AABW, the Weddell Sea Deep 
Water (WSDW) (e.g., Naveira-Garabato et al., 2002).

Several studies have dealt with the large-scale seismic-strati-
graphic reconstruction of the southern Scotia Sea basins (Pérez 
et al., 2019 and references therein). The regional sedimentary 
stacking pattern has recorded the reorganization of the tectonic 
regime that modified the water masses distribution. Ultimately, 
2

these tectonic and oceanographic events were tentatively associ-
ated with climatic variations mainly related to glacial trends in the 
Southern and Northern hemispheres (e.g., Pérez et al., 2019). The 
main changes in the regional context have been largely described 
as major stratigraphic discontinuities identified and interpreted in 
the seismic record of the Scotia Sea (e.g., Maldonado et al., 2006, 
2014; Martos et al., 2013; Pérez et al., 2019). Thus, the main re-
gional change in the stratigraphic pattern is marked by Reflector-c 
(e.g., Maldonado et al., 2006). Above Reflector-c, three regional 
stratigraphic discontinuities have been defined in previous studies 
referred to as Reflector-b, Reflector-a and Reflector-a’ (e.g., Mal-
donado et al., 2006; Martos et al., 2013; Pérez et al., 2017, 2019). 
The regional events represented by the stratigraphic discontinu-
ities have been assumed to be time-synchronous across the south-
ern Scotia Sea basins (e.g., Maldonado et al., 2006; Pérez et al., 
2019). However, their estimated ages were necessarily based on 
assumptions of constant sedimentation rates over an underlying 
igneous crust, the age of which was assessed by spreading mag-
netic anomaly models (e.g., Eagles et al., 2006; Galindo-Zaldívar 
et al., 2006; Maldonado et al., 2006, 2014). Our study follows the 
previously established naming convention for the stratigraphic dis-
continuities implementing their age constrains.

The first scientific drilling of the Scotia Sea sedimentary record 
was performed during International Ocean Discovery Program 
(IODP) Expedition 382 in two of the southern Scotia Sea basins, 
Dove and Pirie (Fig. 1) (Weber et al., 2021). Sites U1536 and U1537 
are located in the abyssal plain of Dove Basin at 3220 and 3713 m 
water depth, penetrating down to 643 and 349 m below seafloor 
(mbsf), respectively. Site U1538 was drilled in the northern part 
of Pirie Basin at 3131 m water depth and recovered sediment to 
676 mbsf (Weber et al., 2021). All three sites reached Reflector-b 
(Figs. 2, 3, 4), therefore recovering the sedimentary record above 
this discontinuity, whereas only Site U1536 recovered sediments 
below Reflector-c (Fig. 2).

As the age constraints from IODP Expedition 382 paleomagnetic 
and biostratigraphic datums provide a well-developed age model, 
our objective here is to improve the age models for the previ-
ously established seismic-stratigraphy of the Scotia Sea overlying 
Reflector-c and relate them with coeval tectonic, oceanographic 
and cryospheric events. According to the new core-log-seismic cor-
relation presented in this work, the major changes in the sedimen-
tary stacking pattern of the southern Scotia Sea occurred after ma-
jor variations in the prevailing regional oceanic circulation regime 
ultimately related to the late Miocene-Pleistocene climatic trends 
and Antarctic ice sheets dynamics.

2. Methods

2.1. Seismic data

A broad network of Multi- (MCS) and Single-channel Seis-
mic (SCS) profiles exists over the southern Scotia Sea basins 
(Pérez et al., 2019). Of these, MCS profiles SCAN2004_SC10, 
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Fig. 1. Overview map of the Scotia Sea, bathymetry from Global Multi-Resolution Topography (GMRT) (Ryan et al., 2009). The names of the five southern Scotia Sea basins 
are highlighted. The red polygons mark the location of IODP Expedition 382 Sites. The green dot marks the location of ODP Site 697 from Leg 113. The location of the 
seismic profiles discussed in this work is marked in black as: 10, SCAN2004_SC10; 07, SCAN2004_SC07; and 13, SCAN2013_SC13. The dashed blue line marks the estimated 
present-day contact at the seafloor of Weddell Sea Deep Water (south of the contact), and South Pacific Deep Water (north of the contact), based on the South Antarctic 
Circumpolar Current Front. OP, Orkney Passage. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
SCAN2004_SC07 and SCS profile SCAN2013_SC13 cross respectively 
over IODP Expedition 382 drilling Sites U1536, U1537 and U1538 
(Fig. 1). SCAN2013 profile in Pirie Basin was acquired with an array 
of 2 Bolt airguns and a 3-channels streamer of 150 m length. The 
seismic signal was recorded through a DELPH-2 system and pro-
cessed with Radex-Pro. Details on data acquisition and processing 
methods on the SCAN2004 profiles are given in Galindo-Zaldívar 
et al. (2006) and Pérez et al. (2014, 2017). Seismic interpretations 
presented in this work are based on previous publications in the 
area, i.e., Maldonado et al. (2006), Pérez et al. (2014, 2017, 2019).

2.2. Site data and core-log-seismic correlation

Three of the five sites drilled during IODP Expedition 382 are 
located in the Scotia Sea, Sites U1536, U1537 and U1538 (Fig. 1). 
Drilling and logging techniques are detailed in Weber et al. (2021). 
In this work, physical properties from wireline downhole (U1536) 
and core-log (U1536, U1537 and U1538) measurements are corre-
lated with the seismic profiles to refine the interpretation of the 
upper sedimentary record of the Scotia Sea (Fig. 2, 3, 4).

Downhole measurements record in-situ conditions and are 
therefore considered the most accurate representation of the phys-
ical properties of the sedimentary record. The drill pipe occupied 
the uppermost 90 mbsf during logging, thus in the interval 0-90 
mbsf only the natural gamma radiation downhole log is available. 
Below 90 mbsf, trends of wireline downhole and core-logged phys-
ical properties are similar at Site U1536 unless otherwise noted in 
the text (Fig. 2). The lack of downhole logging at Sites U1537 and 
U1538 limits the physical property values to the core logging mea-
surements, although they can be approximately corrected to in-situ 
conditions based on the results from Site U1536. Compressional 
velocity is considered from core values measured in discrete sam-
ples with the P-wave caliper (PWC) and the downhole log at Site 
U1536. Velocity values derived from the P-wave core-logger (PWL) 
have large discrepancies due to cracks in the core liner or within 
the sediment, and are therefore not discussed in this work (Fig. 2B, 
3

3B, 4B). Density values from moisture and density (MAD) samples 
generally match with the values obtained from the gamma-ray at-
tenuation bulk densitometer (GRA) and the downhole density tool 
(RHOM). Magnetic susceptibility values from downhole measure-
ments and the whole-core loop sensor are presented as unitless in 
instrument units (IU). Natural gamma radiation values were ob-
tained from downhole and core logged measurements, and are 
presented in American Petroleum Institute (API) and counts per 
seconds (cps) units, respectively. Both physical properties have 
been resampled by running average to 5 m for the purpose of 
this work. Downhole formation resistivity logs were only obtained 
at Site U1536 (Fig. 2B).

