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PREFACE 

This Ph.D. thesis consists of three first-author papers published as internationally peer-reviewed journal 

articles (chapters 2, 3), or prepared for submission to an internationally peer-reviewed journal (chapter 

5), and one data chapter (chapter 4). The publications are appropriate to the discipline of geology, 

geophysics and physical oceanography and form part of an integrated project in marine geophysics. 

The thesis contains an introduction chapter (chapter 1) outlining the background, scope, methodology 

and overview of the thesis with a summary of the work conducted. Common theme and outcomes of 

the papers and data chapter are tied together in the discussion and conclusion chapter of the thesis 

(chapters 6, 7). Appendix contains supplementary materials for chapters 2, 3 and 5 (Appendix A, B, D), 

an Eos spotlight article about chapter 3 (Appendix C), one co-authored paper (Appendix E), one co-

authored proceedings summary report (Appendix F), and one co-lead drilling pre-proposal cover letter 

(Appendix G). 
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ABSTRACT 

Global ocean circulation is strongly controlled by the formation and closing of oceanic basins and 

gateways. Together with changing atmospheric carbon dioxide concentrations, these processes 

are key long-term drivers of the global climate. During the Cenozoic, Earth’s climate underwent 

one of the most fundamental transitions known in geological history: from hot “Greenhouse” 

conditions in the Late Cretaceous, through the warm early Eocene, to cold “Icehouse” conditions 

with Antarctic-wide glaciation around the Eocene-Oligocene boundary. Coevally, a large-scale 

oceanographic reorganization occurred, from gyres dominating the subpolar Pacific and Indo-

Atlantic to the onset of the Antarctic Circumpolar Current (ACC). Also, during this period, 

Gondwana breakup reached its final stages, with the opening of the Australian-Antarctic Basin and 

deepening of both Southern Ocean gateways, the Tasmanian Gateway and the Drake Passage.   

Fundamental questions remain regarding the links between these tectonic, oceanographic and 

climatic phenomena. In recent years, the tectonic formation of the Southern Ocean basins and 

gateways, enabling the onset of the thermally isolating ACC, have been attributed to play a 

secondary role during this prominent climate transition, while long-term declining atmospheric 

CO2 concentrations have been favored as the key driving mechanism. Controversies around the 

timing of gateway deepening, compared to the timing of the onset and strengthening of the ACC, 

and long-term hiatuses in Southern Ocean sedimentary records, have weakened support for a 

tectonic driver of climatic change. 

This interdisciplinary thesis combines observations from geophysical data and drill cores, tectonic 

and bathymetric modelling, and ocean circulation simulations to re-examine the impact of 

Southern Ocean tectonic processes on ocean circulation and ultimately climate. Four chapters 

investigate the tectonic, sedimentary, bathymetric, and oceanographic evolution of the Southern 

Ocean during the Cenozoic climate transition, and show that the role of tectonic processes on 

Cenozoic oceanographic conditions has been severely underestimated. 

The first chapter is an analytical study, investigating the uncertainties in seismic correlations with 

sediment core data, in relation to petrophysical and depositional properties of the drilled material, 

using the comprehensive global scientific ocean drilling datasets. It shows that time-depth-

relationship functions, which are essential tools for such correlations, vary up to 55% depending 

on the velocity data that has been used. Drill sites with high carbonate content and coarse grain 

textures are particularly affected. The outcomes of this analytical work provide important 

constraints for addressing seismo-stratigraphic interpretations and seismic-core-log integrations 

and emphasize the importance of conducting downhole logging velocity measurements during 

drilling expeditions. 

The second chapter focuses on understanding the oceanographic evolution of the Australian sector 

of the Southern Ocean, in the context of the tectonically driven formation of this ocean basin from 

the Cretaceous as Australia moved northwards away from Antarctica. I undertake a stratigraphic 

analysis of a comprehensive network of more than 500 seismic reflection profiles, and geological 
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data from numerous drill sites along the Australian and Antarctic conjugate margins. This 

framework enables detailed investigation of the patterns and characteristics of the sedimentary 

architecture, which is strongly controlled by Cretaceous-Cenozoic tectonic, oceanographic and 

climatic processes. I find that the opening Australian-Antarctic Basin underwent a transition from 

large deltaic sediment deposition during the Late Cretaceous “Greenhouse”, to a marine 

environment in the early Cenozoic dominated by clockwise bottom currents, which strengthened 

and progressed farther east through the Eocene culminating in major sediment hiatuses along both 

continental slopes.  

The third part of this thesis focuses on Cenozoic bathymetric evolution, with a particular focus on 

the formation of the basins of the Southern Ocean. Using the sedimentary architecture developed 

in the previous chapter, and extending globally using global total sediment thicknesses, high-

resolution paleobathymetry grids for two key geological time slices (Late Eocene (38 Ma, 0.25° 

resolution) and Late Cretaceous (~67 Ma, 0.5° resolution) are reconstructed. A modeling approach 

reconstructing backwards in geological time and backstripping sediments from the present-day 

bathymetry is used. Corrections for changing sediment decompaction, isostatic adjustment, crustal 

thermal subsidence, mantle dynamic topography and global sea level are implemented. The 

resulting paleobathymetry grids are compared to previous studies, in terms of slope gradients in 

the oceanic basins and along the continent-ocean transition zones. The high-resolution 

bathymetries presented in this study contain realistic small-scale seafloor roughness and 

continental slopes patterns, which are closest to the present-day observations. Using these grids 

as boundary conditions for high-resolution paleo-ocean models is key to accurately unravelling the 

influences of bathymetry and tectonic processes. 

The fourth chapter focuses on understanding the impact of the Tasmanian Gateway and Drake 

Passage deepening on ocean circulation patterns and temperature distribution in the Southern 

Ocean. My high-resolution (0.25°) general ocean circulation model with realistic Late Eocene 

bathymetry (from the previous chapter) demonstrates that Southern Ocean circulation changes 

and >6�C of sea-surface water cooling can be caused by progressive deepening of both gateways. 

When at least one gateway is shallow (� 300 m), the subpolar Pacific and Indo-Atlantic ocean 

gyres transport warm (up to 20 °C) equatorial waters to the Antarctic coast. The subsidence of the 

second gateway below 300 m causes the gyres to weaken and the Antarctic waters to dramatically 

cool by >6°C. The eastward circumpolar current strengthens and dominates the Southern Ocean 

once both gateways are deeper than 600m. These model results are consistent with available paleo 

sea surface temperature, microfossil and isotope records from sediment cores. These results imply 

that tectonically driven deepening of gateways, in conjunction with decreasing CO2 concentrations, 

likely played a fundamental role in causing climate cooling and the transition into a global 

“Icehouse” world at the Eocene-Oligocene boundary. 

The results presented here demonstrate the importance of tectonically-driven processes in the 

changing oceanographic and climatic conditions of the Southern Ocean. These outcomes need to 

be more carefully assessed, especially in conjunction with other climate drivers like the declining 

atmospheric CO2 changes. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 THESIS BACKGROUND 
Anthropogenic greenhouse gas emissions 
have led to a dramatic increase in 
atmospheric carbon dioxide (CO2) 
concentrations from ~280 parts per million 
(ppm) to ~407 ppm since the beginning of the 
industrial revolution (Stocker et al., 2013; 
Blunden et al., 2019). Assuming that this rate 
of increase in anthropogenic CO2 emissions 
continues, concentrations will be above 1000 
ppm by the end of the 21st century (Stocker et 
al., 2013). Climate models predict significant 
climatic feedbacks, including increasing 
global mean temperatures, retreating ice 
sheets, rising global sea level, and changes in 
global ocean circulation patterns (e.g., 
Hansen et al., 2008, 2013). Such climatic 
shifts will in turn have significant 
environmental and social-economic 
consequences for human societies within this 
century (e.g., Barnett and Adger, 2007; Brown, 
2008).   

Sediment records show that the last time CO2 
levels were >1000 ppm was in the Early 
Eocene (~55-48 million years ago, Ma; 
Masson-Delmotte et al., 2013). To validate 
climate models that predict future climate 
conditions, and to understand how the 
climate might behave under such high 
atmospheric CO2 concentrations, it is 

important to understand these ancient 
analogues.  

Both atmospheric CO2 concentrations and 
changing ocean circulation patterns play 
crucial roles in controlling the global climate 
on long time scales. However, unravelling the 
impacts of changes in ocean dynamics, or 
variations in atmospheric CO2 concentrations 
on ancient climate change events remains 
difficult and disputed (e.g., Kennett, 1977; 
DeConto and Pollard, 2003; Bijl et al., 2010, 
2013; Anagnostou et al., 2016; Elsworth et al., 
2017), as these processes are closely 
interlinked with each other and often change 
coevally.  

The Cenozoic “Greenhouse-Icehouse” 
climate transition (66 to 34 Ma), culminating 
in continent-wide glaciation on Antarctica 
around the Eocene-Oligocene transition 
(EOT), is one of the most fundamental global 
climate changes known in geological history 
(e.g., Zachos et al., 2008). Two main 
hypotheses have been proposed to be the key 
mechanism driving this transition: declining 
atmospheric CO2 concentrations crossing a 
‘tipping point’ (e.g., Pollard and DeConto, 
2003; Anagnostou et al., 2016), and the 
tectonic opening of the Southern Ocean 
gateways (Tasmanian Gateway, TG, and 
Drake Passage, DP) initiating a thermally 
isolating Antarctic Circumpolar Current (ACC; 
Kennett, 1977).  

Uncertainties exist for both hypotheses. A 
clear connection between CO2 
concentrations and the global cooling ẟ18O 
trend (Zachos et al., 2008) remains difficult 
due to significant gaps in the paleo CO2 record 
prior to the EOT (Masson-Delmotte et al., 
2013; Anagnostou et al., 2016). The wide 
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range of CO2 estimates from different proxy 
methods that diverge up to 1100 ppm for the 
same geological time (Masson-Delmotte et al., 
2013) complicates this further. In addition, 
the simulated CO2 threshold under which ice 
sheets are able to form, range widely 
depending on the ice sheet and climate 
model configuration (Anagnostou et al., 
2016). 

Similarly, the role of tectonic processes on the 
oceanographic and climatic evolution of the 
Southern Ocean has been questioned, 
particularly due to the uncertainties about 
the exact timing of the Southern Ocean 
gateways opening (Quilty, 1997, 2001; Barker, 
2001; Stickley et al., 2004; Livermore et al., 
2005; Scher et al., 2015), breakup 
mechanisms of the ocean basins, and 
mismatches regarding the onset and 
strengthening of the ACC, in comparison to 
the climatic changes observed on Antarctica 
and on a global scale (e.g., Hill et al., 2013; 
Scher et al., 2015; Bijl et al., 2018).  

Seafloor spreading around the TG starts ~35-
32 Ma (Cande and Stock, 2004; Scher et al., 
2015). However, two geological sites around 
Tasmania provide conflicting constraints 
about the gateway’s paleodepth (Quilty, 1997, 
2001; Stickley et al., 2004; Scher et al., 2015). 
Microfossil and facies records from ODP Site 
1172 at the East Tasman Plateau indicate 
sedimentation under shallow marine 
environmental conditions until 35.5 Ma and a 
rapid subsidence of the gateway from 35.5 to 
33.5 Ma, coinciding with the onset of 
Antarctic glaciation (Stickley et al., 2004). In 
contrast, dredge samples from the adjacent 
Cascade Guyot (or Cascade Seamount) which 
is ~1.9 km elevated from the East Tasman 
Plateau, reveal that its top has been close to 

sea level until ~35 Ma. This suggests that the 
TG was already in deep marine conditions 
(~1.9 km) prior the EOT (Scher et al., 2015).  

The deepening of the tectonically complex DP 
is strongly debated, with proposed opening 
ranging from 49 Ma (Livermore et al., 2005; 
Eagles et al., 2006) to ~17 Ma (Barker, 2001). 
Particularly, the motions of continental blocks 
within the DP are believed to restrict the 
gateway from being entirely open (Barker, 
2001) and uplift processes may have closed 
the DP region again around 21 Ma, after its 
initial opening (Lagabrielle et al., 2009). 

In addition, many differing constraints exist 
about the ACC onset (e.g., Stickley et al., 2004; 
Scher and Martin, 2006; Hill et al., 2013; Scher 
et al., 2015; Bijl et al., 2018); and its strength 
(e.g., Katz et al., 2011; Cramer et al., 2009; Bijl 
et al., 2018; Hartman et al., 2018; Sangiorgi et 
al., 2018). Some studies propose that a 
similar-to-present vigour of the ACC only 
establishes well after the opening of the 
gateways and is primarily controlled by 
atmospheric forcing, like the equator-to-pole 
sea surface temperature gradients (e.g., 
Sangiorgi et al., 2018). 

Another uncertainty of the “thermal isolation” 
hypothesis by Kennett (1977) is the proposal 
of southward heat transport by warm 
subtropical water currents, in order to enable 
the warm conditions along the Antarctic coast 
prior the onset of the thermally isolating ACC 
around the EOT. These conditions could not 
be reproduced by ocean model simulations 
(Huber et al., 2004; Hill et al., 2013; Baatsen 
et al., 2018). However, these paleo 
simulations run in low resolution (1 - 3.75°), 
which are not able to permit (< 0.25°) or 
resolve (< 0.1°) eddy circulations and are less 
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accurate regarding the equations of motion. 
Furthermore, simplified paleobathymetries 
(Huber et al., 2004; Baatsen et al., 2018) or 
modified present-day bathymetry grids (Hill 
et al., 2013), without prominent seafloor 
roughness and detailed geometric features 
have been used as boundary conditions. 
Recently, numerous studies in the field of 
modern physical oceanography have shown 
that small-scale features in ocean currents 
and seafloor topography strongly influence 
large-scale ocean circulation patterns. 
Mesoscale eddies (< 100 km) are key 
component for the ocean circulation and, in 
large parts of the ocean, responsible for the 
majority of the heat transport (Jayne and 
Marotzke, 2002; Morrison et al., 2013; 
Griffies et al., 2014; Newsom et al., 2016; 
Viebahn et al., 2016), and small-scale seafloor 
features with slope gradients in the order of 
10-4 to 10-5 significantly influence subsurface 
velocities and vertical structure of ocean 
currents (LaCasce, 2017; LaCasce et al., 2019). 
Using low-resolution model configurations 
with simplified bathymetries to reconstruct 
changing oceanographic conditions during 
key climate changes such as the 
“Greenhouse-Icehouse” transition, carries 
potential to severely underestimate ocean 
heat transport processes as well as the 
influence of tectonic processes on changing 
ocean circulations. 

Controversies around the timing of 
oceanographic changes and their role in 
regional and global climatic change are at 
least partly caused due to an absence of 
sedimentary constraints along the Antarctic 
margins. Only sparse drill core information is 
available and widespread long-lasting 
sedimentary hiatuses exist across the crucial 

climate transition time period (e.g. Escutia et 
al., 2011). The sparse sedimentary constraints 
are also at least partly responsible for the 
number of alternative seismic interpretations 
that exist for the East Antarctic margin. A 
prominent high-amplitude unconformity, 
which is observed in seismic profiles along the 
entire margin, extending from the continental 
shelf to the foot-of-slope, is at the centre of 
debate (e.g., Close et al., 2007; Escutia et al., 
2011; Leitchenkov & Guseva, 2012). In 2010, 
IODP Site U1356 (Leg 318) was the first 
geological site offshore East Antarctica to drill 
through this prominent reflection pattern, 
recovering two major hiatuses (33.6 - 47.9 Ma 
and 51.06 - 51.9 Ma; Escutia et al., 2011; 
Tauxe et al., 2012). Understanding the 
mechanisms causing this absence of 
sediments from this crucial time period 
provides important constraints on possible 
paleoenvironmental conditions. Seismic 
stratigraphic investigations propose that 
massive erosional events formed the younger 
and/or the older hiatuses by removing 200–
600 m of sediment, caused by (i) first arrival 
of the continental glaciation at the coast at 
about 34 Ma (Escutia et al., 2011), (ii) 
increases in spreading rate between Australia 
and Antarctica at about 45 Ma (Close et al., 
2007), or (iii) drastic global sea level drop of 
70 m at about 43 Ma (Leitchenkov & Guseva, 
2012). The Eocene unconformity is found 
across wide areas of the East Antarctic (and 
Australian) margin, which implies that a large 
amount of eroded sediment would have been 
redeposited somewhere along the margins. 
Although the overlying Oligocene sediments 
at IODP Site U1356 contain reworked Eocene 
microfossils, the highest abundance is 
concentrated in the lowermost ~16 m 
(Houben et al., 2013), which would not be 
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enough to account for ~200–600 m of eroded 
sediment. To date, no evidence for such large 
amount of redeposited sediments has been 
detected in geophysical or geological data. 

 

1.2 SCOPE OF THESIS  
This PhD thesis focuses on the Cenozoic 
“Greenhouse-Icehouse” climate transition, 
and investigates the relative role of tectonic 
processes on the changing oceanographic 
and climatic conditions in the Southern Ocean, 
and possible global implications. Seismic 
reflection, sedimentological and ocean model 
data are used to address this topic. Chapter 2 
is an analytical study investigating 
uncertainties in seismic correlations with 
sediment core data in relation to 
petrophysical and depositional properties of 
the drilled material, using the comprehensive 
global scientific ocean drilling datasets. In 
chapter 3, a detailed seismo-stratigraphic 
framework is established in the Australian 
sector of the Southern Ocean, using all 
available seismic reflection profiles and newly 
available geology data across the Australian-
Antarctic basins. Chapter 4 addresses the lack 
of high-resolution paleobathymetries with 
realistic seafloor roughness for key time slices 
in the Cenozoic (67 Ma and 38 Ma). Chapter 
5 investigates the impact of bathymetric 
evolution, and gateway deepening in 
particular, on ocean circulation patterns and 
sea surface temperature distribution, using a 
high-resolution (0.25°, eddy-permitting) 
general ocean circulation model. 

This thesis unravels the sedimentary 
evolution of the Australian-Antarctic Basin 
and investigates the enigma about the 
formation of the prominent Eocene 

unconformity along the Antarctic margin, by 
correlating constraints from both conjugate 
margins and proposing an alternative 
interpretation (chapter 3). This work studies 
the controls of tectonic, oceanographic and 
climate processes on the basin’s sedimentary 
architecture, and addresses the question on 
how the basin opening influences the 
oceanographic environment in the region, 
prior the establishment of the ACC. 
Furthermore, this thesis investigates the 
influence of the opening of Southern Ocean 
gateways on the oceanographic setting and 
the development of the ACC (chapter 5). It 
addresses the following questions: how deep 
does a gateway need to be, in order to be 
considered “open”? Are both Tasmanian 
Gateway and Drake Passage required to be 
open, for the establishment of a circumpolar 
current? The work investigates the role of 
tectonic-driven processes on Antarctic 
cooling, compared to declining CO2 
concentrations and steepening latitudinal sea 
surface temperature gradient. 

 

1.3 DATA AND METHODOLOGY 
A wide range of data and methods are 
combined in this thesis, in order to investigate 
these key questions. The details about each 
data and methods used are described in the 
referred chapters. 

Chapter 2 uses the comprehensive global 
datasets from scientific ocean drilling 
expeditions 
(http://iodp.org/resources/access-data-and-
samples, time range: 1986–2016), including 
p-wave velocity measurements from 
downhole sonic logs, vertical check-shot 
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surveys, onboard caliper; porosity, bulk 
density, carbonate content and age data from 
representative drill sites. Sea surface 
temperature (Maturi et al., 2014) and salinity 
(NASA, 2015; Aquarius project) data for each 
drill site are extracted for the time period of 
the check-shot survey. 

Chapter 3 uses about 500 seismic reflection 
profiles from along the conjugate Australian 
and Antarctic margins which have been made 
available by SCAR's Seismic Data Library 
System (Wardell et al., 2007), Geoscience 
Australia (Surveys AGSO 137, 199, 202, 224, 
S280, 2012 Acreage Release seismic data 
package) and Spectrum Geo Ltd. (Petrel 
Roving Survey 1973). Velocity grids for time-
depth conversion are derived using the 
interval velocities from in total 1,143 
sonobuoy and ocean bottom seismometer 
stations (after Whittaker et al., 2013). 

The bathymetry grids presented in chapter 4 
(and used in chapter 5) are reconstructed 
using BALPAL software (Wold, 1994). This 
method uses the following input data: 
paleoage grid (Matthews et al., 2016), total 
sediment thickness grid “GlobSed” (Straume 
et al., 2019), dynamic topography model 
(Müller et al., 2018), and the global sea level 
record (Haq and Al-Qahtani, 2005). 

All ocean model runs presented in chapter 5 
are implemented with MITgcm (the 
Massachusetts Institute of Technology 
general circulation model; Marshall et al., 
1997a, 1997b). Restoring boundary 
conditions for the surface forcing are taken 
from a coupled atmosphere-ocean model 
(GFDL CM2.1) simulating Late Eocene 
conditions with atmospheric CO2 

concentrations of 800 ppm (Hutchinson et al., 
2018) and annually and zonally averaged.  

Geological constraints from sediment drill 
sites in the Southern Ocean (DSDP, ODP, IODP) 
and well data from the Southern Australian 
margin are used for all three chapters. Grids 
are reconstructed using GPlates 2.0 and the 
plate rotation model by Whittaker et al. (2013; 
Chapter 3; Australian-Antarctic Basin) and 
Matthews et al. (2016; Chapter 4, 5; Southern 
Ocean and globally). Map figures for chapter 
2, 3 and 4 are produced using GMT (General 
Mapping Tools) software (Wessel and Smith, 
1998), and for chapter 5 with Python (Van 
Rossum and Drake, 2011).  

 

1.4 OVERVIEW OF THESIS 
This thesis combines observational data 
(geophysical and geological) with model data 
from bathymetry and ocean circulation 
modeling to answer some of the most 
fundamental questions of influence of 
tectonics on climate change, and 
consequently the relative role of CO2 and its 
sensitivity. This thesis contains four main 
chapters, of which two are published, and 
two are prepared for submission. An 
additional chapter discusses the main 
outcomes of these four data chapters. 

Chapter 2 “A comparative analysis of time-
depth relationships derived from scientific 
ocean drilling expeditions”  

(published in Marine Geophysical Research, 
2019) 

Sediment drill cores are crucial for sediment 
stratigraphic analyses, because they provide a 
wide range of important observational 
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constraints and data in a high vertical 
resolution (in depth domain, meters below 
seafloor). However, this information is 
regionally restricted to its drilling location. In 
order to extend the sediment core data to a 
basin-wide region and to establish a detailed 
stratigraphic framework, the correlation with 
seismic reflection profiles (in time domain, 
seconds two-way travel time) is crucial. Time-
depth domain correlation is implemented 
with time-depth relationships (TDR) 
calculated using P-wave velocity data. 
Depending on the applied measurement 
method, the velocity data as well as the 
resulting TDR can vary significantly, which 
carries potential for miscorrelations between 
seismic and core data. This paper shows that 
the maximum TDR differences reach up to 
55%. Drill sites with high carbonate content (> 
70%) and coarse grain texture are particularly 
affected. One example is the ODP drill site 
1129 in the Great Australian Bight, as it has 
been drilled through Late Cenozoic cool-
water carbonate platforms. In such cases, it is 
highly recommended using velocity 
measurements from vertical check-shot 
surveys which are closest to seismic reflection 
velocities, to ensure accurate correlation 
between seismic and core data. The 
outcomes of this analytical work provide 
important constraints that are helpful for 
addressing seismo-stratigraphic 
interpretations and seismic-core-log 
integrations. For the seismo-stratigraphic 
work presented in chapter 3, all seismic-core-
log correlations are implemented using 
velocity measurements from vertical check-
shot surveys. 

 

Chapter 3 “Tectonic, Oceanographic, and 
Climatic Controls on the Cretaceous-Cenozoic 
Sedimentary Record of the Australian-
Antarctic Basin”  

(published in Journal of Geophysical Research: 
Solid Earth, 2019) 

Breakup of supercontinent Gondwana 
reached its final stages with the opening of 
the Australian-Antarctic Basin and the 
formation of the Tasmanian Gateway 
(between Australia and Antarctica) and the 
Drake Passage (between South America and 
Antarctica). The separation of these land 
masses is a crucial precondition for the 
establishment of a circumpolar flow in the 
Southern Ocean and today’s ACC. The 
sedimentary basins in the Australian-
Antarctic Basin are ideal archives to 
understand tectonic, oceanographic and 
climatic conditions, on a regional and global 
scale. However, seismic stratigraphic 
interpretations along both conjugate 
Australian and Antarctic margins have been 
performed on different datasets, are 
restricted to certain subbasins and/or miss 
important constraints from recent drilling 
expeditions. In this study, I collate all available 
seismic reflection profiles on both margins 
and use newly available marine drilling data 
to develop, for the first time, a consistent 
seismo-stratigraphic framework across both 
margins. This basin-wide correlation reveals 
that similar sedimentation patterns existed 
along both margins, prior to the onset of 
glacial deposition offshore Antarctica. 
Cretaceous-Cenozoic sedimentary units are 
characterized.  

During the warm and humid Late Cretaceous, 
large-scale river systems dominated the 
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landscapes of Australia and Antarctica, 
resulting in deltaic sediment depositions in 
the still narrow AAB. Delta systems offshore 
Antarctica are defined and mapped (Sabrina, 
Frost, Astrolabe Delta) and show strong 
seismic similarities to the Australian Ceduna 
Delta (Totterdell et al., 2000). With increased 
widening of the basin, a clockwise bottom 
current system starts to flow, forming 
prominent sediment drift deposits along both 
continental rises. Sedimentary records 
suggest that these currents strengthen and 
progress farther east through the Eocene, 
coinciding with the continuous widening of 
the AAB. Global mean temperatures decline 
during the Middle-Late Eocene and 
progressive aridification of Antarctica as well 
as the northward moving Australian 
continent led to a large-scale decrease in 
terrestrial sediment input. This study suggests 
that a preglacial phase of low terrestrial 
sediment input from both margins and 
continuously strengthening bottom currents 
prior the EOT likely formed the prominent 
unconformity and both hiatuses recovered by 
U1356A (see above). This work presents an 
alternative interpretation to previous studies 
proposing that massive erosional events 
occurred, which removed a large amount of 
sediments (~200-600 m) along the entire East 
Antarctic margin. To date, no such large-scale 
sedimentary redeposition has been detected 
in geophysical or geological data.  

An Eos spotlight article highlighting this 
publication can be found in Appendix C.  

Chapter 4 “Reconstructing high-resolution 
bathymetry grids for the Cenozoic” 

(prepared for submission) 

Recently, it has been demonstrated that not 
only large-scale features in the seafloor 
topography, but also small-scale patterns and 
seafloor roughness, with slopes in the order 
of 10-4 to 10-5 control subsurface eddy 
velocities and the vertical structure of ocean 
circulation patterns (LaCasce 2017; LaCasce 
et al., 2019). Detailed bathymetry data exist 
for the present-day which can be used as 
boundary conditions for ocean circulation 
simulations. However, paleocean models lack 
such paleoseafloor grids which are 
reconstructed back in time and equally rough 
and detailed. Existing paleobathymetry grids 
are either global, but lack prominent seafloor 
roughness in high-resolution (e.g. Müller et al., 
2008; Baatsen et al., 2016), or are highly 
resolved but regionally restricted (e.g. Ehlers 
and Jokat, 2013; Castelino et al., 2016). This 
chapter presents high-resolution 
paleobathymetry grids with realistic seafloor 
roughness for the Southern Ocean for two 
key geological times, the Late Eocene (38 Ma, 
0.25° resolution) and the Late Cretaceous 
(~67 Ma, 0.5° resolution). A backwards 
modelling approach is applied, backstripping 
sediments from the present-day bathymetry 
and reconstructing “backwards” in geological 
time, which allows the preservation of 
seafloor slopes with similar gradients and 
detailed features like today. Sediment 
isopach data from the Southern Ocean are 
compiled from existing seismo-stratigraphic 
interpretations, derived from seismic 
reflection and drilling data. Corrections for 
changing sediment decompaction, isostatic 
adjustment, crustal thermal subsidence, 
mantle dynamic topography and global sea 
level are implemented. In the past, effects of 
tectonic processes on ocean circulations have 
been underestimated, likely because of the 
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under-representation of accurate 
bathymetries. These new bathymetry grids 
with detailed seafloor roughness and features 
can be used as bathymetry boundary 
conditions for high-resolution paleocean 
simulations and are crucial for accurate 
simulations correctly estimating the role of 
bathymetry on ocean circulations.  

Chapter 5 “Gateway driven cooling of 
Antarctica using a high-resolution ocean 
model approach” 

(prepared for submission in Nature) 

Declining atmospheric CO2 concentrations 
have been favored as the primary key 
mechanism to drive the “Greenhouse-
Icehouse” climate transition, as ocean models 
were not able to reproduce the expected 
ocean heat transport warming the Antarctic 
coast prior the onset of the ACC, as proposed 
by the thermal isolation hypothesis. This 
study shows the importance of high-
resolution modeling and points out the 
underestimation of bathymetry in previous 
low-resolution models. The deepening of 
Southern Ocean gateways has a crucial 
impact on the ocean circulation patterns and 
the temperature distributions. When at least 
one gateway is shallow (≤ 300 m), the 
subpolar Pacific and Indo-Atlantic gyres 
transport warm (up to 20 °C) equatorial 
waters to the Antarctic coast. The subsidence 
of the second gateway below 300 m causes 
the gyres to weaken and the Antarctic waters 
to dramatically cool down by > 6°C. The 
eastward circumpolar current strengthens 
and dominates the Southern Ocean once 
both gateways are deeper than 600m. These 
model results are consistent with available 
paleo sea surface temperature, microfossil 

and isotope records from sediment cores. 
These results imply that tectonically driven 
deepening of gateways, in conjunction with 
decreasing CO2 concentrations, likely played a 
fundamental role in causing climate cooling 
and the transition into a global “Icehouse” 
world at the Eocene-Oligocene boundary. 
This outcome needs to be more carefully 
assessed in conjunction with CO2 changes and 
defining long-term climate sensitivity to CO2, 
for past as well as future climate modeling. 

Addendices - Understanding rift-drift 
transitions 

In the past, mechanisms during rifting and 
breakup of the continental lithosphere along 
magma-poor margins have been explained, 
based on constraints derived from drilling 
expeditions along the Iberia-Newfoundland 
margins and onshore equivalents in the 
European Alps (e.g., Peron-Pinvidic et al., 
2013). It has been proposed that transition 
zones from extended continental to mature 
oceanic crust typically contain an 
intermediate zone of exhumed 
subcontinental mantle and isolated 
continental allochtons (Peron-Pinvidic and 
Manatschal, 2009; Manatschal and Münterer, 
2009). Recent drilling expeditions across the 
South China Sea continent-ocean transition 
zone revealed a different breakup mechanism 
and COTZ architecture, rapidly transitioning 
from continental crust to mature Mid-Ocean 
Ridge basalt type magmatism, without the 
presence of subcontinental mantle 
exhumation (Appendix E, F). These findings 
have fundamental implications to understand 
breakup mechanisms and provide a second 
endmember to the well-studied Iberia-
Newfoundland example. Future drilling 
expeditions along other magma-poor passive 
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margins, like the Australian-Antarctic margins 
system, will help to understand these 
processes further (Appendix G, successfully 
reviewed by IODP’s Science Evaluation Panel 
in June 2019).  
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A COMPARATIVE ANALYSIS OF TIME–DEPTH RELATIONSHIPS 

DERIVED FROM SCIENTIFIC OCEAN DRILLING EXPEDITIONS 



Vol.:(0123456789)1 3

Marine Geophysical Research 
https://doi.org/10.1007/s11001-019-09393-7

ORIGINAL RESEARCH PAPER

A comparative analysis of time–depth relationships derived 
from scientific ocean drilling expeditions

Isabel Sauermilch1 · Zenon Richard P. Mateo2 · Jacopo Boaga3

Received: 15 April 2019 / Accepted: 12 August 2019 
© Springer Nature B.V. 2019

Abstract
Time–depth relationships (TDR) are required for correlating geological information from drill sites with seismic reflection 
profiles. Conventional time–depth domain conversion is implemented using P-wave velocity data, derived from downhole 
sonic logs, calibrated with vertical seismic check-shots. During scientific ocean drilling expeditions, immediate seismic 
correlation is carried out using laboratory velocities measured on recovered core material. As these three velocity measure-
ments vary significantly in signal frequency, resolution and acoustic pathways, they carry potential for substantial TDR 
differences and consequent miscorrelation to seismic profiles. Our analytical work uses the comprehensive scientific ocean 
drilling dataset to quantify these differences in core-seismic integration. TDRs are calculated and compared at sites where 
check-shot, sonic log, and laboratory velocity measurements cover the same depth segments of the drill hole. We find that 
the maximum differences between the TDRs (TDR diffmax ) reach up to 55%, which can cause fundamental errors in the seis-
mic correlation. No direct relationship to porosity and bulk density of the cored material is observed. Instead, higher TDR 
variability is found at sites with carbonate content > 70%, particularly with coarser grain texture. Sites containing primarily 
igneous and siliciclastic sequences show less than 10% TDR diffmax . This semi-quantitative criterion indicates that downhole 
logging should be conducted during drilling expeditions, especially at sites with carbonate sequences, or low core recovery, 
to ensure accurate core-seismic integrations.