A time-depth relationship was established during the expedi-
tion allowing correlation between borehole stratigraphy and seis-
mic reflection features (Weber et al., 2021). Multiple models of 
time-depth correlation were explored based on the PWC and 
downhole logging values at Site U1536. Differences up to 40 m 
between downhole and PWC models in the lower part of Site 
U1536 are attributed to variations between in-situ measurements 
and values from expanded-sediments once the core adjusted to the 
laboratory conditions. Synthetic seismograms were created using 
the Petrel software package to select the best fit for the time-
depth model. It should be noticed that the vertical resolution of 
the available seismic involves a depth uncertainty between 18 
and 6 m as determined from the seismic wavelengths. Overall, 
the obtained core-log-seismic correlation provides the best pos-
sible tie between borehole data and seismic profiles, as supports 
the seismic signal fit with the acoustic impedance variability de-
rived from the density and velocity logs (Fig. 2A, 3A, 4A). Only 
minor uncertainties (<2 m) are observed below 500 mbsf at Site 
U1536.

The age constraints presented in this work are based on the 
shipboard paleomagnetism and biostratigraphy (Table S1). The pa-
leomagnetic age models were developed by measuring the nat-
ural remanent magnetization before and after alternating field 
demagnetization to 15 mT (Weber et al., 2021). Biostratigraphic 
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Fig. 2. Overview of Site U1536. A) Multichannel seismic profile SCAN2004_SC10. Seismic interpretation of the main stratigraphic discontinuities in Dove Basin and site location 
are included. For detailed seismic interpretation of the profile see Pérez et al. (2017). The overlain acoustic impedance logs are derived from: orange, downhole density and 
compressional velocity range between 1670-5270 Pa·s/m3; and yellow, core-logged density and discrete compressional velocity measurements, range between 2770-7050 
Pa·s/m3. B) Physical properties of Site U1536 holes A and E, recorded during downhole and core logging. Note that magnetic susceptibility and natural gamma radiation 
logs have been resampled by running average to 5 m according to the interest of this work. The low recovery below 350 m results in scattered data in this area. Bsf, below 
seafloor; GRA, density from gamma-ray attenuation bulk densitometer; RHOM, downhole density; MAD, density from moisture and density samples; PWC, compressional 
velocity from P-wave caliper; PWL, compressional velocity from P-wave core-logger; SP, shot point; TWTT, two-way travel-time; wd, water depth. See Fig. 1 for location.
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Fig. 3. Overview of Site U1537. A) Multi-channel seismic profile SCAN2004_SC07. Seismic interpretation of the main stratigraphic discontinuities in Dove Basin based on 
Pérez et al. (2017) and site location are included. The overlain acoustic impedance log in yellow is derived from core-logged density and discrete compressional velocity 
measurements, range between 1710-2800 Pa·s/m3. B) Physical properties of Site U1537 hole D recorded during core logging. Note that magnetic susceptibility and natural 
gamma radiation logs have been resampled by running average to 5 m according to the interest of this work. Bsf, below seafloor; GRA, density from gamma-ray attenuation 
bulk densitometer; MAD, density from moisture and density samples; PWC, compressional velocity from P-wave caliper; PWL, compressional velocity from P-wave core-
logger; SP, shot point; TWTT, two-way travel-time; wd, water depth. See Fig. 1 for location.
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Fig. 4. Overview of the Site U1538. A) Single-channel seismic profile SCAN2013_SC13. Seismic interpretation of the main stratigraphic discontinuities in Pirie Basin and site 
location are included. The overlaid acoustic impedance log in yellow is derived from core-logged density and discrete compressional velocity measurements, range between 
2850-3660 Pa·s/m3. B) Physical properties of the Site U1538 hole A recorded during core logging. Note that magnetic susceptibility and natural gamma radiation logs have 
been resampled by running average to 5 m according to the interest of this work. The low recovery below 550 m results in scattered data in this area. Bsf, below seafloor; 
GRA, density from gamma-ray attenuation bulk densitometer; MAD, density from moisture and density samples; PWC, compressional velocity from P-wave caliper; PWL, 
compressional velocity from P-wave core-logger; SP, shot point; TWTT, two-way travel-time; wd, water depth. See Fig. 1 for location.
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zonations were distinguished primarily based on first and last 
occurrences of diatoms, radiolarians and dinoflagellates on core 
catcher and shipboard samples (Weber et al., 2021). Biostrati-
graphic events and magnetic polarity intervals were interpreted 
relative to the geologic timescale following Gradstein et al. (2012). 
According to the IODP Expedition 382 chronostratigraphic con-
straints, an age range is given when the stratigraphic discontinuity 
is located between datums. An approximate interpolated age is ob-
tained assuming linear sedimentation to the discontinuity depth. 
The displaced interpolated age takes into consideration the best 
dating of the three sites for each stratigraphic discontinuity (Ta-
ble 1).

3. Age correlation of the regional discontinuities

Approximate ages were determined for the three drilled sites 
(U1536, U1537 and U1538; Fig. 1) based on biostratigraphic and 
paleomagnetic data (Fig. S1; Table S1), and are available in Weber 
et al. (2021). The oldest sediments recovered are from Site U1536 
in Core U1536E-31R at ∼80 m below Reflector-c (Fig. 2, 5) with 
an age younger than 15.97 Ma. Therefore, core-log-seismic correla-
tion allows the characterisation with sediment physical properties 
and formation ages of the previously defined seismic-stratigraphic 
sequences of the upper sedimentary record of the Scotia Sea from 
late Miocene onwards (Fig. 2, 3, 4).