Keywords Time–depth relationship · Scientific ocean drilling · P-wave velocity measurement · Seismic check-shot · 
Downhole sonic log

Introduction

The correlation between drilling information in a depth 
domain (meters below seafloor) and stratigraphy imaged 
by seismic reflection profiles in a time domain (two-way 
travel time, TWT) is a crucial process during drilling expe-
ditions. It extends geological data beyond the borehole 
into a regional seismic grid, to provide accurate resource 
estimations, region-wide scientific interpretation and guid-
ance for ongoing drilling operations. For this conversion, 
Time–depth relationships (TDR) calculated from measured 
P-wave velocities are used.

Conventionally, P-wave velocities are derived from 
downhole sonic logs, and calibrated with vertical seismic 
profiling (VSP) data (Fig. 1). During scientific ocean drill-
ing expeditions, velocities are routinely measured on the 
recovered core material, using P-wave caliper (PWC) and 
Multi-Sensor Core Logger (MSCL) in onboard laboratories 
(e.g., Blum 1997; Fig. 1). However, the logistical demands 
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of conducting additional downhole measurements mean that 
about 90% of all drill sites lack the complementary sonic 
logs and check-shot surveys.

These methods to measure P-wave velocities differ in sig-
nal frequency, spatial resolution and source-receiver geome-
try, which can lead to significant differences in signal disper-
sion and recorded velocities of the signal travelling through 
a system. Differences in signal travel times between these 
methods and possible causes have been analyzed in detail by 
numerous previous studies [e.g., Harvey and Lovell (1998), 
sonic logs versus check-shots: e.g., Goetz et al. (1979), Stew-
art et al. (1984), Strick (1971), Thomas (1978), Ward and 
Hewitt (1977), laboratory versus sonic logs: e.g., Fulthorpe 
et al. (1989), Urmos and Wilkens (1993), and laboratory vs 
seismic: e.g., Carlson et al. (1986), Winkler (1986)].

During check-shot surveys/VSP, geophones are deployed 
in various depths of the borehole, recording average signal 
velocities from the source deployed at the sea level [e.g., 
Bartel et al. (2006), Lowrie (1997)], with frequencies of tens 
of Hz (Versatile Seismic Imager: 3–200 Hz, Schlumberger; 
Fig. 1). This source-receiver setup and frequency range are 
closest to those of seismic reflection data [e.g., Mutter and 
Balch (1988); Fig. 1]. The downhole sonic measurement 
[e.g., dipole sonic imager (DSI)] provides velocity data in 
higher spatial resolution detecting small-scale variances, as 
source and receiver are deployed closely within the bore-
hole (Fig. 1). However, the operating frequency of this sonic 
equipment is thousands of Hz and higher than the seismic 
source (Thomas 1978).

Velocities recorded by sonic logs are usually higher 
than VSP velocities, particularly with increasing borehole 
depth, due to stronger seismic dispersion of the VSP sig-
nals and formation of short-path multiples (Stewart et al. 
1984). It is therefore preferred to combine both VSP and 
DSI measurements which provides a precise and unequivo-
cal core-seismic-integration. However, as downhole logging 

demands temporal and logistic efforts that rely on favorable 
hole quality and environmental conditions, only two-thirds 
of all scientific ocean drill sites have DSI measurements and 
only 5% have additional VSP with good coverage for accu-
rate calibration.

P-wave caliper (PWC) and Multi-Sensor Core Logger 
(MSCL) in onboard laboratories (e.g., Blum 1997) pro-
vide velocity information with a short measuring interval 
(0.02–1 m) and TDR curves that are helpful in real-time 
coring and decision-making during ongoing expeditions. 
However, both instruments transmit ultrasonic pulses with 
high frequencies of kHz (MSCL–230 kHz, PWC–500 kHz; 
IODP; Fig. 1). Additionally, mechanical disturbance and 
loss of overburden pressure and changes in temperature 
after material recovery lead to generally lower laboratory 
velocities compared to velocities derived from seismic data 
(Blum 1997; Carlson et al. 1986). The resulting TDRs carry 
potential to overestimate the signal travel time for a certain 
corresponding depth.

During the past 60 years, many studies investigated geo-
acoustic properties and signal propagation through marine 
sediments and hard rocks [e.g., Biot (1956a,b), Hamil-
ton (1976), Stoll (1977), Hamilton (1980), Carlson et al. 
(1986), Fulthorpe et al. (1989), Stoll (1989), Ballard and Lee 
(2017)]. Calcareous materials have been discussed in detail, 
as their acoustic properties are significantly different to other 
materials. Carlson et al. (1986) calculated empirical curves 
to correct for the laboratory-seismic offset and decompac-
tion of the material, and observed a prominent misfit when 
applied on calcareous material. Fulthorpe et al. (1989) fol-
lowed up on the exceptionality of carbonates and explained 
their acoustic behavior with complex intra-particle porosi-
ties which are not influenced by material decompaction and, 
therefore, has to be corrected differently than other litholo-
gies. Consequently, Urmos and Wilkens (1993) defined a 
correction factor for laboratory and sonic log velocity of 
carbonates  (CaCO3 > 60%) by fitting an empirical exponen-
tial equation to the plot of velocity difference with depth.

Here, we test and extend the results from these previ-
ous comparative studies, by analyzing data from all three 
velocity measurements (PWC, DSI, VSP) and investigating 
relationships of TDR differences with cored lithologies and 
petrophysical properties. The lack of complementary down-
hole data during scientific drilling expeditions indicates the 
need to independently quantify the accuracy of laboratory 
versus in situ velocity measurements, and its effect on TDR 
variability for core-seismic (mis-)correlations. Determin-
ing the relationship between TDR differences with petro-
physical and lithological properties of the cored material, 
helps to predict the accuracy of TDRs for future drilling 
operations, and provides guidance to identify under which 
circumstances downhole, particularly VSP, measurements 
are highly required.

Fig. 1  Overview of velocity measurements included in this study and 
their differences in source-receiver geometry and approximate signal 
frequency ranges
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Data and methods

For this analysis, data from the comprehensive global sci-
entific ocean drilling database with 1016 drill sites is used 
(http://iodp.org/resou rces/acces s-data-and-sampl es, time 
range: 1986–2016). Only 29 sites (Fig. 2) show continuous 
coverage of all three velocity records (laboratory, sonic log 
and VSP) over the same depth segments in the borehole 
and are suitable for comparison. We analyze the onboard 
measured petrophysical data from these sites and quantify 
the differences in TDRs derived from the three velocity 
measurement methods. Among the laboratory measure-
ments, we use data from the PWC method instead of the 
MSCL records, because it is not limited by partially-filled 
liners. Furthermore, PWC can measure discrete samples 
of lithified units which provides a complete coverage of 
the entire borehole. The TDR differences are compared 
alongside related petrophysical properties of bulk density, 
porosity and overall lithology.

Check-shot (VSP) correction

Check-shot or VSP stations record the average signal 
velocity from the seismic source at the mean sea level to 
the receiver in the borehole. In contrast, PWC and pro-
cessed DSI measurements are both referenced from the 

seafloor. Therefore, the check-shot data need to be cor-
rected for the travel time through the water column.

This adjustment is a crucial step, considering that 45% of 
the selected sites are in water depth < 1000 m in which water-
column velocities vary greatly with temperature and salin-
ity (Wilson 1998). However, in many cases, these variations 
are not accounted for, because direct water velocity profiling 
is not part of a normal VSP routine, and rarely conducted 
before either coring at a site or drilling a common production 
borehole. Instead, an average velocity of 1500 m/s is often 
assumed. For this study, water column sonic velocity is derived 
using the Del Grosso (1974) equation [detailed discussions 
by e.g., Dushaw et al. (1993), Pike and Beiboer (1993)]. The 
required data on sea surface temperature (Maturi et al. 2014) 
and salinity (NASA 2015, Aquarius project) were extracted for 
each drill site during the time of the check-shot survey. The 
calculated sonic velocities differ up to 60 m/s from the average 
velocity 1500 m/s.

Standard equation for calculating TDRs

The equivalent TWT Tin for a given borehole depth is calcu-
lated from the P-wave velocity Vpn and the TDR is defined as 
a cumulative value of Tin:

The incremental TWT Tin (in ms) is:

The cumulative TWT Tcn:

and adjusted to the seafloor TWT, Ta0:

The TDR curve is a plot of TWTadj (ms) against metres 
below the seafloor (mbsf).

Statistical analysis

For each site, we collate and compare the three TDRs. We (1) 
restrict the TDR comparison to only depth segments where 
data from all three methods overlap; and (2) compute the mean 
( ! ), standard deviation (σ), coefficient of variation ( cv) , and 
percentage difference ( diff  ) between the overlapping segments 
of the TDR curves.

The coefficient of variation is a simple tool to quantify the 
extent of variability of the velocities with respect to the mean, 
calculated as the ratio of the standard deviation to the mean:

The relative percentage difference between two velocities 
V1 and V2 is calculated as:

(1)Tin =
(

depthn − depthn−1
)

∕Vpn−1 ∗ 2 ∗ 1000

(2)Tcn = Tcn−1 + Tin

(3)Tan = Tan−1 + Tcn

(4)cv = !∕"

(5)diff =
(

V1 − V2

)

∕(
(

V1 + V2)∕2
)

∗ 100Fig. 2  a Overview map (ETOPO-1; Amante and Eakins 2009) of 
all scientific ocean drill sites. Red squares denote sites used for this 
study, with their distribution in terms of b water, and c borehole depth

http://iodp.org/resources/access-data-and-samples
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For this study, TDR dissimilarity for each site is rep-
resented by the maximum percentage difference ( diffmax ) 
among all three velocity measurements.

To analyze the resulting TDR differences, porosity and 
bulk density data for each site are characterized in terms of 
mean (μ), standard deviation (σ), coefficient of variation ( cv) 
and coefficient of determination (R2) . The drilled material 
is also qualitatively divided into four classes based on the 
dominant lithology (Fig. 3). A more quantitative correlation 
between overall composition and TDR differences utilizes 
the average calcium carbonate content (wt%) data which has 
been extracted from the scientific drilling database (Fig. 4a). 
Additionally, we analyze the possible influence of the pre-
sent water depth and the maximum age of the sequence at 
each site (Fig. 5c).  

Results

Our results show a wide range of TDR variability with 
different velocity methods and drilled lithologies (Fig. 3). 
Among the three calculated TDRs for each site, the diffmax 
values range from 0.7% (Site 995B) up to 55.3% (Site 

1196A, Fig. 3b) and the cv values range from 0.006 to 0.352 
(Fig. 4a). The three sites with more than 30% difference 
between the calculated TDRs contain primarily carbonate 
sequences (> 70%; Fig. 4a). Six additional sites that consist 
of fine-grained carbonate and mixed-carbonate units show 
diffmax between 10% and 20%. The majority (69%) of the 29 
drill sites, including all sites dominated by siliciclastic and 
igneous sequences, have diffmax < 10%.

The influence of lithological composition on the vari-
ability of TDRs is quantitatively illustrated in the plot of 
carbonate content against diffmax and cv (Fig. 4a). As with 
the lithological discrimination, the relationship between 
the TDR metrics and carbonate content is not straightfor-
ward, but the sites are clearly contained within an envelope 
(Fig. 4a) that defines an increase in the scatter of diffmax with 
higher carbonate content. Seven sites with carbonate content 
higher than 70% have the largest diffmax range from 3 to 55%. 
Within this group, three sites (1129D, 1194B, 1196A) with 
the highest diffmax > 30% are coarse-grained skeletal bioclas-
tic pack-, grain- to floatstones (Feary et al. 2004; Isern et al. 
2002) dominated by particles with grain sizes above 30 µm 
(after Dunham (1962), Wright (1992); example: Fig. 4c). 
In contrast, drill sites 1265A, 1003D, 1131A and 1007C 

Fig. 3  A) Maximum percentage of TDR difference ( diffmax ) with 
dominant lithology of each site (labels, see legend). B) Representa-
tive sites showing TDRs derived from laboratory PWC (red line), 

downhole DSI (green line) and check-shot or VSP (white points). The 
corresponding velocity, density and porosity data from these repre-
sentative sites are presented in the supplementary information (Fig. 6)
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with diffmax < 20% consist of relatively fine-grained biogenic 
ooze/chalk, mud- and wackestones (Eberli 1997; Feary et al. 
2004; Zachos et al. 2004) containing primarily particles with 
grain size < 30 µm (example: Fig. 4b).

This influence of carbonate texture on TDR diffmax could 
be reflected in petrophysical properties such as porosity and 
bulk density. However, no direct correlation between TDR 
diffmax values against mean porosity and carbonate content 
(Fig. 5a), or the coefficient of variation of porosity and bulk 
density (Fig. 5b), is observed. Additionally, no clear TDR 
diffmax relationship to age and water depth can be detected 
(Fig. 5c). Carlson et al. (1986) discussed this non-correlation 
between age and velocity in detail, concluding that mechani-
cal and chemical processes occurring during sediment depo-
sition and compaction last a short geological time period 
and, therefore, is not reflected in the correlation between 
maximum age and velocity.

Discussion

Our study shows that the TDR functions derived from 
PWC, DSI and VSP velocity measurements can differ by 
up to 55%. This extreme variation is well-illustrated at site 
1196A (Fig. 3b). The total depth of 500 mbsf is equivalent 
to 250 ms (TWT) based on the PWC-derived TDR function, 
and 450 ms (TWT) from a VSP-calculated TDR function. 

As TDR curves often follow a quadratic trend, significant 
TWT differences tend to be amplified with depth and lead 
to larger mis-ties in core-log-seismic correlation. This is a 
substantial problem, especially in homogenous sequences 
that lack high-amplitude seismic reflections and lithologic 
markers to verify the correlation.

Consistent with previous studies, we observe a unique 
acoustic behavior of carbonates. Drill sites with > 70% car-
bonate exhibit the most variable TDR, compared to sites 
with mixed lithology, igneous or siliciclastic rocks. Our sep-
aration at  CaCO3 > 70% is close to the limit established by 
Urmos and Wilkens (1993). They defined a correction factor 
for laboratory-seismic velocity offsets for drilled material 
high in carbonate content (> 60%), which, however, over-
estimates in situ values for material with  CaCO3 < 60% and 
increased mixture with other minerals, particularly clays, 
which have lower P-wave velocities.

Additionally, we categorize the carbonate group into two 
subsets: more coherent TDR curves with diffmax < 25% are 
associated with fine-grained (< 30 µm) carbonate textures 
whereas coarser bioclastic deposits have strongly dissimi-
lar TDRs ( diffmax > 30%, Fig. 4). In contrast to siliciclastic 
sediments, carbonates form under complex biological and 
diagenetic processes leading to the formation of a wider 
range of grain shapes and internal structures (e.g., Moore 
and Wade 2013; Neto and Misságia 2012; Pedley and Caran-
nante 2006; Weill et al. 2013; Fig. 4b,c). This complex grain 

Fig. 4  a Carbonate content 
(wt %) with TDR difference 
( diffmax ) for each site (labels, 
see legend). Point size represent 
the coefficient of variation 
( cv ). Yellow and orange data 
points represent carbonate-rich 
sites, dominated by coarse 
(> 30 µm) and fine (< 30 µm) 
grains, respectively. The trend 
is illustrated by an exponential 
curve (solid red line) with the 
95% confidence interval (dashed 
lines). Two representative 
photomicrographs of carbonate-
rich lithologies are shown 
from: b Site 1337A dominated 
by fine-grained biogenic ooze 
(Pälike et al. 2010), and c site 
1196A with dominantly coarse 
grainstone matrix (Isern et al. 
2002)
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morphology and internal texture affect the transmission of 
compressional velocities (e.g. Moore and Wade (2013)). 
This effect is likely to be enhanced with coarser grain sizes 
and a reason for our observed increased TDR diffmax values. 
Another possible reason is the higher percentage of intra-
particle porosity (within individual grains) compared to the 
interparticle porosity (between grains) in coarse-grained 
carbonates. Fulthorpe et al. (1989) explains the unique 
acoustic behavior of carbonates with increased intraparticle 
porosities, which, after Eberli et al. (2003), causes higher 
elastic rigidity of the material and results in higher signal 
velocity in a laboratory setup. In our case, this might explain 
the observed high TDR differences, e.g. at drill site 1196A 
(Fig. 2b) which is dominated by coarse-grained (> 30 µm) 
skeletal bioclastic grain- and floatstones (Fig. 3c). After 

Eberli et al. (2003) the velocity and permeability of car-
bonates strongly depend on pore types (e.g., intra-, inter-
particle porosity), but also their filling (e.g., cementation, 
diagenesis) and the degree of lithification, which can cause 
velocity differences over 2500 m/s, even if the measured 
porosity is constant. However, as only interparticle porosity 
can be measured on laboratory samples, the relationship to 
intraparticle porosity cannot be captured in our approach.

Our analysis confirms that carbonate content plays a key 
role in the scatter between TDRs from downhole and labora-
tory velocity measurements. This outcome cautions about 
the use of correction factors simply based on petrophysical 
characterization or depth fitting. Other qualitative param-
eters should be analyzed, such as pore type, grain morphol-
ogy, pore filling and degree of lithification which greatly 
influences velocity (Eberli et al. 2003; Fulthorpe et al. 1989).

Conclusion

Time–depth relationships are crucial for correlating seismic 
sections and drill hole information. A global comparative 
study is conducted, computing TDRs using all three velocity 
measurements (DSI, VSP and PWC) from the comprehen-
sive scientific ocean drilling dataset. We show that result-
ing TDRs can differ significantly, but the differences cannot 
be directly related to petrophysical properties such as bulk 
density or porosity. This implies that the TDR variations 
are influenced by a complex interaction of effects caused by 
formation properties, lithologic heterogeneity, burial depth, 
consolidation and lithification. This makes any simplified 
empirical TDR corrections difficult and not recommended.

Nonetheless, our results show that sequences with car-
bonate content > 70% appear to be more prone to TDR vari-
ability. Carbonate sequences with finer-grained texture dis-
play less TDR scatter compared to sites with coarser skeletal 
bioclastic deposits (dominated by grains larger than 30 µm). 
In these cases, VSP surveys are crucial to establish the cor-
rect TDR. However, considering the strong variability and 
complexity of the determinant factors even for low-carbon-
ate deposits, we highly recommend conducting VSP sur-
veys, to ensure a correct core-log-seismic integration with 
an accurate TDR function.
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Abstract Understanding the patterns and characteristics of sedimentary deposits on the conjugate
Australian‐Antarctic margins is critical to reveal the Cretaceous‐Cenozoic tectonic, oceanographic, and
climatic conditions in the basin. However, unraveling its evolution has remained difficult due to the
different seismic stratigraphic interpretations on each margin and sparse drill sites. Here, for the first
time, we collate all available seismic reflection profiles on both margins and use newly available offshore
drilling data to develop a consistent seismic stratigraphic framework across the Australian‐Antarctic basins.
We find sedimentation patterns similar in structure and thickness, prior to the onset of Antarctic glaciation,
enabling the basinwide correlation of four major sedimentary units and their depositional history. We
interpret that during the warm and humid Late Cretaceous (~83–65Ma), large onshore river systems on both
Australia and Antarctica resulted in deltaic sediment deposition offshore. We interpret that the onset of
clockwise bottom currents during the early Paleogene (~58–48 Ma) formed prominent sediment drift
deposits along both continental rises. We suggest that these currents strengthened and progressed farther
east through the Eocene. Coevally, global cooling (<48 Ma) and progressive aridification led to a large‐scale
decrease in sediment input from both continents. Two major Eocene hiatuses recovered by the Integrated
Ocean Discovery Program site U1356A at the Antarctic continental slope likely formed during this
preglacial phase of low sedimentation and strong bottom currents. Our results can be used to constrain
future paleo‐oceanographic modeling of this region and aid the understanding of the oceanographic changes
accompanying the transition from a greenhouse to icehouse world.

1. Introduction

The Australian‐Antarctic Basin (Figure 1) has formed since the Jurassic. Although continental rifting was
initiated in the Middle‐Late Jurassic (Bein & Taylor, 1981; Fraser & Tilbury, 1979; Willcox and Stagg, 1990),
slow seafloor spreading likely commenced in the Late Cretaceous (~94/83 Ma in the western/central part;
Cande & Mutter, 1982), undergoing a significant change in direction and increase in spreading rate at
~47–45 Ma (Close et al., 2009; Whittaker et al., 2007). Coevally, there were drastic climatic and oceano-
graphic changes. Global climate changed from hot “Greenhouse”conditions in the Late Cretaceous,
through warm early Eocene, to cold “Icehouse”conditions starting with the first occurrences of
Antarctic ice sheets during the middle‐late Eocene (e.g., Carter et al., 2017; Gulick et al., 2017; Scher
et al., 2014) and large‐scale Antarctic glaciation at the Eocene/Oligocene boundary (e.g., Bohaty et al.,
2012; Zachos et al., 1994).

Before 50 Ma, the closed tectonic gateways between Antarctica and other continents—Drake Passage and
Tasmanian Gateway—caused a circulation featuring two disconnected clockwise gyres: one in the South
Atlantic‐Indian Ocean, which penetrated into the Australian‐Antarctic Basin forming the Proto‐Leeuwin‐
Current, and one in the Pacific Ocean (Huber et al., 2004; McGowran et al., 1997; Sijp et al., 2014). The
opening of the Drake Passage remains controversial, and age estimates range from about 49 Ma
(Livermore et al., 2005) to ~17 Ma (Barker, 2001). Although the development of the Tasmanian
Gateway is better constrained, uncertainties about its evolving paleodepth remain (e.g., Scher et al.,
2015). From 50 Ma onward, the shallowly open Tasmanian Gateway allowed penetration of the
westward‐flowing Tasman Current into the southern parts of the Australian‐Antarctic Basin (Bijl et al.,
2013; Sijp et al., 2016), which started to connect both gyres. With the continuous widening and deepening
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of the Tasmanian Gateway, the Proto‐Leeuwin Current started to flow into the SW Pacific, leading to the
onset of the Antarctic Circumpolar Current (ACC; e.g., Exon et al., 2001). The exact timing of onset and
evolving strength of the ACC is still debated. Evidence for rapid deepening of the Tasmanian Gateway
around 35.5 Ma suggests the formation of the ACC from ~35 Ma (Bijl, Sluijs, & Brinkhuis, 2013;
Sijp et al., 2011; Stickley et al., 2004). However, Scher et al. (2015) propose a tectonic northward shifting
of the already deep Tasmanian Gateway into a stronger wind system around 33.5 Ma, triggering the
onset of the ACC ~30 Ma. Recent studies suggest that the ACC did not reach its present‐day vigor before
~11 Ma (Bijl et al., 2018; Sangiorgi et al., 2018).

The thick sediment succession along the conjugate Australian‐Antarctic continental margins is strongly
controlled by these tectonic, climatic, and oceanographic processes and so provides a detailed archive
for unraveling the evolution of ocean basins and adjacent onshore areas. Most previous workers have
investigated the sedimentary architecture on either the Australian or Antarctic margin. Offshore
Antarctica, seismic surveys undertaken by different nations have not all been publicly accessible in the
past, and so interpretations have been made on separate data collections. Recently, most of these data sets
became available through SCAR's Seismic Data Library System (Wardell et al., 2007), enabling a much
more integrated seismostratigraphic interpretation work. In addition, new sites were drilled on the East
Antarctic margin by the Integrated Ocean Discovery Program (IODP; Leg 318; Escutia et al., 2011;
Figure 1a), which for the first time provided key constraints on the age and composition of Eocene and
younger sediments (e.g., Bijl et al., 2013, 2018; Tauxe et al., 2012), while new biostratigraphic information
helped to refine the interpretation of existing drill cores (ODP sites 269 and 739; Houben et al., 2011,
2013; Passchier et al., 2013). Here we capitalize on the newly available Antarctic seismic and geological
information and develop a consistent seismic stratigraphic interpretation for both conjugate Australian‐
Antarctic margins.

Figure 1. Regional 1‐min gravity‐derived bathymetric map (ETOPO1; Amante & Eakins, 2009) illustrating the data sets used in this study (a) and main structures
(b, c) of the Australian‐Antarctic Basin (details, see legends; FZ = fracture zone). Locations of seismic profiles in Figures 4–6 (red lines) and key geological sites:
(1) Survey 265, (2) ODP 1128, (3) Jerboa‐1, (4) Potoroo‐1, (5) Survey 66, (6) Bridgewater Bay‐1, (7) ODP 1168, (8) ODP 1170, (9) DF79‐38, (10) IODP U1356,
(11) Survey NBP14‐02 are shown in (a). Sedimentary basins (B = basin, SB = subbasin) after Totterdell and Bradshaw (2004) are shown in (b). Sectors (after
Stagg et al., 2004) and subglacial sedimentary basins (SSB; after Aitken et al., 2014): K = Knox SSB, Au = Aurora SSB, S = Sabrina SSB, F = Frost SSB,
As = Astrolabe SSB, and W = Wilkes SSB are shown in (c).
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2. Stratigraphic Framework
2.1. Antarctica

Seismic reflection profiles have been collected offshore Wilkes Land since the 1980s. Early stratigraphic
interpretations were undertaken based on relatively sparse seismic data mostly in the eastern sectors
(Figure 1c) and using constraints from Deep Sea Drilling Project (DSDP) Leg 28 (e.g., Eittreim &
Hampton, 1987; Eittreim et al., 1995; Tanahashi et al., 1997; Tsumuraya et al., 1985; Wannesson et al., 1985;
Figure 3). These early studies identified a prominent unconformity dividing the sedimentary column into
glacial and nonglacial sequences based on characteristic glacial structures, such as channel levees,
turbidites, sediment waves, and debris flows (e.g., Donda et al., 2003, 2007; Escutia et al., 2002, 2003). The
lowermost unit with strong faulting was interpreted as syn‐rift material (Figure 3; Figures 4–6: equal to S1).

In the late 1990s, hundreds of kilometers of multichannel seismic reflection data with deeper signal penetra-
tion were collected offshore Wilkes Land (Figure 1a). All marginwide seismic stratigraphic interpretations
(Close et al., 2007; Colwell et al., 2006; Leitchenkov et al., 2007; Leitchenkov & Guseva, 2012; Stagg et al.,
2005) consistently interpreted a lower prominent reflection as the “breakup”unconformity consistent with
initial interpretations (Figure 3; Figures 4–6: equal to U1). Despite a lack of stratigraphic control, most
authors consider the timing of the lower unconformity to be Turonian offshore the western and central
Wilkes Land, and Maastrichtian offshore Terre Adélie and George V Land (e.g., Close et al., 2007;
Leitchenkov et al., 2007; Leitchenkov & Guseva, 2012; Figure 3).

However, significant differences exist regarding the interpretations of a younger prominent unconformity
and its formation, which we interpret as two separate unconformities (Figures 3 and 4–6: U2 and U3).
This (typically interpreted as) Eocene unconformity features both in marginwide interpretations and also
in interpretations focused on younger strata and/or particular sectors of the Antarctic margin (e.g.,
Brancolini & Harris, 2000; De Santis et al., 2003; Donda et al., 2003; Escutia et al., 1997, 2002).

Eittreim et al. (1995) and Escutia et al. (1997) proposed the onset of widespread continental glaciation,
and associated erosion, ~34 Ma as the mechanism driving the formation of this unconformity
(Figure 3). Close et al. (2007) described a single unconformity extending along the margin due to a pro-
minent onlapping pattern of the overlying sediment. Based on the presence of a similar unconformity off-
shore the conjugate Australian margin, they excluded glaciation as a possible formation process. Instead,
they argue for a major erosional event at ~45 Ma (Figure 3), caused by the initiation of strong, deep ocean
currents enabled by an increasing seafloor spreading rate and synchronous, rapid subsidence of
both margins.

Leitchenkov et al. (2007, 2012) extended the interpretation of this unconformity past the Wilkes
Land region to almost the entire East Antarctic margin, which excludes a specific tectonic formation
process within the Australian‐Antarctic sector. They observed a more complex structure of this Eocene
formation, interpreting two high‐amplitude reflections, which split at a number of locations along
the margin. Leitchenkov and Guseva (2012) propose that a drastic global sea level drop of about 70 m
caused widescale erosion of the southern Australian and the East Antarctic margins at ~42 Ma
(based on Miller et al., 2005), forming the lower horizon. However, for the central and western part
of the margin, Leitchenkov et al. (2015) suggest the possibility of nondeposition forming this
reflection. The onset of continent‐wide glaciation ~34 Ma is proposed as the driver of the second major
erosional event (upper horizon; Leitchenkov & Guseva, 2012; Figure 3).

In 2010, IODP Site U1356 (Leg 318, Figures 1a and 6a) was the first geological site offshore East Antarctica to
drill through this prominent reflection pattern. This continental rise site (~4,003 mbsl) between the Adélie
Rift Block and continental slope, intersected two hiatuses, coinciding with the prominent Eocene unconfor-
mity. These hiatuses were constrained to 51.9–51.06 and 47.9–33.6 Ma (Bijl, Bendle, et al., 2013; Escutia
et al., 2011; Tauxe et al., 2012). The younger hiatus was interpreted to have formed at ~33.6 Ma via wide-
spread erosion of existing sediments, when the first coastal glaciation led to glaciers grounding on the shelf,
erosive downslope bottom currents, and coinciding sea level changes (Escutia et al., 2011; Stocchi et al.,
2013). Evidence for abundant reworked Eocene microfossils detected in the lowermost Oligocene sediments
at Site U1356 (Bijl, Houben, Bruls, et al., 2018; Houben et al., 2013) and Eocene material in dredge samples
offshore the Mertz Glacier (Truswell, 1982) support this interpretation. Escutia et al. (2011) interpreted the
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older hiatus (51.9–51.06 Ma) to have formed due to an increased rate of seafloor spreading, as originally
proposed by Close et al. (2007).

In summary, all studies propose that massive erosional events formed the younger and/or the older hiatuses
by removing 200–600 m of sediment (Close et al., 2007; Eittreim et al., 1995; Escutia et al., 2011; Leitchenkov
& Guseva, 2012). The Eocene unconformity is found across wide areas of the East Antarctic (and Australian)
margin, which implies that a large amount of eroded sediment would have been redeposited somewhere
along the margins. Although the Oligocene sediments at IODP Site U1356 contain reworked Eocene micro-
fossils, the highest abundance is concentrated in the lowermost ~16 m (Houben et al., 2013), which would
not be enough to account for ~200–600 m of eroded sediment. To date, no evidence for such large amount
of redeposited sediments has been detected in geophysical or geological data.

2.2. Australia

Geologically, the Australian conjugate is much better constrained than the Antarctic margin, by numerous
petroleum exploration wells (Figure 1a; Totterdell et al., 2014) and scientific drilling expeditions (DSDP Leg
29: South Tasman Rise and Sorell Basin (Kennett et al., 1974); Ocean Drilling Program (ODP) Leg 182
(Feary et al., 2000); and IODP 369: Great Australian Bight (GAB) [Huber et al., 2018; Leg 189: Tasman
Region (Exon et al., 2001)). Early studies based on first well and seismic data led the initial seismostrati-
graphic interpretations of the Bight and Otway basins in the 1970s (e.g., Boeuf & Doust, 1975; Deighton
et al., 1976; Fraser & Tilbury, 1979; Hayes, 1975). Stagg et al. (1990) subdivided the southern Australian
margin into major Mesozoic sedimentary basins that formed during the long rift phase (Figure 1b).
These basins are largely overlain unconformably by a thin Cenozoic carbonate platform (e.g., Stagg et al.,
1990). Comprehensive overviews of each of the basins along the margin, with focus on the shelf and
upper slopes, have been undertaken (e.g., Bradshaw, 2005, Bremer Subbasin; Totterdell et al., 2000,
GAB; Krassay et al., 2004, Otway Basin; Stacey et al., 2013, Otway and Sorell basins). Although some
studies use constraints from neighboring basins, only a few marginwide seismic correlations have been
made across all basins. However, helpful syntheses can be found in Blevin and Cathro (2008) and
Totterdell et al. (2014).

Although the tectonic evolution of the Bremer, Bight, Otway, and Sorell basins did not occur simulta-
neously, their overall evolution was similar. Each basin exhibits the transformation from a small, isolated
nonmarine, and fluviolacustrine intracratonic rift to a complex marine passive margin system (Figure 2;
Blevin & Cathro, 2008). From the Bremer Subbasin in the west to the Sorell Basin in the east, all depocenters
contain thick syn‐rift nonmarine, fluvio‐lacustrine sediment units deposited from about the Middle‐Late
Jurassic (Bremer Subbasin, central GAB, and western Otway Basin) to Early Cretaceous (Otway and
Sorell basins; Bradshaw, 2005; Krassay et al., 2004; Stacey et al., 2013; Totterdell et al., 2000; Totterdell &
Bradshaw, 2004). During the Aptian‐Albian, increased marine influence is observed in the Bight and
Otway basins (based on lithological observations at drill and dredge sites; Figure 2). In most regions, this
was followed by the development of thick Late Cretaceous deltaic successions with deposition controlled
by both growth faulting and thick‐skinned extensional faulting (Robson et al., 2016; Totterdell & Krassay,
2003b). A relatively thin cover (max. ~1,700 m in the Duntroon Subbasin; Totterdell et al., 2000) of
Cenozoic marine, dominantly carbonate, sediment is observed (Figure 2).