Reflector-c is well-characterised as a laterally continuous re-
flection within an interval of very high amplitude reflections in 
the seismic profiles (Fig. 2A, 3A; Fig. S2). The recovery in the 
stratigraphic interval containing this discontinuity is limited, which 
may be related to the presence of gravels and highly consolidated 
sediments and the rotary drilling procedure (Fig. 2B). However, 
downhole measurements show a change in the trend of the phys-
ical properties (Fig. 2B). While compressional velocity and resis-
tivity values significantly increase downwards from ∼549 mbsf, 
the major increase in the values is located at ∼566 mbsf (5.07 
s two-way travel-time TWTT) between Cores U1536E-25R and 
U1536E-27R, where we place Reflector-c. Sparse rock fragments 
in the lower cores of the site contain lithified mudstone and 
gravel-conglomerate-breccia, whereas mud and mudstone overly 
the discontinuity. Accordingly, the discontinuity represents a sharp 
upwards decrease in the formation resistivity and compressional 
velocity (PWC, >2000 m/s below to ∼1700 m/s above). The density 
measured in the MAD samples decreases above the discontinu-
ity (from 2.1 to 1.6 g/cm3). The baseline of the core-log magnetic 
susceptibility increases from the sediments below Reflector-c to-
wards the values observed above (16 to 33 IU). The same trend 
is followed by the total gamma radiation values of the downhole 
log, which increase from 28 API below to 60 API above the dis-
continuity (Fig. 2B), mainly related to the sharp increase in the 
potassium and thorium downhole logs (see HFK and HTHO logs 
in Weber et al., 2021). The diatoms recovered in Cores U1536E-
26R to U1536E-30R are consistent with an age of about 8.4 Ma 
for the sediment directly overlying Reflector-c (Fig. 5; Table 1; Fig. 
S1; Table S1). The confident correlation of magnetic polarity zones 
to the Geomagnetic Polarity Time Scale ends a few meters above 
Reflector-c (Fig. 5; Table 1; Fig. S1). However, extrapolation of the 
depth-age trend based on geomagnetic reversal stratigraphy yields 
in an age of 8.6 Ma for sediments laying directly above Reflector-
c, consistent with the biostratigraphy. The diatoms recovered from 
the sediments underlying Reflector-c in Core U1536E-31R suggest 
an age of 14.2 Ma (Fig. S1; Table S1). Therefore, Reflector-c could 
represent a prolonged period, or an event occurred anytime be-
tween 14.2 and 8.4 Ma and resulting in non-deposition or erosion 
at the location of Site U1536.

Reflector-b is found at the base of high amplitude and laterally 
continuous reflections in the seismic profiles (Fig. 2A, 3A, 4A; Fig. 
7

S2). It is set in silty clay sediments. However, recovery was low in 
the stratigraphic interval containing the reflection at both sites in 
Dove Basin (Fig. 2B). At Site U1536, Reflector-b is located at 375 
mbsf (4.87 s TWTT) in Core U1536E-5R (Fig. 2B). The compres-
sional velocity of the surrounding sediments is homogeneous with 
values of 1570 m/s in PWC and ∼1660 m/s in downhole logged 
velocity. The average density of the section containing Reflector-b 
is ∼1.4 g/cm3, with very small differences (<0.2 g/cm3) between 
the MAD, GRA and RHOM values. The stratigraphic location of 
Reflector-b coincides with a relative minimum in magnetic sus-
ceptibility (6 IU) and natural gamma radiation (∼71API) values in 
the downhole logs (Fig. 2B). The biostratigraphic age constraint for 
Reflector-b is based on diatom and radiolarian species recovered 
in Cores U1536E-4R and U1536E-7R, suggesting an age range of 
4.7-3.7 Ma (Fig. 5; Table 1). The paleomagnetic results agree with 
the younger age of the range (Fig. S1; Table S1). At Site U1537, 
Reflector-b is reached at 353 mbsf (5.49 s TWTT) in Core U1537D-
48F, just at the bottom of the site (Fig. 3B). Diatoms from the 
deepest core point to an age range of 4.5-4.4 Ma for Reflector-b, 
and the paleomagnetic datums suggest an age >3.6 Ma (Fig. S1; 
Table S1). In Pirie Basin, Reflector-b is located at 660 mbsf (5.07 
s TWTT) in Core U1538A-73X (Fig. 4B). The compressional veloc-
ity changes across Reflector-b from 1800 m/s below to 1550 m/s 
above. The density of the sediments below Reflector-b is higher 
(1.7 g/cm3) with respect to the density of the sediments above it 
(1.5 g/cm3). Velocity and density have an upward increase trend 
above Reflector-b marked by well-shaped changes correlating in 
both properties. High magnetic susceptibility (128 IU) and natural 
gamma radiation (38 cps) values coincide with the stratigraphic 
location of Reflector-b in Pirie Basin (Fig. 4B). The radiolarian re-
covered in Cores U1538A-73X to U1538A-75X point to an age be-
tween 4.6 and 3.5 Ma, whereas the identification of paleomagnetic 
reversals suggest a tentative older age range, 4.9-4.8 Ma (Fig. 5; 
Table 1; Fig. S1; Table S1).

Reflector-a constitutes a low amplitude reflection that is later-
ally continuous and defines the base of a section of highly lat-
erally continuous reflections in the seismic profiles (Fig. 2A, 3A, 
4A; Fig. S2). Reflector-a was drilled at all three sites, allowing a 
well constrained age determination (Fig. S1; Table S1). It is lo-
cated in interbedded diatom ooze and silty clay in both Dove and 
Pirie basins (Fig. 2B, 3B, 4B). At Site U1536, Reflector-a is located 
at 254 mbsf (4.71 s TWTT) in Core U1536A-32F (Fig. 2B). Com-
pressional velocity is homogeneous in the section, with values of 
∼1540 m/s and ∼1600 m/s, in core and downhole measurements 
respectively. The measured density values are relatively high, with 
small discrepancies in the values among MAD (1.7 g/cm3), GRA (1.8 
g/cm3) and RHOM (1.6 g/cm3). The inferred position of Reflector-
a coincides with an absolute maximum (>70 IU) on the core-log 
magnetic susceptibility curve and a relative maximum in natu-
ral gamma radiation values (86 API and 39 cps on downhole and 
core logs respectively). The recovered microfossils between Cores 
U1536A-30F and U1536A-32F suggest an age of 1.8-1.4 Ma for 
Reflector-a, whereas paleomagnetic data suggest 1.7 Ma (Fig. 5; Ta-
ble 1; Fig. S1; Table S1). At Site U1537 Reflector-a is located at 
180 mbsf (5.26 s TWTT) in Core U1537D-20F (Fig. 3B). It coin-
cides with stratigraphic-upwards transitions from higher to lower 
values of velocity (1550-1530 m/s), density (1.6-1.4 g/cm3), mag-
netic susceptibility (91-22 IU) and natural gamma radiation (>25-
<9 cps). Diatom and radiolarian datums suggest an age range of 
1.7-1.5 Ma in Cores U1537A-20H to U1537A-22H, and the paleo-
magnetic data suggest 1.5 Ma (Fig. 5; Table 1; Fig. S1; Table S1). 
In Pirie Basin, Reflector-a is located at 370 mbsf (4.72 s TWTT) 
in Core U1538A-43X, denoting a change in the seismic pattern to-
wards more stratified and continuous reflections above it (Fig. 4). 
The discontinuity coincides with a sharp decrease in compressional 
velocity values from >1600 m/s below to 1550 m/s above it. A rel-
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Fig. 5. Age constrains of the sites over seismic background. White and black triangles represent the ties of the biostratigraphic and paleomagnetic ages, respectively. The 
major stratigraphic discontinuities are marked. TWTT, two-way travel-time.
ative minimum in density (MAD 1.4 g/cm3) correlates with the 
discontinuity, whereas the sediments below it present generally 
higher density (1.7 g/cm3) than above it (1.5 g/cm3). Maximum 
magnetic susceptibility (79 IU) and minimum natural gamma ra-
diation (>10 cps) values coincide with Reflector-a, whereas the 
baselines of both physical properties present higher values in the 
sediments below with respect to the sediments above Reflector-a 
(Fig. 4B). The diatoms at Site U1538 suggest an age of 1.7-1.5 Ma 
for Reflector-a, close to the age of 1.6 Ma suggested by paleomag-
netic datums (Fig. 5; Table 1; Fig. S1; Table S1).

Reflector-a’ represents the uppermost stratigraphic discontinu-
ity drilled in the three sites of the Scotia Sea during IODP Expedi-
tion 382. In the seismic record, it is characterized by a high ampli-
tude and laterally continuous reflection at the base of a stratified 
pattern (Fig. 2A, 3A, 4A). Reflector-a’ represents the contact be-
tween diatom ooze and silty clay interbedded layers. In Dove Basin, 
Reflector-a’ is located at 90 mbsf (4.51 s TWTT) between Cores 
U1536A-10H and U1536A-11H (Fig. 2B). The overlying downhole 
measurements are affected by the pipe emplacement and are not 
considered in the description here. The compressional velocity is 
relatively constant within the section (∼1500 m/s). Reflector-a’ co-
incides with a relative maximum in density (MAD) and magnetic 
susceptibility values of 1.7 g/cm3 and ∼40 IU, respectively, and a 
sharp upwards decrease in natural gamma radiation values from 
>35 cps below it to <10 cps above it (Fig. 2B). The diatom datums 
in Cores U1536A-10H to U1536A-13H suggest an age of 0.6-0.4 Ma 
for Reflector-a’ (Fig. 6; Table 1; Fig. S1; Table S1). At Site U1537, 
Reflector-a’ is reached at 80 mbsf (5.13 s TWTT), at the bottom of 
Core U1537D-9H (Fig. 3B). The compressional velocity values are 
similar to the neighbouring site (∼1540 m/s). However, low den-
8

sity sediments (MAD 1.3 g/cm3) form Reflector-a’. Low magnetic 
susceptibility (∼6 IU) and natural gamma radiation (11 cps) values 
have been measured at Reflector-a’ (Fig. 3B). The radiolarians of 
Core U1537D-9H suggest an age of 0.6 Ma (Fig. 5). In Pirie Basin, 
Reflector-a’ is reached at 90 mbsf (4.35 s TWTT) between Cores 
U1538A-9H and U1538A-10H (Fig. 4B). The discrete core measure-
ments show highly variable compressional velocity values in the 
surroundings of Reflector-a’ (1490-1540 m/s). Reflector-a’ repre-
sents a sharp upwards decrease in density (MAD 1.8-1.3 g/cm3) 
and natural gamma radiation (40-8 cps) values. The core-log mag-
netic susceptibility at the discontinuity is 21 IU (Fig. 4B). The bios-
tratigraphy suggests an age under 0.4 Ma for Reflector-a’ in U1538 
(Fig. 5; Table 1; Fig. S1; Table S1).

4. Local sedimentation rates

Sedimentation rates between the major stratigraphic disconti-
nuities have been calculated based on the age model obtained 
during IODP Expedition 382 (Weber et al., 2021). The sedimen-
tation rate in Dove Basin during the late Miocene (8.4-4.5/3.7 
Ma), i.e. between Reflector-c and Reflector-b, was 4.1-4.9 cm/kyr 
(3.7-6.4 cm/kyr considering maximum and minimum ages of the 
discontinuities at Site U1536; Fig. 6; Table 1; Fig. S1). Pliocene-
early Pleistocene (4.5/3.7-1.7 Ma) sedimentation occurred between 
Reflector-b and Reflector-a at rates between 4.6-6.1 and 5.2-9.6 
cm/kyr in Dove Basin at Sites U1536 and U1537 respectively, and 
10.4-14.5 cm/kyr in Pirie Basin at Site U1538 (Fig. 6). Sediments 
accumulated between Reflector-a and Reflector-a’ during the early 
Pleistocene (1.7-0.4 Ma) at sedimentation rates between 12.6 and 
7.7 cm/kyr in Dove Basin at Sites U1536 and U1537 respectively, 
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Fig. 6. Fence diagram with the estimated sedimentation rates for Sites U1536, U1537 and U1538 based on the age models from IODP Expedition 382 (Weber et al., 2021). 
The colour shaded areas on the sites correspond to the depth range of the stratigraphic discontinuities. The ranges of the sedimentation rate correspond to maximum and 
minimum ages considerations. bsf, below sea floor; wd, water depth.
and 21.5 cm/kyr in Pirie Basin at Site U1538. The youngest sedi-
mentary record (after 0.4 Ma), above Reflector-a’, deposited from 
the Mid-Pleistocene to recent has the highest sedimentation rates 
at all three sites reaching over 20.0 cm/kyr in both Dove and Pirie 
basins (Fig. 6).