At the eastern end of the Australian southern margin is the continental South Tasman Rise, which contains
small, isolated sedimentary basins (e.g., Hill et al., 2001). This region was partly influenced by different tec-
tonic processes, and therefore, the sediment‐stratigraphic evolution shows differences to the rest of the
southern Australian margin. However, the same transition from shallow to open marine sedimentation
can be observed from the middle‐late Eocene (Hill et al., 2001; Figure 2).

Some links between the Australian and Antarctic seismic structures have previously been made (e.g., Ball
et al., 2013; Close et al., 2007; Colwell et al., 2006; Espurt et al., 2012; Gillard et al., 2015; Lane et al.,
2012). Most of these studies were limited to the central GAB and conjugate Wilkes Land, focusing on the
detailed comparison of tectonic structures detected in crustal basement and syn‐rift sediments that formed
during lithospheric thinning and/or early breakup (Ball et al., 2013; Espurt et al., 2012; Gillard et al., 2015;
Lane et al., 2012). Broader comparisons between the overall character of seismic units were made by Close
et al., 2007; Colwell et al., 2006; and Leitchenkov et al., 2015.
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2.3. Uncertainties

Uncertainties in the seismostratigraphic interpretation covering such a large region (this and previous
studies) are inevitable in certain areas, due to a lack of geological constraints, decreased resolution of seismic
signal in deeper profile sections, different acquisition and processing parameters between seismic surveys,
deformation of characteristic older sediment structures due to compaction by thick overlying material, or
reflections onlapped or truncated on bathymetric obstacles hampering correlation.

Some areas, particularly along the Antarctic margin, are affected by these factors. As IODP Site U1356 pro-
vides the only robust, but stratigraphically limited, geological constraints for preglacial Cenozoic material
along this margin, uncertainties increase with distance from this site. The elevated Adélie Rift Block
(Figure 6a) causes thinning of sediment units or onlapping of prominent reflections, which leads to some
uncertainty. In the George V Sector, submarine volcanoes and seismic profiles with shallow signal
penetration cause uncertainties. Farther west along the Antarctic margin, strong structural similarities
and margin‐parallel tie profiles provide high confidence in the stratigraphic correlation. However, some
deeper structures can be strongly compressed by thick overlying material, making the determination of
underlying unconformities difficult.

The stratigraphic interpretation offshore southern Australia is better constrained by various geological sites
along the shelves, but stratigraphic uncertainty increases basinward where fewer wells have been drilled. In

Figure 2. Overview of stratigraphic sequences and depositional environment of the (c) basins along the Australian southern margin (Blevin & Cathro, 2008;
Frieling et al., 2018), (d) drill site U1356A, Antarctica (Escutia et al., 2011), and (e) the stratigraphic interpretation (this study). (a) Geological timescale
(Gradstein et al., 2012), (b) deep‐sea benthic foraminiferal oxygen‐isotope curve (Linnert et al., 2014; Zachos et al., 2008), (f) regional tectonic (red), and oceanic
(blue) events are shown.
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addition, sample coverage decreases toward the continental rise and the lack of margin‐parallel seismic
profiles causes some uncertainty.

3. Data and Methods
3.1. Multichannel Seismic Reflection Data

Along both Australian and Antarctic margins, about 500 seismic reflection lines (~60,000 km) are analyzed
and stratigraphically interpreted in this contribution (Figure 1a). SCAR's Seismic Data Library System
(Wardell et al., 2007) provides all existing profiles collected offshore Antarctica from 1980s to 2006. Data sets
from seismic surveys acquired offshore Australia are provided by Geoscience Australia (Surveys AGSO 137,
199, 202, 224, S280, 2012 Acreage Release seismic data package) and Spectrum Geo Ltd. (Petrel Roving
Survey 1973). The seismic interpretation work was undertaken using IHS Kingdom software (version
2015.0). All seismic profiles are stored and displayed in two‐way travel time (s, TWT).

Figure 3. Horizon and sedimentary unit ages interpreted in this study, in comparison with previous key investigations
along the Antarctic and Australian margins.
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On the Antarctic margin, a comprehensive coverage of margin‐crossing profiles (distance ranges between
~10 and 150 km; Figure 1a), and in particular, margin‐parallel profiles ensures the consistency and accuracy
of the stratigraphic interpretation. On the Australian margin, subbasins are not as well linked by seismic
profiles, so prominent key reflections and units with strong similar structures and amplitude characteristics
are linked together with the aid of geological constraints (Figures 4–6).

3.2. Depth Conversion and Plate Tectonic Reconstruction

The interpreted horizons are exported and used to compute interpolated 0.5° grids in two‐way travel time (s).
For each key horizon, velocity grids are computed using the interval velocities from in total 1,143 sonobuoy
and ocean bottom seismometer stations (after Whittaker, Goncharov, et al., 2013; Figure 1a) as a function of
two‐way travel time. The interval velocities of the sedimentary units cover the following ranges: (a) S1 from
2.0 to 5.0 km/s, (b) S2 from 2.0 to 4.0 km/s, (c) S3 from 1.6 to 3.5 km/s, and (d) S4 from 1.6 to 2.5 km/s. The

Figure 4. Uninterpreted (top) and interpreted (bottom) conjugate seismic reflection profiles offshore (a) Antarctica and (b) Australia in the western
Australian‐Antarctic Basin (location, see Figure 1a). Key unconformities: Basement B = yellow, U1 = red, U2 = green, U3 = blue, and sedimentary units S1–S4.
Faults = thin black lines. Interval velocity information from sonobuoy locations are shown (in km/s; white box; after Whittaker et al., 2013b). Magnetic
anomalies are shown as red triangles (after Whittaker et al., 2007). Characteristic features described in the text are shown in zoom‐ins with lower vertical
exaggeration (1–5). A high‐resolution (1,200 ppi) version of this figure can be found in the supporting information (S1).
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velocities depend strongly on the thickness of overlying sediments due to compaction, which causes wide
ranges in velocity within each unit (e.g., high S3 velocities [3.5 km/s] offshore parts of Antarctica with thick
overlying S4 unit [Figure 10] and lower values [1.6 km/s] for most parts offshore Australia).

Horizon grids in depth (km), sediment thickness (“isopach”) grids, and volumes for each unit are calculated
and reconstructed back in geological time (Figure 7, 67 Ma; Figure 9, 43.8 Ma) using GPlates 2.0 and the
plate model of Whittaker, Williams, et al. (2013).

3.3. Geological Data

For our seismic stratigraphy, geological constraints are taken from various drill, piston core, and dredge sites
along both margins (Figure 1a). The correlation between seismostratigraphic interpretation and geological
data is crucial to infer ages and depositional environment of the sedimentary units.

Along the Antarctic margin, key constraints are obtained from IODP Leg 318 (Terre Adélie; Escutia et al.,
2011), DSDP Leg 28 (Wilkes Land/Terre Adélie; Hayes, 1975), and ODP Leg 183 (Kerguelen Plateau;
Coffin et al., 2000). For this study, IODP Site U1356 and U1360 (Leg 318) provide the key constraints on

Figure 5. Uninterpreted (top) and interpreted (bottom) conjugate seismic reflection profiles offshore (a) Antarctica and (b) Australia in the central Australian‐
Antarctic Basin (location, see Figure 1a). Legend as in Figure 4. A high‐resolution (1,200 ppi) version of this figure can be found in the supporting information (S2).

10.1029/2018JB016683Journal of Geophysical Research: Solid Earth

SAUERMILCH ET AL. 8



preglacial sediments on the Antarctic margin (Eocene, <54 Ma, Tauxe et al., 2012). Piston cores (Figure 1a)
recovered Eocene/Paleocene shelf material (Sabrina Coast Sector; Gulick et al., 2017) and Cretaceous shelf
sediments (George V Sector; Domack et al., 1980). However, both locations cannot be directly correlated to
the seismic stratigraphy of the continental slope, due to the lack of seismic profiles in this area at the time of
this study.

Along the southern Australianmargin, key geological data are obtained from scientific drilling: ODP Leg 182
(Eyre Subbasin; Feary et al., 2000), ODP Leg 189 (offshore Tasmania; Exon et al., 2001), and DSDP Leg 29
(offshore Tasmania; Kennett et al., 1974). Further constraints are obtained from 15 industry wells:
Jerboa‐1 (Eyre Subbasin); Eucla‐1 and Eyre‐1 (onshore Eucla Basin); Platypus‐1, Potoroo‐1, Greenly‐1,
Borda‐1, Gnarlyknots 1, and 1A (Ceduna Subbasin); Echidna‐1, Duntroon‐1, and Vivonne‐1 (Duntroon
Subbasin); and Morum‐1, Amrit‐1, and Somerset‐1 (Otway Basin). A biostratigraphic summary of the well
sites in the GAB is provided by Morgan et al. (1995). Additional geological information from the conti-
nental slope is provided by dredge samples collected in the GAB (BMR Survey 66; Davies et al., 1989).
In the Bremer Subbasin, dredge samples were collected along deep‐cutting canyons (Survey 265;
Monteil et al., 2005).

Figure 6. Uninterpreted (top) and interpreted (bottom) conjugate seismic reflection profiles offshore (a) Antarctica and (b) Australia in the eastern Australian‐
Antarctic Basin (location, see Figure 1a). Legend as in Figure 4. A high‐resolution (1,200 ppi) version of this figure can be found in the supporting information (S3).
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3.4. Magnetic Isochrons

Key seismic horizons more distant from the slope onlap onto oceanic crust, which provides constraints on
their maximum depositional age, as sediment can only be deposited onto oceanic crust that has already
formed. For this age correlation, we use magnetic anomaly identifications by Tikku and Cande (1999) and
Whittaker et al. (2007).

For consistency, all ages determined from seafloor spreading anomalies and geological data were converted
to the GTS2012 timescale (Gradstein et al., 2012; Figure 2), where possible.

4. Results and Interpretation

As the Australian and Antarctic margins share a similar tectonic, and likely climatic, evolution from initial
rifting until the Eocene/Oligocene icehouse transition (plate tectonic reconstructions; see Figures 7 and 9),
strong similarities can be observed in structural patterns, seismic characteristics, and boundary horizons of
the sedimentary units. Here we develop a consistent seismostratigraphic framework and identify/interpret
four major sedimentary units (S1–S4; Figures 4–6) and three key horizons (U1–U3) along both
conjugate margins.

4.1. Sedimentary Unit S1

S1 is the oldest sedimentary unit that can be consistently observed along both margins. Extensive high‐angle
normal fault structures are most characteristic (Figures 4–6, black lines) and control extensional depocenters
across the basins of both margins. Widespread and large‐scale gravity‐driven growth faults can be observed,
particularly in the central GAB (Figure 5b). These structures have been described in detail, by, for example,
Totterdell et al. (2000). At some locations, truncations of internal reflections are detected within S1, indica-
tive of the locally complex structural and depositional history encompassed in this succession (Figure 4b,
Bremer Subbasin).

The top boundary of this unit is a prominent high‐amplitude reflection that can be easily detected along both
margins (Figures 4–6, red horizon U1). U1 marks the top of the extensive faulting (Figures 4–6). Only some

Figure 7. Isopachmap of sedimentary unit S2, deposited during the Late Cretaceous. Possible paleoriver systems are shown as blue arrows (central Australia—after
Lloyd et al., 2016; eastern Australia—after Gingele & De Deckker, 2005; Antarctica—this study; interpretation follows present‐day ice flow directions after
Jamieson & Sugden, 2008). Main depocenters are the Ceduna (CD), Sherbrook (ShD), Sabrina (SD), Frost (FD), and Astrolabe Delta (AD). Legend is shown in
the figure. ARB = Adélie Rift Block, BB = Berri Basin, BR = Bruce Rise, DB = Darling Basin, Dun = Duntroon Subbasin, LD = Law Dome, SB = Sorell Basin,
STR = South Tasman Rise, TAH= Terre Adélie Highlands. Legend for subglacial sediment basins and Antarctic sectors, see Figure 1c and Ad = Adventure Trough,
Au = Aurora, V = Vincennes. Key geological sites are (1) Potoroo‐1, (2) Bridgewater Bay‐1, and (3) Piston‐Core Site DF79‐38. Time of reconstruction is 67 Ma, using
the plate model of Whittaker, Williams, et al. (2013).
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faults in the GAB progress into sequence S2 but show a different direction pattern, indicating that they have
been reactivated (see section 4.2). In some locations, U1 forms the top of the truncation of the underlying S1
(Figure 4b (5)). In most seismic profiles, the resolution in the deeper sections does not allow consistent
detection of the lower boundary of S1, the crustal basement reflection (Figures 4–6, yellow horizon B). At
locations where the basement can be identified, fault structures are observed extending through S1 into
the basement (Figure 4b, Bremer Subbasin). Due to the difficulty in interpreting the basement, the S1
thickness cannot be determined based on the seismic reflection profiles.

Along the southern Australian margin, horizon U1 is dated as Late Santonian (~83 Ma, based on spore‐
pollen and dinocyst biozonation; Totterdell et al., 2000) in its central and eastern part (Ceduna, Eyre,
Duntroon Subbasins, and Otway Basin; Figure 2). In the Sorell Basin, U1 is early Campanian (~80 Ma, based
on spore‐pollen biozonation; Stacey et al., 2013; Figure 2). In the Bremer Basin, dredge samples recovered
slightly older material immediately below U1, which are dated to Cenomanian (~94 Ma, based on dinofla-
gellate biozonation; Monteil et al., 2005; Mantle et al., 2009; Figure 2). However, possible incomplete sam-
pling with dredging may cause an inherent uncertainty for age estimates. Along the Antarctic conjugate,
no drill sites have penetrated material of similar age. However, previous studies (e.g., Close et al., 2009;
Eittreim et al., 1995; Leitchenkov et al., 2007, 2012; Wannesson et al., 1985) inferred a Turonian age for hor-
izon U1 due to the perceived seismic similarities to the Australian margin, but which is slightly older than
the GAB dating (Figure 3). Sedimentary unit S1 on both margins underlying U1 is widely agreed upon to
have been deposited during the long‐lasting rifting phase between Australia and Antarctica since the
Middle‐Late Jurassic. In the central and western Australian margin, the oldest S1 sediment overlying the
basement is dated to Callovian‐Kimmeridgian (~165 Ma, based on spore‐pollen biozonation; Monteil
et al., 2005). In the Otway Basin, the oldest dated material is of Valanginian age (~140 Ma, spore‐pollen
biozonation), with the basal, undrilled sediments likely to be Berriasian or older (Krassay et al., 2004).

Our interpretation of horizon U1 conforms with previous studies on the Australian margins (Monteil et al.,
2005; Stacey et al., 2013; Totterdell et al., 2000). As the age can be determined directly on sediment samples,
we infer the same ages (Figures 2 and 3). As no drill sites provide U1 age constraints for the Antarctic
margin, we imply the Australian U1 ages directly to the Antarctic conjugate leading to a slightly different
U1 age determination compared to previous studies (Figure 3). We determine an U1 age of ~94 Ma in the
west (Bruce and Knox sectors), ~83 Ma in the center (Sabrina Coast, Banzare Coast, and Adélie sectors),
and ~80 Ma in the east (George V Sector). For the western part of the Antarctic margin (Figure 4a), our
U1 interpretation varies from Close et al.s (2007) tur horizon (1‐s TWT shallower). However, the inclusion
of newly available margin‐parallel tie profiles provides high confidence in our stratigraphic correlation.

4.2. Sedimentary Unit S2

Unit S2 exhibits a complex internal structure. In most places, fault structures extend through the entire S2
unit (Figures 4a, 5b, and 6, black lines). Particularly in the central GAB (Figure 5b), many of these faults ori-
ginate from underlying fault systems in S1 but follow a slightly different pattern, indicating that they have
been selectively reactivated. After Totterdell and Krassay (2003b), Maastrichtian‐early Paleocene flexure
of the margin caused this reactivation process. Additionally, distinctive fault systems and partial
décollement surfaces are visible (Figure 5b (5)), and, in places, toe‐thrust structures are present on the low-
ermost slope (Figures 5b (3) and 6b (4)). In most parts of the margins, S2 is also characterized by a prograda-
tional architecture (Figures 5b and 6). On the western portion of the Australian margin, where S2 is
markedly thinner (<0.6 km; Figure 7), faults and progradational geometries are less common. Here internal
reflections are continuous and typically subparallel to the underlying topography (Figure 4b).