The local sedimentation rates on the drilled sites are generally 
higher in Pirie Basin than in Dove Basin, and generally increase 
upwards in the stratigraphic column (Fig. 6). Partial downwards 
decrease in the calculated sedimentation rates is expected from 
the compaction effect and porosity reduction. However, for near-
equivalent depth intervals, from early Pleistocene to present the 
sedimentation rates in the southern part of Dove Basin (U1536) 
were higher than in its northern part (U1537), whereas they fol-
lowed an opposite trend prior to the early Pleistocene (Fig. 6). 
Previously published studies of sediment distribution in the Scotia 
Sea (Pérez et al., 2014, 2017, 2019) suggest that none of the IODP 
Expedition 382 sites are located over local or regional depocentres 
where the highest sedimentation rates are expected.

5. Updated age correlation

Several previous studies investigated the seismic-stratigraphy of 
the Scotia Sea (e.g., Maldonado et al., 2006, 2014; Martos et al., 
2013, Pérez et al., 2014, 2017, 2019). However, the lack of deep 
drilling in the region prevented establishment of an accurate age 
model for the main stratigraphic discontinuities as defined by 
these studies. The ages of the stratigraphic discontinuities were 
9

commonly estimated assuming continuous sedimentation rates, 
extrapolated from Jane Basin (Fig. 1), over the underlying igneous 
crust, which age was based on models of spreading magnetic 
anomalies (Maldonado et al., 2006). Ocean Drilling Program (ODP) 
Site 697 drilled during Leg 113 is located in the centre of Jane 
Basin (Gersonde et al., 1990), to the south of the Scotia Sea (Fig. 1), 
but it provided the only available chronostratigraphic information 
prior to IODP Expedition 382. Major stratigraphic changes in the 
Jane Basin seismic record where dated according to the ODP Site 
697, and then extrapolated to the Scotia Sea by means of seismic 
facies comparison (e.g., Maldonado et al., 2006). Table 1 shows a 
comprehensive view of the ages of the major discontinuities as 
obtained from IODP Expedition 382 (Table S1) and previously esti-
mated ages. Overall, the ages of the main stratigraphic discontinu-
ities obtained from IODP Expedition 382 are between 2.7 and 2.0 
Myr younger than previously estimated from igneous crust models 
and far field sedimentation rates. Reflector-c previously estimated 
formation age was 12.6 Ma (Maldonado et al., 2006), however, 
drilling confirms it formed sometime between 14.2 and 8.4 Ma 
(Table 1).

6. Global implications

Taking into consideration different tectonic reconstructions of 
the opening of the Drake Passage and the formation of the Scotia 
Sea (e.g., Eagles et al., 2006; Galindo-Zaldívar et al., 2006, 2014; 
Dalziel et al., 2013; Eagles and Jokat, 2014; Maldonado et al., 
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Table 1
Ages of the main regional discontinuities in Ma as resolved in the three sites during IODP Expedition 382 (Weber et al., 2021) and compared with the previous ages estimated 
by Maldonado et al. (2006) and age of the Reflector-a’ estimated in Pérez et al. (2017). The interpolated age is calculated from the closest and more accurate age values by 
linear interpolation to the stratigraphic discontinuity depth. Note that the interpolated age of Reflector-c corresponds to the time interval missing at Site U1536 and two 
possible interpolated ages are given for Reflector-b. The biostratigraphic and paleomagnetic datums that support these ages are included in the supplementary Table S1.

Stratigraphic 
discontinuity

U1536 U1537 U1538 Resolved in this work Previous ages
(Maldonado et al., 2006) 
& (Pérez et al., 2017) (Ma)

Biostrat. Pmag. Biostrat. Pmag. Biostrat. Pmag. Interval Interpolated
(Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

Reflector-a’ 0.4-0.6 - 0.4-0.7 - ∼0.4 - 0.4-0.7 0.4 2.6
Reflector-a 1.3-1.8 1.2-1.9 1.3-1.7 1.2-1.8 1.5-1.7 1.1-1.8 1.2-1.8 1.7 3.8
Reflector-b 3.6-4.2 3.3-4.6 4.4-4.5 >3.6 3.5-4.6 4.5-4.8 3.3-4.8 4.5/3.7 6.4
Reflector-c ∼8.4 ∼8.6 - - - - >8.4 >8.4 & <14.2 12.6
2014), the sediments recovered within the three sites of IODP Ex-
pedition 382 were not deposited until the southern Scotia Sea sed-
imentary basins, including Dove and Pirie Basin (Fig. 1), were fully 
opened (Pérez et al., 2019). The core-log-seismic correlation pre-
sented here suggests three major phases in the tectonic, oceano-
graphic and climatic evolution of the region from the middle-late 
Miocene to the present-day.

6.1. Phase 1: late Miocene sedimentary switch

The seismic record of the southern Scotia Sea reveals a major 
reorganization of the regional sedimentary stacking pattern leading 
to the formation of Reflector-c. According to the drilling record, 
Reflector-c represents either a period of non-deposition, a highly 
condensed sequence, or possibly even the result of sediment win-
nowing or erosion in Dove Basin at some time between 14.2 and 
8.4 Ma (Fig. 5; Table 1).

It has been suggested that the sedimentary change that cre-
ated Reflector-c was related to a major change in the regional 
oceanic circulation pattern (e.g., Maldonado et al., 2006). On a re-
gional scale, the seismic stratigraphy below discontinuity Reflector-
c suggests minimal influence of deep-water flows, whereas sed-
imentation overlying Reflector-c appears to be controlled by the 
near-bottom currents (e.g., Maldonado et al., 2006; Pérez et al., 
2019). This inference is mainly based on the configuration of the 
seismic reflections observed in the dataset of the southern Sco-
tia Sea, where most of the sediment waves and contourite drifts 
have been identified above Reflector-c. The evidence of deep-water 
flow impact identified on the seismic record below Reflector-c is 
limited to a few buried drifts that suggest an eastward flow em-
placed in the Scotia Sea, related to the CDW circulation (e.g., Pérez 
et al., 2014, 2017, 2019). The diversion of the near-bottom water 
mass during the sedimentation above Reflector-c generated north-
westward migration of depocentres and formed well-developed 
current-related features in all of the southern Scotia Sea basins 
related to the WSDW flow (e.g., Maldonado et al., 2006, 2014; 
Martos et al., 2013; Pérez et al., 2014, 2017). The northward in-
flow of WSDW into the Scotia Sea constitutes the major change 
in the oceanic circulation pattern at a regional scale since the 
Drake Passage formation (e.g., Maldonado et al., 2006). The on-
set of this new oceanic circulation pattern in the Scotia Sea is 
represented by the Reflector-c and occurred between 14.2 and 
8.4 Ma.