Horizon U1 represents the lower boundary of S2. Toward the abyssal plain along both margins, sedimentary
unit S2's internal reflections become more flat‐lying and pinch out onto the underlying basement (yellow
horizon; Figures 4a, 5, and 6a). The top boundary of S2, horizon U2, is a prominent high‐amplitude reflec-
tion (Figures 4–6, green horizon) that marks the top of the fault structures in the central and eastern sector of
themargins, which are particularly prominent along the Australianmargin. Across the shelves in the central
sector, U2 forms a characteristic angular unconformity (Figure 5b). Farther basinward and particularly in
the west, U2 is a prominent disconformity with high amplitudes (Figures 4a and 4b). On the lower continen-
tal slope, U2 can be easily detected by the onlapping pattern of the overlying internal reflections of
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sedimentary unit S3 (Figures 5 and 6) and by truncation of underlying S2 reflections in the middle continen-
tal slope (Figures 5 and 6a).

The thickness of sedimentary unit S2 varies significantly along both margins (Figure 7). Offshore Australia,
S2 is thickest in the Ceduna, eastern Recherche, and outer Duntroon subbasins, as well as in the Otway
Basin (Figure 7, up to 5 km). Offshore Antarctica, thickest S2 deposition is observed offshore the Sabrina,
Frost, and Astrolabe subglacial sediment basins (Figure 7, up to 3 km). In contrast, S2 is very thin or entirely
absent in the Australian Eyre and inner Duntroon subbasins as well as on top of the Antarctic Adélie Rift
Block and Bruce Rise (Figure 7).

Our interpretation of horizon U2 is identical to previous interpretations along the Australian margin
(Figures 2 and 3). Ceduna Subbasin drill sites record an early‐middle Paleocene hiatus between ~65 and
59 Ma, which is correlated to U2 (based on spore‐pollen and foraminifera biozonation; Totterdell et al.,
2000). In the Bremer Subbasin, numerous dredge samples did not recover any material datable to ~65–59
Ma, which indicates that a similar hiatus is present in this region (based on dinoflagellate biozonation;
Monteil et al., 2005). Drill sites in the adjacent Eyre and Inner Duntroon subbasins reveal that sedimentary
unit S2 is absent leading to the merging of horizons U1 and U2, corresponding to a break in the stratigraphic
record of ~24 Myr (~83–59 Ma, based on spore‐pollen and foraminifera biozonation; Totterdell et al., 2000;
Figure 2). In the Otway and Sorell basins, U2 is dated by drill sites to latest Maastrichtian‐early Paleocene
(~65 Ma; based on spore‐pollen biozonation; Krassay et al., 2004; Boreham et al., 2002; ~67 Ma onshore in
the Otway Basin; Frieling et al., 2018; Figure 2). Consequently, sedimentary unit S2 was likely deposited
between ~94 and 65 Ma in the Bremer Subbasin, ~83 and 65 Ma in the central Ceduna, eastern
Recherche, outer Duntroon subbasins, and offshore the Otway Basin, and ~80 and 65 Ma in the Sorell
Basin. S2 is not present in the Eyre and Inner Duntroon subbasins.

On the Antarctic margin, the age and stratigraphic interpretation of horizon U2 varies between previous stu-
dies (Figure 3), as no drill sites have penetrated U2 or S2. Our interpreted horizon U2 is most similar to the
Antarctic horizon“WL13”/”WL2”interpreted by Leitchenkov et al. (2007, 2012), who determined U2 as a 67
Ma “Otway Basin breakup unconformity”and extended the interpretation along the Wilkes Land margin.
They suggest a depositional age for sedimentary unit S2 of ~67–43 Ma. Here we make a slightly different
comparison to the U1 and U2 age determinations published for the Australian margin and suggest that S2
along Antarctica was deposited from ~94 to 65 Ma in the Bruce, Knox sectors (similar to the Bremer
Subbasin); from ~83 to 65 Ma in the Sabrina Coast, Banzare Coast, Adélie, and western George V sectors
(similar to the conjugate Ceduna Subbasin and Otway Basin); and from ~80 to 65 Ma in the eastern
George V Sector (similar to the Sorell Basin). On top of the Adélie Rift Block and Bruce Rise, S2 is very thin
or entirely absent, similar to the Eyre and the inner Duntroon subbasins (Figures 2 and 7).

4.3. Sedimentary Unit S3

Unit S3 represents a shorter time span and is significantly thinner than the underlying sedimentary units on
both conjugate margins. The top and lower boundaries, horizons U3 (blue) and U2 (green), merge into one
reflection band and/or a very thin layer beneath the middle continental slope and diverge again toward the
upper slope and toward the base of the continental slope (Figures 4–6 and 9). This means that sedimentary
unit S3 is split into two main locations, one thinner deposit along the middle continental slope (maximum
~0.7 km) and one thicker deposit along the continental rise (maximum ~1.2 km).

Along the base of the continental slopes in the center and east, the internal reflections of S3 onlap onto the
lower boundary U2 (Figures 4–6). The top boundary is the high‐amplitude horizon U3, which is also the
uppermost reflection onlapping onto older layers (Figures 4–6). At the central and eastern continental rise
along both margins (Figures 5 and 6, zoom‐ins), horizon U3 is easily detectable by onlapping internal
reflections of overlying sedimentary unit S4 onto U3. In the western part of the Australian‐Antarctic mar-
gins (Figure 4), both boundary horizons U2 and U3 are mostly subparallel to the overlying S4 reflections
and the seafloor.

Along the Australian shelves, our interpretation of horizon U3 is identical to previous studies (Figures 2
and 3). U3 is dated to ~50 Ma in the western Bremer Subbasin (based on dinoflagellate biozonation;
Monteil et al., 2005), ~48 Ma in the central Eyre, Ceduna, and Duntroon subbasins (based on foram and
spore‐pollen biozonation; Totterdell et al., 2000), and ~45 Ma in the eastern Otway and Sorell basins
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(based on spore‐pollen biozonation; Krassay et al., 2004). Therefore, on the Australian shelves, S3 was
deposited between ~59 and 50 Ma (Bremer Subbasin), ~59 and 48 Ma (central GAB), and ~65 and 45 Ma
(Otway, Sorell basins). Dredge samples from the eastern GAB's continental rise recovered early‐middle
Eocene age material (~54–44 Ma) from the continental rise's S3 (based on nannofossil biozonation;
Shafik, 1992; Figure 9). On the Antarctic margin, our U3 interpretation corresponds to the Eocene hiatus,
from ~47.9 to 33.6 Ma, observed in IODP site U1356 (based on dinoflagellate and nannofossil biozonation;
Tauxe et al., 2012). The older age of this hiatus is similar to the constraints from the central part of the
Australian conjugate. At U1356, a second hiatus (~51.9–51.06 Ma) follows directly below U3 (~70 m), which
we interpret to be imaged by an internal reflection of S3.

Along the Antarctic margin, significant differences exist between our horizon U3 interpretation and
previous studies (Figure 3). Leitchenkov and Guseva (2012) defines two horizons (“WL3”~ 42/43 Ma;
“WL4”~34 Ma), which merge to one horizon in the Adélie Sector (this study: U3, close to IODP Site
U1356). In most places, particularly in the Sabrina and Banzare Coast sectors, Leitchenkov and Guseva
(2012)'s “WL4”interpretation follows a reflection that we interpret as an internal reflection of the younger
S4 unit, due to the prominent channel‐levee structures (see section 4.4). From the Bruce to the Banzare Coast
sectors, our interpretation of U3 is identical to the“eoc”(~45 Ma) horizon interpreted by Close et al. (2007).
However, in the Adélie Sector,“eoc”is located much deeper than the drilled Eocene unconformity (U1356)
and is equivalent to our horizon U2.

In the central GAB, Totterdell et al. (2000) interpreted that the S3 sediments at the continental rise were
deposited around the same time as the shelf unit. We propose that a similar sedimentation pattern also
existed along other parts of the Australian margin and offshore Antarctica, based on strong seismic simila-
rities. On both upper slopes and shelves (Figures 4–6), sedimentary unit S3 is a thin wedge‐shaped drape
containing subparallel internal reflections with medium to high amplitudes (Figures 4b, 5b, and 6).

The continental rise deposits on both margins also share similarities in overall morphology and internal
seismic characteristics (Figure 8). Here we interpret these features as extensive contourite drift deposits
(after Rebesco et al., 2014). Our interpretation is based on combining evidence from characteristic seismic
structures, S3's shape and thickness, sedimentary records, and regional oceanographic context (detailed
discussion, see sections 5.2 and 5.3). As the term“contourites”has been used differently in previous studies,
we follow the definition “sediments deposited or substantially reworked by the persistent action of bottom
currents”(after, e.g., Stow et al., 2002; Rebesco et al., 2014).

The following continental rise S3 structures are observed and interpreted:

1. Mounded drifts: At the continental rise, where the underlying topography is steeper, S3 forms elongated,
slightly asymmetric, mounded features that thin toward the abyssal plain (Figures 5b, 8a, 8e, and 8f).
These deposits show significant variations in amplitudes and contain layers with more chaotic reflection
patterns, onlapping onto the lower boundary reflection.

2. Channel‐related drift: Within the narrow pathway between the Adélie Rift Block and the Antarctic con-
tinental slope, the sediment formed amounded“channel‐related drift”(Figure 6a/8d). Internal reflections
are similar to the mounded drifts; however, they onlap onto the lower boundary reflection at both ends.

3. Mixed drifts: Some of the mounded drifts show characteristics of“mixed drifts”with increases in chaotic
internal reflections and partly rotated blocks, which indicate structural appearance of debris flows
(Figure 8g) or slumps (Figure 8h). These drifts are observed in the eastern part of both margins,
downslope of the Eyre and Duntroon subbasins (Figure 9), as well as near locations on both margins
where S2 internal reflections truncate in a large scale onto horizon U2 farther upslope, indicating
possible erosion followed by redeposition as “mixed drifts”downslope (Figure 8c). These interpreted
contourites are mixed with downslope mass transport deposits.

4. Sheeted drifts: Areas where the underlying topography is gentler, S3 thins and forms widespread sheeted
layers from the midslope into the abyssal plain (Figures 4a, 5a, and 8b). Internal reflections are mostly
subparallel and high amplitude.

In the central GAB, an elongated S3 unit containing both mounded and mixed drifts extends along the
continental rise for more than 950 km and about 130 km seaward, reaching ~1.2‐km thickness
(Figures 5b and 9). Along the Antarctic conjugate, an elongated mound at the continental rise at the
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Bruce Rise reaches ~0.9‐km thickness and extends about 400 km margin‐parallel and 110 km seaward
(Figures 8a and 9).

The“channel‐related drift”between Adélie Rift Block and continental slope extends about 400 km and fills
up the depression with about 0.8 km of sediment over widths up to 130 km (Figures 6a, 8d, and 9). The
“mixed drifts”extend through the Otway and Sorell basins (~550 km; Figures 6b, 8g, and 8h) as well as in
the Adélie and George V sectors of the Antarctic conjugate (~300 km). They extend about 140 km offshore,
similar to the mounded drifts, and reach thickness up to 1.2 km.

“Sheeted drifts”are interpreted along the midslope to abyssal plain in the Antarctic Knox, Sabrina Coast,
and George V sectors (Figures 4a, 5a, 8b, and 9). They extend much farther toward the ocean than the
mounded drifts (about 250–350 km); however, they only reach a thickness of about 300 m.

4.4. Sedimentary Unit S4

The uppermost sedimentary unit S4 overlies horizon U3 and shows strong differences between Australia and
Antarctica. Along the Australian margin, this unit is very thin (~0–1 km thick; Figure 10) and consists of
parallel, mostly continuous high‐amplitude reflections forming a wedge‐shaped drape along the shelves
and upper slopes (Figures 4b–6b). This leads to exposure of underlying sedimentary units S3 and S2 along
the middle continental slope offshore Australia. Hemipelagic sedimentation in the abyssal plains shows
mostly subhorizontal layering with medium to high amplitudes (Figures 4b–6b).

In contrast, S4 shows complex internal structural variations along the Antarctic margin, including numer-
ous mostly asymmetric channel‐levee systems with continuous internal reflections and filling strata in the
channels (Figures 4a (1) and 6a), progradating features, and undulating sediment waves in the uppermost

Figure 8. Key examples of observed contourite drift deposits along the Antarctic (left, a–d) and Australian (middle, e–h)margins. The types of drifts observed in this
region are shown in the right column (Rebesco et al., 2014; after Stow, Kahler, & Reeder, 2002) and determined in the (a–h). A high‐resolution (1,200 ppi) version of
this figure can be found in the supporting information (S4).
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Figure 9. Isopach map of sedimentary unit S3, deposited during the Paleocene/early Eocene. Arrows indicate clockwise
flowing ocean currents progressing eastward (legend, see figure). Red arrows show downslope sediment transport sour-
cing the contouritic drifts. Green stars show drill and dredge locations with Eocene glauconite occurrence. Geological
age constraints of contourite (black) and glauconite (green) formation are shown in the figure. Key geological sites are
(1) Dredge Survey 265, (2) ODP 1128, (3) Dredge Survey 66‐102DR07, (4) sediment samples onshore (Houben et al., 2019),
(5) ODP 1168, and (6) IODP U1356. Legend for subglacial sediment basins, see Figure 1c. Time of reconstruction
is 43.8 Ma, using the plate model of Whittaker, Williams, et al. (2013).

Figure 10. Isopach map of sedimentary unit S4, deposited post‐Eocene. Offshore Antarctica, thick glacial sediment units
are deposited, particularly offshore the Vanderford (VF), Totten, Mertz, and Ninnis glaciers (underlined). Glacial
catchment provenances (Fretwell et al., 2012) are shown: WIIL = Wilhelm II Land, DG = Denman Glacier, BG = Bond
Glacier, VF = Vanderford Glacier, TG = Totten Glacier, MUG = Moscow University Glacier, FG = Frost Glacier,
AC = Adélie Coast, MG = Mertz Glacier, NG = Ninnis Glacier. The Cenozoic sedimentary basins are shown after
Totterdell and Bradshaw (2004). The calculated sediment volumes and the legend are shown in the figure. ARB = Adélie
Rift Block, BR = Bruce Rise. Key drill sites are (1) ODP 1128, (2) IODP Leg 318, (3) and ODP 268.
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parts (Figure 4a (4)). Particularly in the central Antarctic sectors, the reflections onlap prominently onto U3
and show subhorizontal structure with high amplitudes (Figure 5a).

The thickness of S4 is variable along the Antarctic margin, reaching up to 4 km proximal to the Totten
Glacier in the Sabrina Coast Sector and ~2.5 km in the George V and Shackleton sectors (Figure 10). In
contrast, at parts of the Adélie Sector, S4 is less than 0.5 km thick (Figure 10) with deep cutting canyons
(Figure 6a). Drill sites offshore Antarctica recovered glaciogenic sediment deposits from unit S4, which have
been studied in detail by various authors (e.g., De Santis et al., 2003; Donda et al., 2007; Escutia et al., 2002,
2003, 2005).

Along the Australian shelves, S4 is younger than ~50 Ma in the western part (based on nannofossil and
foraminifera biozonation; Feary et al., 2000), ~48 Ma in the central part (based on spore‐pollen biozonation;
Totterdell et al., 2000), and ~45 Ma in the eastern part (based on spore‐pollen biozonation; Krassay et al.,
2004; Figure 2). Along most of the middle continental slopes offshore Southern Australia, S4 is very thin
or absent (Figures 4–6). No direct age constraints exist for the hemipelagic S4 deposit in the Australian
abyssal plains; however, it may have a similar oldest age as S4 respective to their shelves. In the Antarctic
Adélie Sector, the lower boundary of glacial unit S4 is dated to ~33.6 Ma (based on dinoflagellate biozona-
tion; Tauxe et al., 2012). Younger parts of this unit are drilled at numerous places (e.g., IODP Leg 318 and
ODP Leg 28; see Houben et al., 2013).

Previous studies offshore Antarctica subdivided the uppermost glacial sediment package into subunits
(3, Leitchenkov et al., 2007; 6, De Santis et al., 2003). As no glacial deposition occurred offshore
Australia, we combine these subunits to one sedimentary unit S4.

5. Discussion
5.1. Late Cretaceous Deltaic Sedimentation

Offshore Australia, sedimentary unit S2 is well recognized to have been sourced by fluvial drainage systems,
with a depositional environment changing from inboard fluvial, through delta plain and prodelta, to marine
setting (e.g., Hammerhead Supersequence; after Totterdell et al., 2000). Numerous drill sites offshore
southern Australia have recovered thick layers of sand‐rich deltaic material deposited during the Late
Cretaceous due to terrigenous influx from large paleoriver systems (e.g., Feary et al., 2000; King & Mee,
2004; Krassay & Totterdell, 2003; MacDonald et al., 2010; Totterdell et al., 2000; Totterdell & Krassay,
2003a). In the central GAB, S2 reaches thicknesses up to 5 km and a volume of ~0.29 × 106 km3, as part
of the Ceduna Delta (e.g., Totterdell et al., 2000; Figure 7).