Site U1536, located on the abyssal plain of Dove Basin, is in 
the path of WSDW inflow through the deepest oceanic gateway 
in the South Scotia Ridge (Fig. 1), the Orkney Passage (ca. 3800 
m water depth) (Pérez et al., 2017). The increase in the magnetic 
susceptibility of Site U1536 sediments deposited above Reflector-c 
could be caused by an increase influx of terrigenous material to the 
Scotia Sea via WSDW inflow (Fig. 2B). Equally, the increase in the 
natural gamma radiation of these sediments and in their clay con-
tent above Reflector-c in Dove Basin (Fig. 2B), could be the product 
of mobilisation of sediment from the Antarctic continental shelves 
(e.g., Diekmann et al., 2004) after 8.4 Ma, as a result of a broad 
10
expansion of the Antarctic ice sheets. The time interval associated 
with Reflector-c (14.2-8.4 Ma), coincides with a positive benthic 
δ18O shift (Fig. 7) and near-modern values in sea-surface tempera-
ture (Herbert et al., 2016) interpreted to reflect a global glaciation 
event during late Miocene – early Pliocene (Table 2). Consequently, 
with the late Miocene ice advance, global eustatic sea level was 
relatively low (Miller et al., 2005). Low obliquity and high eccen-
tricity orbital parameters during late Miocene favoured the onset 
of perennial sea ice (Levy et al., 2019), as well as the northward 
expansion of the West Antarctic and Antarctic Peninsula ice sheets 
(e.g., Anderson et al., 2011). As a result of the ice sheets expan-
sion, the formation of WSDW may have increased, establishing its 
outflow towards the Scotia Sea. Consequently, the ACC and the po-
lar fronts migrated northward (Fig. 7) (e.g., Maldonado et al., 2006; 
Pérez et al., 2019) further promoted by the uplift of the Shackle-
ton Fracture Zone and the regional change towards a compressive 
tectonic regime that could modify the gateways between Weddell 
and Scotia seas (Livermore et al., 2004; Hernández-Molina et al., 
2006; Bohoyo et al., 2007; Martos et al., 2013).

6.2. Phase 2: Pliocene – early Pleistocene oceanic circulation 
enhancement

Reflector-b represents a regional stratigraphic change previously 
related to strong incursions of the WSDW into the Scotia Sea and 
the SPDW flowing through the Drake Passage (Martos et al., 2013; 
Pérez et al., 2017). According to the IODP Expedition 382 age mod-
els (Weber et al., 2021), Reflector-b formed between 4.8 and 3.3 
Ma. The accuracy of the discontinuity identification allows for two 
possible regional interpolated ages of either ∼4.5 Ma or ∼3.7 Ma 
(Fig. 5; Table 1). Reflector-b corresponds to relative minimum val-
ues in magnetic susceptibility in the sediments of Dove and Pirie 
basins (Fig. 2B, 3B, 4B). If it formed by ∼4.5 Ma, Reflector-b could 
constitute the onset of the global trend toward warm climatic con-
ditions of early Pliocene (e.g., Pollard and DeConto, 2009). The 
Antarctic ice sheets largely retreated leading to high global sea 
level (Fig. 7) and enhancement of Southern Ocean deep-water cir-
culation (e.g., Kwiek and Ravelo, 1999). Strengthened deep flows 
would favour the widespread formation of current-related features 
in the Scotia Sea such as those observed in the sedimentary record 
above Reflector-b (Fig. 2A, 3A, 4A), while locally creating erosive 
signatures (Pérez et al., 2017, 2019). The Pliocene global warmth 
predated the cold trend initiated at ∼3.7 Ma (e.g. Pollard and 
DeConto, 2009), reflected in high magnetic susceptibility and nat-
ural gamma radiation baselines below Reflector-a (Fig. 2B, 3B, 4B). 
These overall high values in the physical properties potentially 
track a progressive rise in the relative abundance of terrigenous 
material derived from the enhanced outflow of WSDW towards the 
Scotia Sea once the Antarctic ice sheets extended over the conti-
nental shelf (Fig. 7; Table 2) and the eustatic sea level dropped 
from ∼10 above to ∼50 m below present-day level (Rohling et al., 
2014). The late Pliocene WSDW/LCDW expansion through the At-
lantic Ocean led once again to the northward migration of oceanic 
fronts (e.g., Sijp and England, 2004; McKay et al., 2012).
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Fig. 7. Correlation of the regional stratigraphic discontinuities of the Scotia Sea with the megasplice of benthic δ18O global records as published by De Vleeschouwer et al. 
(2017). Sea level curve is from Miller et al. (2005). The colour arrows and bars represent the discussed stratigraphic discontinuities, note the alternate age for Reflector-b. 
Obliquity curve and configurations of the Antarctic ice sheets as published in Levy et al. (2019). The ice sheet configurations represent none to occasional marine-based ice 
sheets over the Antarctic continental shelf on the right, prior to Reflector-c; and perennial-marine based ice sheets on the left, after Reflector-c based on previous regional 
interpretations (e.g. Levy et al., 2019). The red arrows represent the overall regional tectonic extension (right) or compression (left) during these time periods based on e.g., 
Bohoyo et al. (2007). Bottom water flow across the Scotia Sea prior and after Reflector-c formation represented by the present-day bathymetry, note the bathymetry of the 
Shackleton Fracture Zone is considered only after the onset of its uplift around the time of Reflector-c formation. Colours as water masses below. The colour gradation of 
the bars represents the relative enhancement of the flows. AMOC, Atlantic Meridional Overturning Circulation; ACC, Antarctic Circumpolar Current; CDW, Circumpolar Deep 
Water; SPDW, South Pacific Deep Water; WSDW, Weddell Sea Deep Water. The yellow lines represent the estimated location of the Polar Front (PF) and South ACC Front 
(SACCF). The red dots point to the location of Sites U1536, U1537 and U1538.
Given the lack of tighter constrains, the uncertainty of Reflector-
b age may alternatively suggest correlation of the discontinuity 
with the cooling trend initiated at ∼3.7 Ma (Fig. 7), hence, broadly 
coinciding with the inferred maximum AMOC vigour after the Cen-
tral American Seaway constriction reached a hypothesised critical 
11
threshold at ∼4 Ma (Karas et al., 2017). A subsequent decline in 
AMOC from ∼3.8 Ma has been proposed to have helped precon-
dition the high northern latitudes for glaciation through attendant 
cooling and sea-ice formation (e.g., Karas et al., 2017). A height-
ened AMOC activity would have transferred more North Atlantic 
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Table 2
Summary of the environmental conditions at the time frames defined by the discussed stratigraphic discontinuities, see text for details. ACC, Antarctic Circumpolar Current; 
AMOC, Atlantic Meridional Overturning Circulation; LCDW, Lower Circumpolar Deep Water; SPDW, South Pacific Depth Water; WSDW, Weddell Sea Deep Water.

Oceanography Climate & Sea-level Tectonics Scotia Sea Stratigraphy

• Energetic ACC
• High production and outflow of 

WSDW
• Dynamic AMOC

• West Antarctica and Greenland ice 
sheets collapse

• Large amplitude of glacial-inter-
glacial oscillation

• Global sea-level above that of today

• Quiet tectonic context • High regional sedimentation rates
• Fast growth of the contourite 

drifts

Reflector-a’: 0.6-0.4 Ma

• WSDW flows through the Scotia 
Sea

• Enhanced SPDW flow due to en-
hanced Pacific Overturning Circu-
lation

• Antarctic, sub-Arctic, Mediter-
anean cooling

• Pacific Cold Tonge
• Intensification of Eurasian and 

Antarctic glaciations
• Sharp drop in sea-level

• Quiet tectonic context • Northeastward migration of re-
gional depocentres

• Fast growth of the contourite 
drifts

Reflector-a: 1.8-1.4 Ma

• WSDW/LCDW expansion through 
the Atlantic Ocean

• Northward migration of oceanic 
fronts

• SPDW flow through the Drake 
Passage

• Decline in AMOC

• High eustatic sea level followed 
by drop below present-day level

• Early Pliocene warmth followed 
by high latitudes cooling and sea-
ice formation

• Enhanced uplift of the Shackleton 
Fracture Zone

• Continued uplift of the Trans-
antarctic Mountains

• Increasing number of current-
related features

• Onset of growth of large con-
tourite drifts in the northern 
part of Pirie Basin

Reflector-b: 4.9-3.5 Ma

• Increase in WSDW formation and 
outflow towards the Scotia Sea

• Northwards migration of the ACC 
fronts

• Expansion of the Antarctic Ice 
Sheet

• Expansion of the Antarctic Ice 
Sheet (West Antarctic and Antarc-
tic Peninsula ice sheets)

• Relatively low global eustatic sea-
level

• Uplift of the Shackleton Fracture 
Zone

• Northwestward migration of 
depocentres

• Current-related features in the 
southern Scotia Sea basins re-
lated to northwestward flow

Reflector-c: 14.2-8.4 Ma

• ACC flow across Scotia Sea • Mid-Miocene Climatic Optimum • Very active tectonic context • Sparse buried drifts related to 
eastward flow
Deep Water to the Southern Ocean likely contributing to enhanced 
formation of WSDW and northward throughflow of AABW in the 
Scotia Sea (McKay et al., 2012).

Pirie Basin is protected from the influence of the WSDW out-
flow and instead more exposed to influence of the eastward flows 
due to its morphological configuration. Site U1538 is located today 
just to the north of the Southern ACC Front, and therefore under 
the influence of SPDW (Naveira-Garabato et al., 2002). Reflector-b 
in the northern part of Pirie Basin forms the base of large con-
tourite drifts resulting from the influence of an eastward current 
that delivered the clay observed in the lithological record (Fig. 4A, 
7). The formation of Reflector-b could be related to the SPDW 
flowing through the Drake Passage north of the Southern ACC 
Front. The historic variability of this water mass has been linked 
to the Central American Seaway closure (Kwiek and Ravelo, 1999). 
However, the time of closure of the Central American Seaway is 
still highly debated and ranges from Miocene (e.g., Montes et al., 
2015) to Mid-Pliocene (e.g., O’Dea et al., 2016). The continued up-
lift of the Transantarctic Mountains (van Wijk et al., 2008) and 
the enhanced uplift of the Shackleton Fracture Zone (Livermore 
et al., 2004; Martos et al., 2013) constrained the oceanic flows 
through the Drake Passage. Thus, the deep eastward inflow to the 
Scotia Sea was limited to the northernmost part of the gateway 
(Fig. 7). This tectonic constraint could explain the development of 
contourite drifts in Pirie Basin from the Pliocene flow of SPDW 
through the Drake Passage.
12
6.3. Phase 3: mid-Pleistocene oceanic circulation pattern adjustment

Reflector-a has been traditionally interpreted as the onset of the 
modern oceanic circulation pattern in the Scotia Sea with a previ-
ously estimated age of 3.8 Ma (Pérez et al., 2017). According to the 
age models obtained during IODP Expedition 382 (Weber et al., 
2021), Reflector-a was regionally formed between 1.8 and 1.4 Ma 
(∼1.7 Ma; Fig. 5; Table 1). Values of magnetic susceptibility and 
natural gamma radiation generally decrease above Reflector-a at all 
three Scotia Sea sites (Fig. 2B, 3B, 4B), which may record sedimen-
tation controlled by the strong oceanic flows instead of sediment 
transport from the Antarctic continental shelf. Abundant diatom 
ooze sedimentation above Reflector-a agrees with the decrease in 
sediment input from the Antarctic continental shelf (Fig. 2B, 3B, 
4B). The active bottom flows generated a northeastward migra-
tion of the regional depocentres (Pérez et al., 2019). WSDW flows 
through the Scotia Sea, which have been under tectonic quiescence 
after the end of the compression in the Andean Cordillera (Torres-
Carbonell et al., 2014) and the last increase in the East Scotia Ridge 
activity (Table 2) (Larter et al., 2003) before Reflector-a formation. 
In Pirie Basin, a marked change in the seismic facies of the sed-
imentary record of the contourite drifts occurs above Reflector-a 
together with a sharp increase in the sedimentation rate at Site 
U1538 (Fig. 4A, 6) owing to fast growth of the contourite drifts. 
The fast growth of these drifts from the Mid-Pleistocene to the 
present may be related to enhanced SPDW flow driven by the 
enhanced Pacific Overturning Circulation (e.g., Kwiek and Ravelo, 
1999).
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The high sediment input would have been provided through 
the ice sheet advance over the Antarctic continental shelf since 
Reflector-a was formed broadly around the same time in the Sco-
tia Sea than the markedly cold trend in sub-Antarctic (Martínez-
García et al., 2010), (sub)Arctic (e.g., Martínez-García et al., 2010) 
and Mediterranean (Herbert et al., 2015) regions and the develop-
ment of the modern equatorial Pacific Cold Tongue (∼1.6-1.8 Ma; 
Martínez-García et al., 2010). Evidence also exists that Eurasian 
(e.g., Herbert et al., 2015) and Antarctic (Pollard and DeConto, 
2009) glaciations intensified at this time. Sea level experienced 
a sharp drop predating an increase in the benthic δ18O (Rohling 
et al., 2014). Therefore, the development of Reflector-a at ∼1.7 Ma 
most likely reflects the regional Southern Hemisphere expression 
of major global climatic changes.