Although the Antarctic conjugate S2 does not reach the same thickness and extent as the Ceduna Delta,
some similarities in reflection characteristics and sediment architecture can be clearly detected. We propose
that a similar fluvial sediment mechanism was also active in Antarctica, with onshore paleoriver systems
transporting sediment from interior basins into offshore depocenters. This interpretation is supported by
Cretaceous sediments recovered with a piston‐corer on the eastern Antarctic shelf which are characterized
as fluvial material similar to the Australian margin (Figure 7; Site DF79‐38; Domack et al., 1980).

Additionally, the Late Cretaceous climatic and tectonic setting of the nascent Australian‐Antarctic Basin is
realistic for such a depositional environment along both margins. Throughout the overall warm Late
Cretaceous, the equator‐to‐pole temperature gradient was extremely low (e.g., Huber et al., 1995), and mean
global precipitation rates were double those of the present day (Hay & DeConto, 1999). During this time, the
Australian‐Antarctic Basin was still very narrow (max. ~330 km; Whittaker et al., 2007), and it is probable
that paleoclimatic conditions prevailing in Australia were similar in Antarctica.

In the Australian case, river systems were able to transport sediments over a long distance into the offshore
basins. The paleo Ceduna river system feeding the Ceduna Delta had a catchment region extending to areas
more than 1,000 km away (e.g., Raza et al., 2009; Veevers, 2001). Various authors have proposed that uplift of
the Eastern Highlands from 100 to 80 Ma resulted in erosion of parts of the Bowen and Surat basins in
eastern Australia and transport of this material to the Ceduna Subbasin (Raza et al., 2009; Totterdell &
Krassay, 2003b; Veevers, 2001; Figure 7). Another prominent delta, the Sherbrook Delta (Blevin & Cathro,
2008), is observed in the Otway Basin and was possibly fed with material eroded from the onshore
Darling Basin (after Gingele & De Deckker, 2005; Figure 7). In contrast, not much sediment is deposited
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offshore in regions that are not connected to large drainage systems and eroding hinterlands. For instance,
lower rates of denudation on the Yilgarn Craton in western Australia might be a cause for limited deltaic
sedimentation in the Bremer Subbasin (Figure 7). In the Eyre and inner Duntroon subbasins, possible
uplift‐related erosion in the Late Cretaceous resulted in the absence of S2 (Krassay & Totterdell, 2003;
Totterdell et al., 2000; Totterdell et al., 2014). At the South Tasman Rise and eastern Sorell Basin, oblique
extension associated with a developing transform part formed small, isolated depocenters during the Late
Cretaceous, which likely led to less accumulation space for deltaic material (Stacey et al., 2013).

Ancient river systems and their catchment areas are difficult to map in Antarctica because of the thick ice
sheets. However, our study shows that main deposition centers along the Antarctic margin are located
offshore the Sabrina, Frost, and Astrolabe subglacial sediment basins (terminology after Aitken et al., 2014;
Figure 7) and reach thicknesses up to 3.0 km. Possible paleoriver catchment areas may have covered the
coastal sediment basins (e.g., Sabrina, Frost, and Astrolabe) or, similar to the Australian conjugate, extend
farther inland to, for example, the Aurora and Vincennes sediment basins in the west and/or the Adventure
Subglacial Trough or parts of the Wilkes sediment basin in the east (Figure 7). Aitken et al. (2016) and
Gulick et al. (2017) argue for large‐scale erosion of the Sabrina sediment basin during repeated advance and
retreat of the East Antarctic Ice Sheet throughout glacial‐interglacial cycles since the Oligocene. We suggest
that this region possibly experienced significant erosion by large river systems already in the Late Cretaceous.

Previous studies (e.g., Cooper et al., 2001; Jamieson et al., 2005, 2010; Jamieson & Sugden, 2008) propose that
established preglacial paleotopographic structures were retained by the evolving ice sheet and resulted in the
present‐day subglacial drainage systems. This means in turn that present‐day glacial systems to a large
extent reflect ancient river catchment areas. Our interpretation of possible paleoriver systems (Figure 7, blue
arrows, Antarctic side) follows the reconstruction of present‐day subglacial drainage patterns by Jamieson
and Sugden (2008). In particular, the modern Vanderford, Totten, Frost, andMertz Glacier drainage systems
(Figure 10; after Fretwell et al., 2012) might have been large river beds feeding the thick offshore delta depos-
its during the Late Cretaceous. In contrast, the eastern part of the Sabrina Coast Sector shows a thin S2 layer
(<1 km), which could be related to lower denudation rates on the onshore Terre Adélie Highlands (Figure 7).

5.2. Sedimentary Unit S3 Contourites

On the Australian margin, previous studies interpreted the continental rise portion of unit S3 as mass trans-
port deposits (Wobbegong Supersequence; Totterdell et al., 2000). On the Antarctic conjugate, Close (2010)
described these features as “healed‐slope and/or ponded deposits.”Leitchenkov et al. (2015) interpreted
some of these features around the Bruce Rise (Figure 8a) as contourite deposits formed by a westward
flowing ocean current.

We interpret extensive contourite drifts on both continental rises as part of S3. The criteria used to determine
contourite drifts, and particularly to distinguish them from turbidites, are highly debated in the literature
(e.g., Hüneke & Stow, 2008; Rebesco et al., 2014; Shanmugam, 2000, 2017). Here we combine evidence from
characteristic seismic structures, thickness, and shape of Sedimentary Unit S3, with characteristic features
found in sediment samples and the regional oceanographic context of the basin, and conclude that the pre-
sence of contourites is most likely.

Contourites form due to long‐slope bottom current activity (terminology after Stow, Faugères, et al., 2002;
Rebesco et al., 2014) and vary significantly in their shape, depending on the underlying topography,
sediment supply, and ocean current activity (e.g., Rebesco et al., 2014). Ocean currents speed up along
steeper slopes and narrow pathways, eroding and redepositing sediment as “mounded drifts.”Contourite
drifts transform into“sheeted drift”deposits (Figure 8b) when the slope angle is gentler and bottom currents
affect a broader region, possibly slow down, and erosion is nonfocused (e.g., Faugères & Stow, 2008; Rebesco
et al., 2014). The “mixed drifts”with partly internally rotated blocks are contourite drifts influenced by
additional downslopemovements (e.g., Mutti & Carminatti, 2011; Rebesco et al., 2014), for example, possibly
by debris flows (Figure 8g) or slumps (Figure 8h).

Geological characteristics that have been interpreted by numerous researchers to be typical of contouritic
formations include contorted, convoluted bedding, interbeds, fining‐/coarsening‐upward sequences (grain
size distribution is dependent on current speed; for example, Rebesco et al., 2014; Stow & Lovell, 1979;
Stow et al., 2002). Contrary to purely downslope turbidite deposits, contourites are deposited over much
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longer timescales, with lower sedimentation rates and extensive bioturbation (e.g., Rebesco et al., 2014; Stow
& Faugères, 2008). Contourite drifts usually contain reworked microfossils.

Our interpretation of contourites is supported by drill and dredge samples on both margins. Reworked Late
Cretaceousmicrofossil material is detected in Eocene assemblages along the entire southern Australianmar-
gin (Figure 9), including dinoflagellates in the Bremer Subbasin (Bradshaw, 2005; Monteil et al., 2005) and
nannofossils at the GAB's continental slope (Shafik, 1973, 1983, 1990, 1992). At the continental slope of the
central GAB (Figure 9), ODP Site 1128 recovered early‐middle Eocene sediment with extensive burrowing,
bioturbation, low sedimentation rate (~4 m/Myr), and fining‐upward sequences in the lowermost lithologi-
cal unit (Feary et al., 2000).

On the Antarctic margin, at IODP Site U1356, evidence for contourite drifts exists, particularly in the upper
part of sedimentary unit S3, including contorted and convoluted claystones, well stratified and clast‐bearing
sandstones, bioturbation, fining‐ and coarsening‐upward sequences, relatively low sedimentation rate of
about 24 m/Myr (Escutia et al., 2011; Tauxe et al., 2012). These lithological characteristics are less common
in the deeper part of S3 (>49 Ma); nevertheless, Escutia et al. (2011) observed some bioturbation, “rare
interbeds of massing or cross‐ and parallel‐laminated fine sand‐ and siltstones,”one interbed of 30‐cm‐thick
layer of poorly sorted sandstone, and mica minerals that usually form during increased current activity (e.g.,
Rebesco & Camerlenghi, 2008; Stanley, 1993).

In some areas, the S3 unit is likely formed by a mixture of long‐slope contouritic and down‐slope turbiditic
flows coming from the upper slopes and shelves, which we determine as“mixed drifts”(Figures 8c, 8g, and
8h). This is particularly the case toward the east along both margins, downslope of the Eyre and Duntroon
subbasins on the Australian margin, and partly downslope locations where S2 internal reflections are
truncated by the overlying U2 horizon (Figures 5 and 9; red arrows indicate downslope sediment transport).
These truncations indicate gravitational instability of S2 due to its thickness (after Totterdell et al., 2000;
Figures 8c and 8f). At locations where horizon U2 is a prominent angular unconformity or S2 is absent,
possible Late Cretaceous uplift and erosion (after Totterdell et al., 2000) may have initiated downslope mass
transport. These downslope‐transported sediments were picked up by margin‐parallel ocean currents and
deposited as “mixed”contouritic deposits (Figure 9).

5.3. Clockwise Eocene Currents

We argue that the S3 contourite drifts were formed by currents circulating clockwise within the Australian‐
Antarctic Basin. The shape of the contourite drifts with respect to the continental slopes provides indications
for the flow direction of the ocean currents forming them. The Coriolis force in the southern Hemisphere
deflects along‐slope ocean currents toward their left, leading to sediment erosion on their left (continental
slope) and redeposition on their right (oceanward; Faugères & Stow, 1993). The contourite drifts detected
in our seismic profiles along both margins are characterized by asymmetric mounds that thin seaward
and internal reflections onlapping at the moat side (Figure 8). This indicates that the ocean currents forming
the contourite drifts must have flown eastward along the Australian slope, most likely coming from the
Indian Ocean, and westward along the Antarctic margin, forming a clockwise current system (Figure 9),
as the Tasman Gateway was still closed during the deposition of this S3 unit (~58–48 Ma).

This interpretation is supported by geological observations and numerical modeling experiments along the
Australian margin. At the eastern Ceduna continental slope (Figure 9), some dredged Late Cretaceous
reworked nannofossils indicate that they have been eroded from sites farther west (Shafik, 1992) and rede-
posited during the middle Eocene, within a very narrow biostratigraphic interval (~43.5 Ma; Shafik, 1992).
Based on these findings, Shafik (1992) proposed short‐lived, easterly flowing bottom currents along
the southern Australian margin. We suggest that most of the S3 sediments were eroded from older S2 sedi-
ments upslope, transported downslope, and redeposited as contouritic drifts farther eastward (westward)
along the Australian (Antarctic) slope (Figure 9). This interpretation is supported by studies in the Otway
Basin (Pollack, 2003), which suggest that the older deltaic material was remobilized by ocean currents
and redeposited as “shoreface sands and barriers”via eastward longshore drift. On a broader scale, our
observations are consistent with overall biogeographic patterns in dinoflagellate cysts showing influence
of the low‐latitude‐derived Proto‐Leeuwin Current on the Australian side of the basin, flowing east, and
the westward flowing Proto‐Antarctic Counter Current on the Antarctic Margin (Bijl et al., 2011; Bijl,
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Sluijs, & Brinkhuis, 2013; Sijp et al., 2016). Considering that the Tasmanian Gateway was still very much
restricted during the Eocene, these currents were most likely connected in a clockwise gyre.

It is possible that the clockwise ocean current circulation progressively extended farther east through the
Eocene, which is supported by geological constraints offshore both margins. During the early Eocene, sur-
face water temperatures were much warmer along the central and western part of the Australian margin
compared to the eastern Otway Basin (based on nannofossil records; Shafik, 1990). This phenomenon has
been explained due to an influx of warm water from the Indian Ocean into the Australian‐Antarctic
Basin, which did not reach the eastern sector at that time (Shafik, 1990). Farther east, around the South
Tasman Rise and in the Sorell Basin (ODP Site 1168, 1170), the first evidence for ocean current activity is
not observed until the late Eocene (Exon et al., 2001; Stickley et al., 2004).

There is evidence for strengthening ocean currents through the Eocene. We interpret this increase in current
strength to have implications for the formation of unconformity U3 (details, see section 5.4). Nannofossil
records along the Australianmargin indicate an intermittent current flowwith prominent phases of stronger
flow in the middle and late Eocene, as well as in the middle Oligocene (Shafik, 1990). Along the Antarctic
margin, conjugate to the eastern GAB, IODP Site U1356 reveals Eocene sedimentary structures (S3, see
section 5.2) that support moderate strength and/or intermittent contourites operating prior to ~49 Ma,
whereas after ~49 Ma, there is evidence for stronger and more continuous contourite formation. The onset
of the westward flowing Antarctic Counter Current through the shallow Tasman Gateway (Bijl, Sluijs, &
Brinkhuis, 2013) possibly amplified the clockwise ocean current speed.

The presence of glaucony minerals (products of cation exchange between seawater and sediment) is a strong
indicator for moderately strong ocean currents (e.g., Amorosi, 1997; McRae, 1972; Odin & Fullagar, 1988;
Odin & Matter, 1981; Rebesco & Camerlenghi, 2008). Along both margins, glauconite has been detected
in Eocene shelf sediments (Houben et al., 2019; Sluijs et al., 2003; Figure 9). These glauconites suggest an
increase in ocean current strength progressing from west to east. Glaucony has been observed in middle
Eocene samples from the canyons of the Bremer Subbasin (Blevin, 2005; Bradshaw, 2005) and in early to late
Eocene and younger rocks in the central GAB (Apollo‐1 well site, Messent, 1998; ODP Site 1128, Feary et al.,
2000). Late Eocene (~41–34 Ma) glauconites are detected around Tasmania (ODP Leg 189; Exon et al., 2001;
Wei, 2004) and in reworked Oligocene material at IODP site U1356 (Houben et al., 2019).

The widening and deepening of the Australian‐Antarctic Basin likely controlled the west to east progression
and strengthening of clockwise ocean current circulation. The relationship between basin widening and
ocean current strengthening is shown in ocean model simulations by Sijp et al. (2016). Nannofossil records
indicate that the basin transformed from neritic (mainly middle shelf) to deeper marine environments from
west to east, first in the GAB (~54–44 Ma) and later in the Otway Basin (~44 Ma–late Eocene; Shafik, 1983,
1990, 1992). The Sorell Basin and the South Tasman Rise were likely isolated by the Tasmanian‐Antarctic
Shear Zone (NW‐SE direction), which probably acted as an oceanographic barrier, leading to anoxic to
poorly ventilated conditions until the late Eocene (Exon et al., 2001; Figure 9).

Previous studies proposed a surface‐water ocean current flowing clockwise in the Australian‐Antarctic Basin
during the Eocene—the Proto‐Leeuwin Current (e.g., McGowran et al., 1997; Shafik, 1992; Stickley et al.,
2004). Contourites can form in all water depths (“deep‐water”(>2,000 m), “mid‐water”(300–2,000 m), and
“shallow‐water”(<300 m) drift types; Stow, Kahler, & Reeder, 2002; Viana et al., 1998). Therefore, it is pos-
sible that the interpreted S3 contourites were formed by this strong gyre system. Model simulations suggest
that the Australian‐Antarctic Basin experienced the highest zonal velocities at the Australian side and parti-
cularly at shallower water depths (Sijp et al., 2016). Based on the ocean models (Sijp et al., 2016) showing
increased gyre strength with widening of the Australian‐Antarctic Basin and considering that the water col-
umn was likely to be less well stratified during the warmer Eocene, it is possible that the depth‐integrated
strength of the gyre may have affected the deeper seafloor. However, it is difficult to constrain with certainty
whether the paleoseafloor was sufficiently shallow to be easily affected by surface current activity and/or if
the Proto‐Leeuwin Current was strong enough to affect deeper sections in the water column.

5.4. Formation of Horizon U3

Along the Australian margin, the establishment of an increasingly sediment‐starved environment since the
early Cenozoic strongly controlled the stratigraphic character of the sediments, including Horizon U3 (e.g.,
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Bradshaw, 2005; Krassay et al., 2004; Totterdell et al., 2000; Totterdell et al., 2014). Along most of the
Australian middle and lower continental slopes, a widescale exposure of old sediment units (early Eocene
S3, Late Cretaceous S2, and older S1 rift sediment; Figures 4–6) is observed. We suggest that a drastic
decrease in terrigenous sediment supply led to nondeposition at these parts of the margin. Our study shows
similar sedimentary structures along the conjugate Antarctic margin, overlain by the thick post‐Eocene
glacial sedimentary unit S4. Based on this observation, we propose that the dominant driver for the forma-
tion of horizon U3 along the Antarctic slopes was nondeposition similar to the Australian conjugate, rather
than erosional processes as proposed by previous authors (e.g., Close et al., 2007; Eittreim et al., 1995; Escutia
et al., 2011; Leitchenkov & Guseva, 2012).