The oceanographic control over the sedimentation in the Sco-
tia Sea is particularly remarkable above the uppermost strati-
graphic discontinuity highlighted in Dove and Pirie basins’ record, 
Reflector-a’ (Pérez et al., 2017). Reflector-a’ was previously related 
to the onset of the Northern Hemisphere glaciation. However, IODP 
Expedition 382 age models reveal that Reflector-a’ was formed 
between 0.6 and 0.4 Ma (Fig. 5; Table 1). Therefore, the last ma-
jor change in the oceanic circulation pattern of the Scotia Sea 
falls within the time interval of Marine Isotope Stage (MIS) 11, 
∼0.4 Ma (Fig. 7). Global sea-level during this interglacial was be-
tween 6 and 13 m above that of today (Raymo and Mitrovica, 
2012; Rohling et al., 2014). This high-stand is typically related to 
the West Antarctica and Greenland ice sheets collapse with lim-
ited contribution from East Antarctica (Table 2) (e.g., Raymo and 
Mitrovica, 2012; Hatfield et al., 2016; Wilson et al., 2018). The 
change in the physical properties of the Scotia Sea records re-
lated to Reflector-a’ is likely associated with the large amplitude of 
the glacial-interglacial oscillations occurring after the Mid-Brunhes 
Transition (Barth et al., 2018). Low values of magnetic susceptibil-
ity in the Scotia Sea records linked to lower siliciclastic/bioclastic 
input rates (Fig. 2B, 3B, 4B) after MIS11 may reflect limited exten-
sion of the Antarctic ice sheets. However, an active regional oceanic 
circulation pattern controlling the sedimentation may have been 
maintained through energetic ACC and high production of WSDW. 
A generally high WSDW outflow through Scotia Sea after Reflector-
a’ would be consistent with the high sedimentation rates (Table 2), 
and only supported with relative diminution of AABW volume lim-
ited to extreme interglacials (Barth et al., 2018). In turn, a recent 
study reported lack of WSDW export into the Atlantic sector of the 
Southern Ocean during the last two glacial maxima (Huang et al., 
2020). The ACC and WSDW flows would have been maintained by 
dynamic AMOC (Fig. 7). During MIS11, the AMOC was apparently 
energetic due to a distinct origin and rate of meltwater production 
(Doherty and Thibodeau, 2018).

7. Conclusions

Four main stratigraphic discontinuities in the sedimentary 
record of the Scotia Sea have been identified in both the seismic 
records and the physical properties measured by wireline down-
hole and core-log in three drilled sites during IODP Expedition 382. 
The age models and core-log-seismic correlation developed during 
the expedition revealed that the main discontinuities are much 
younger than previously proposed, correlating with major changes 
in the global environmental conditions.

The large-scale variability of the Antarctic ice sheets appears 
to be closely linked to the increasing formation of Weddell Sea 
Deep Water and the broad dynamics of the Antarctic Circumpolar 
Current. The interplay of regional tectonic and oceanography with 
global climatic trends has resulted in a progressive enhancement 
of near-bottom circulation in the Scotia Sea from the late Miocene.
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The main change in the oceanic circulation pattern of the Drake 
Passage and Scotia Sea since its formation occurred between 14.2 
and 8.4 Ma as consequence of the inflow of Antarctic Bottom Wa-
ter from the Weddell Sea. This change was previously dated as 
12.6 Ma, however, the broader age range between the sediments 
below and above the Reflector-c is either related to long tec-
tonic processes accompanying the opening of the Southern Scotia 
Ridge deep gateways, or erosive/non-depositional intrusion of the 
Weddell Sea Deep Water before 8.4 Ma. According to the newly 
determined ages, the change was established by the time of the 
expansion of the West Antarctic and Antarctic Peninsula ice sheets 
during late Miocene.

After the late Miocene, the oceanic circulation pattern of the 
Scotia Sea experienced marked evolutionary steps at ∼4.5/3.7 Ma 
and ∼1.7 Ma. Previously, these two stratigraphic changes were es-
timated to occur at 6.4 Ma and 3.8 Ma. The formation of Reflector-
b could have occurred at ∼4.5 Ma during global warm condi-
tions and active Southern Ocean oceanic circulation; or at ∼3.7 
Ma in relation to strong outflow of the Weddell Sea Deep Water 
through the Scotia Sea due to Antarctic ice sheets expansion. In 
both scenarios, energetic Antarctic Circumpolar Current and South 
Pacific Deep Water flows are inferred from the records. At ∼1.7 
Ma, Reflector-a resulted from the onset of the modern oceanic cir-
culation pattern in the Scotia Sea, coinciding with the Northern 
Hemisphere trend towards a cold climate and the global intensifi-
cation of glacial conditions. Lastly, very active oceanic circulation 
pattern in the Scotia Sea during the formation of Reflector-a’ at 
∼0.4 Ma could relate to a dynamic Atlantic Meridional Overturn-
ing Circulation during Marine Isotope Stage (MIS) 11.

Strong differences in the seismic record between the southern 
and central Scotia Sea after Mid-Pliocene are mainly related to the 
flow of South Pacific Deep Water along the central Scotia Sea while 
the southern Scotia Sea has been under the influence of Weddell 
Sea Deep Water from late Miocene onwards. As a result, Dove and 
Pirie basins have evolved under markedly different oceanographic 
conditions.
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