In general, we propose that two main processes dominated the formation of U3: decreasing terrigenous sedi-
ment supply offshore both margins and strengthening of the clockwise ocean currents in the deeper parts.

We suggest that a significant decrease in terrigenous sediment supply into the basin on both continents
during the middle to late Eocene played a significant role forming horizon U3. Offshore southern
Australia, a very thin drape of Cenozoic sediments (S3, S4) extends over large areas along the shelves and
onshore. Previous studies described that a strong decrease in terrigenous sediment supply into the
Australian basins occurred earlier, around 65 Ma (e.g., Bradshaw, 2005; Feary et al., 2000; Krassay et al.,
2004; Totterdell et al., 2000; Totterdell et al., 2014). Benbow et al. (1995) proposed that Late Cretaceous‐
Paleocene uplift in the GAB's hinterland contributed to the reduction of sediment supply to the GAB
(supported by Hall et al., 2016; Totterdell & Bradshaw, 2004). Progressive semi‐aridification is affecting
the hinterland due to the northward shifting of the continent into the subtropical zone and increasing warm
water influx from the Indian Ocean intensified this terrigenous, clastic sediment cut‐off from the middle
Eocene (e.g., Feary et al., 2000), culminating in shelfal carbonate accumulation (S4) and along‐slope nonde-
position, which entirely lacked terrigenous, clastic material.

Antarctica may also have aridified during the late Eocene. After the early Eocene Climatic Optimum (<48
Ma), the global sea surface temperatures decreased progressively (e.g., Zachos et al., 2008), leading to the
onset of glaciation in Antarctica with the first arrival of glaciers at the Wilkes Land coast around 33.6 Ma
(e.g., Escutia et al., 2011). Evidence exists that some Antarctic glaciation had started to form prior to the
Eocene/Oligocene‐Transition (e.g., Anderson et al., 2011; Carter et al., 2017; Ehrmann & Mackensen,
1992; Gulick et al., 2017; Scher et al., 2014; Strand et al., 2003), particularly during the Priabonian oxygen
isotope maximum "PrOM" event (37.34 and 37.19 Ma; Scher et al., 2014). Scher et al. (2014) noted that
high‐latitude cooling and formation of glaciers tend to strengthen the polar high‐pressure regime and pro-
duce more arid conditions. This may have led to a decrease in fluvial runoff and less terrigenous influx into
the basin as long as the glaciers do not reach the coast.

The previously discussed strengthening of ocean current activity through the Eocene likely culminated in
winnowing, large‐scale decreasing sediment accumulation, and eventually hiatus formation in the deeper
parts of the basin (after Rebesco et al., 2014). The continuous global Cenozoic cooling (e.g., Zachos et al.,
1994) may also have resulted in increasing strength of the thermohaline circulation and additional strength-
ening of the currents.

We do not discount that at least some sediment erosion occurred along the Antarctic shelves during the
onset of glaciation around 33.6 Ma, as reworked Eocene microfossils have been detected in early
Oligocene glacial sediment units at IODP Site U1356 and U1360 (Bijl, Houben, Bruls, et al., 2018; Houben
et al., 2013). In the Australian case, U3 transforms into a conformable horizon toward the shelves and
onshore regions (e.g., Frieling et al., 2018; Totterdell et al., 2000), marking the transition from thin S3 terri-
genous layers to S4 carbonate platforms, without any significant hiatus formation (e.g., Totterdell et al.,
2000). Similarly, a thin drape of Eocene material may have been deposited along the Antarctic shelves.

6. Summary
6.1. Mid‐Jurassic to Late Cretaceous Continental Rifting (S1 and U1)

The oldest unit, S1, was deposited in sedimentary depocenters along both margins (Figure 1) during a
long‐term lithospheric thinning phase between Australia and Antarctica, commencing in the Middle‐Late
Jurassic (Bein & Taylor, 1981; Fraser & Tilbury, 1979; Willcox and Stagg, 1990). Across the Australian
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margin, a series of extensional and thermal subsidence phases, with variable extension directions (both
spatially and temporally), are interpreted to have controlled sediment deposition (e.g., Blevin & Cathro,
2008; Totterdell et al., 2000). The resulting successions on both margins reflect this complex history, which
culminated in continental breakup at the end of sedimentary unit S1 deposition along the western and cen-
tral parts of the margins. The complex structural history of this period is demonstrated by extensional faults,
folding, and toe‐thrust structures observed across the margins (Figures 5 and 6).

6.2. Late Cretaceous Deltaic Sedimentation (S2 and U2)

During the generally warm and humid Late Cretaceous‐early Paleocene period (~94–58 Ma), large paleori-
ver systems on both continents transported terrigenous material into the narrow ocean basin, forming delta
deposits, up to 5 km thick (Figure 7). Centers of deposition are the central GAB (Ceduna Delta) and—to a
lesser extent—offshore the Antarctic Sabrina, Frost, and Astrolabe Sediment Basins (Sabrina, Frost, and
Astrolabe Delta). The paleoriver systems on Australia are interpreted to have had catchment regions extend-
ing to areas more than 1,000 km away from the offshore delta. Based on our results, we suggest that the
Sabrina, Frost, and Astrolabe Sediment Basins onshore Antarctica also experienced erosion in the Late
Cretaceous by large river systems. It is possible that the river catchment area extended even farther inland,
for example, into the Aurora, Vincennes sediment basins in the west, and/or Adventure Subglacial Trough
and Wilkes sediment basin in the east (Figure 7).

6.3. Paleocene/Eocene Clockwise Ocean Currents (S3)

From ~58 Ma onward, ocean currents started to flow clockwise within the continuously widening
Australian‐Antarctic Basin and formed S3 contourite drifts along both margin's midslope and abyssal plain
(Figure 9). The seismic character and overall morphology of these drifts indicate the same clockwise flow
direction as the surface‐water Proto‐Leeuwin Current. Geological evidence (e.g., basin‐wide glaucony and
increasing evidence for current activity in drill sediments) suggest that this ocean current system strength-
ened and progressively penetrated farther east through the Eocene (Figure 9).

6.4. Middle‐Late Eocene Decreasing Sediment Deposition (U3)

We propose that widespread decreasing sediment deposition, and partly nondeposition, occurred along both
margins throughout the middle to late Eocene. Two main processes caused this strong decrease:

1. Decreasing terrigenous sediment supply offshore both margins. On the Australian margin, a combina-
tion of tectonic and climatic changes resulted in a decreasing terrigenous sediment supply (e.g.,
Benbow et al., 1995; Feary et al., 2000; Totterdell et al., 2000). Offshore Antarctica, increasing cooling
and first formation of glaciers during the late Eocene possibly strengthened the polar high‐pressure
regime, producingmore arid conditions (Scher et al., 2014), whichmay have led to decreasing fluvial run-
off to the offshore basins; and

2. Strengthening of the clockwise ocean currents along the continental slopes through the Eocene, likely
culminating in large‐scale winnowing and depositional hiatus.

6.5. Post‐Eocene Sedimentation (S4)

From about 34 Ma onward, the climate and sedimentary history of Australia and Antarctica evolves very dif-
ferently. The onset of continentwide glaciation in Antarctica led to large‐scale offshore sedimentary deposi-
tion (Figure 10). Thickest S4 sediments are immediately offshore and downstream of the Totten Glacier (up
to 4.2 km) and to a lesser extent the Mertz and Ninnis glaciers (Figure 10), as predicted by DeConto and
Pollard (2003). Structural evidence for strong down‐ and along‐slope current activity are present particularly
in the upper part of S4, for example, channel‐levee systems, sediment waves, and downslope debris flows
(Figures 4–6; after, e.g., De Santis et al., 2003; Close, 2010; Donda et al., 2007; Escutia et al., 1997). At the
same time, Australia became semiarid, which led to very low sediment influxes and formation of thin
cool‐water carbonate platforms, for example, the extensive Eucla Basin (after Feary & James, 1998;
Gallagher & Holdgate, 2000; Figure 10).

In summary, we find that sedimentation patterns on both Australian and Antarctic margins are broadly
similar in structure and thickness, prior to the onset of Antarctic glaciation throughout the
Eocene/Oligocene boundary. We infer that sedimentation on both margins was dominated by large river
deltas that drained into the nascent ocean basin during the warm and humid Late Cretaceous (~94–58
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Ma). On the Australian margin, deposition was concentrated offshore in the Bight and Otway basins.
Deposition offshore Antarctica largely matches this pattern, with depocenters offshore the Sabrina, Frost,
and Astrolabe sediment basins. The identification of drift deposits suggests ocean currents starting to circu-
late clockwise within the continuously widening Australian‐Antarctic Basin from ~58 Ma onward. We sug-
gest that this ocean circulation strengthened and progressed farther east through the Eocene, culminating in
a drastic decrease, and partial absence of sediment deposition across the basin in the middle‐late Eocene. On
the Antarctic margin, this phase ended with the onset of Antarctic glaciation in the middle‐late Eocene.
Large amounts of glacial sediments were eroded from the coast and transported into the deeper ocean since
the early Oligocene. In contrast, sediment starvation continued on the southern Australian margin, leading
mainly to the formation of widespread but thin carbonate platforms on the shelves. The sediment packages
we investigate here record the interactions between ancient climate, onshore drainage, and offshore ocean
circulation. Our results and synthesis for the Australian‐Antarctic region will provide key data sets for mod-
eling of landscape and ocean evolution through the Cenozoic—a time of great climatic change for Australo‐
Antarctica.
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CHAPTER 4 
 

RECONSTRUCTING HIGH-RESOLUTION BATHYMETRY GRIDS 

FOR THE CENOZOIC 
 

ABSTRACT 
Ocean currents are strongly influenced by seafloor topography. Recently, it has been shown 
that not only large-scale features, like mid-ocean ridges, but also small-scale features in the 
oceanic basins with slope gradients down to the order of 10-4 (slope angles ~0.05° and steeper) 
control subsurface eddy velocities and the vertical structure of ocean circulation patterns. At 
the same time, improving computational capacities has meant that regional and global ocean 
models have recently been able to be run at resolutions that permit (<0.25°) and resolve (<0.1°) 
mesoscale eddy flows. To capture these processes in paleocean models, reconstructed 
bathymetries with similarly high resolutions are needed as boundary conditions. Creating 
realistic, high-resolution paleobathymetries is challenging, as the paleoposition of the seafloor 
need to be reconstructed and corrected for geodynamic, tectonic, and sedimentary changes, 
all of which shape the seafloor significantly over geological time periods. Additionally, seafloor 
which has been subducted, need to be recreated. Existing, available paleobathymetries are 
either global grids lacking detailed seafloor roughness, or grids that resolve high-resolution 
seafloor details but are limited spatially. Both approaches are insufficient boundary conditions 
for high-resolution global or hemispheric ocean models. 

Here, I compute high-resolution paleobathymetry grids for the Southern Ocean, for two key 
geological times, the Late Eocene (38 Ma, 0.25° resolution) and the Late Cretaceous (~67 Ma, 
0.5° resolution). I apply a backward modelling approach, reconstructing “backwards” in time 
from the present day, which allows the preservation of present-day seafloor slopes and 
features. I compile sediment isopach data from existing seismo-stratigraphic interpretations 
derived from seismic reflection and drilling data in the Southern Ocean. Circum-Antarctic 
sedimentation patterns transitioned from deltaic dominated deposition prior 67 Ma, through 
low terrigenous sediment influx due to increased cooling-induced Antarctic aridification 
between 67 and 34 Ma, to glacial dominated deposition post 34 Ma.  

The resulting paleobathymetry grids are compared to previous studies, in relation to slope 
gradients and their distribution in the oceanic basins, and slopes at the continent-ocean 
transition zones (COTZ). This comparison shows that this study’s grids contain realistic small-
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scale seafloor roughness with slope gradients in the order of 10-1-10-4, as well as large-scale 
features and realistic continental slopes across the COTZ, which are closest to the present-day 
observations in such high grid resolution. Using these paleobathymetries as boundary 
conditions for high-resolution paleocean models is key to accurately unravelling the influences 
of bathymetry and tectonic processes, e.g. the opening of gateways, on changing ocean 
circulations and key climate transitions.  

 

1. INTRODUCTION 
 

To describe, quantify and simulate fluid 
dynamical processes in the oceans, 
momentum equations are used. However, 
due to their complexity, approximations are 
made, for example, many studies assume that 
the seafloor topography is flat-bottom and 
friction influencing ocean currents is near-
zero (e.g., Stommel, 1948; Munk, 1950; 
Fofonoff, 1954; Anderson and Gill, 1975; 
Willebrand et al., 1980; Smith and Vallis, 2001; 
Scott and Arbic, 2007). However, such 
idealizations are likely to be an over-
simplification, with many studies 
demonstrating significant effects of realistic 
bottom topography on ocean circulation (e.g., 
Blumsack and Gierasch, 1972; Benilov, 2001; 
Poulin and Flierl, 2003; Arbic and Flierl, 2004; 
LaCasce, 2000; Chen and Kamenkovich, 2013; 
Trossman et al., 2017).  

It has long been known that large-scale 
features like mid-ocean ridges (Barnier, 1988) 
and continental slopes (e.g., Stewart et al., 
2019) affect ocean circulations. However, 
only more recently has the importance of 
smaller seafloor slopes, with gradients down 
to the order of 10-4 been recognized to 
significantly influence subsurface eddy 
velocities and the vertical structure of ocean 
circulation patterns (LaCasce, 2017; 2019). 

These gradients are represented by seafloor 
features with slope angles of 0.05° and 
steeper. In fact, the majority of the present-
day oceanic basins consists of such slope 
gradients (Figure 1; LaCasce, 2017). 

Incorporating high-resolution bathymetries 
becomes important for ocean models with 
eddy-permitting (<0.25°) and -resolving 
(<0.1°) resolutions (LaCasce, 2017). 
Mesoscale eddies (~10-100 km) play a key 
role for transport, heat distribution and ocean 
circulation (Griffies et al., 2014; Morrison et 
al., 2013; Newsom et al., 2016; He et al., 2018) 
and improving computer capacities have 
allowed better resolution of these 
mechanisms in ocean models (e.g. Delworth 
et al., 2012; Kirtman et al., 2012; Bryan et al., 
2013; He et al., 2018). For simulating present-
day ocean circulation, satellite-derived 
present-day bathymetry data (ETOPO-1; 
Amante and Eakins, 2009), which is available 
in 0.01° resolution and able to resolve 
seafloor features down to 10 km in the 
horizontal scale (e.g., Sandwell et al., 2014; 
Smith et al., 2017), can be used as boundary 
conditions.  

For paleocean simulations, such highly 
resolved bathymetric boundary conditions 
are not available. Although some low-
resolution ocean models (> 1°) have 
demonstrated the importance of bathymetry 
on paleocean circulation (e.g., Huang et al., 
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2017; Elsworth et al., 2017), using low-
resolution and/or only slightly modified 
present-day bathymetries as boundary 
conditions carry the potential of 
underestimating the role of bathymetry on 
changing ocean circulations and climate 
conditions. This approach risks 
underestimating the role for plate tectonics in 
affecting ocean circulation, as plate tectonic 
processes are the primary driver of 
bathymetric roughness (e.g. Whittaker et al. 
2008). Other tectonic processes, like the 
opening of gateways, may also have critical 
roles that are presently underestimated 
compared with other climate drivers such as 
atmospheric carbon dioxide (CO2) 
concentrations (e.g., Huber et al., 2004; Hill et 
al., 2013).  

Global bathymetry reconstructions typically 
apply a forward model approach, 
reconstructing “forwards” in geological time, 
strongly focusing on tectonic plate 
reconstructions and thermal subsidence of 
oceanic crust (Table 1; e.g., Brown et al., 2006; 
Müller et al., 2008; Herold et al., 2014; 
Baatsen et al., 2016; Goswami et al., 2018; 
Scotese and Wright, 2018; He et al., 2019). 
Some of the global studies correct for 
additional processes, including: 

i) Large Igneous Provinces (LIPs; Müller et 
al., 2008; Herold et al., 2014; Baatsen et 
al., 2016) or seamounts (Goswami et al., 
2018) which are both potential 
bathymetric barriers for ocean bottom 
currents (e.g. Lawver et al., 2011), and 

Figure 1 Slope gradients of the global bathymetry (ETOPO-1, Amante and Eakins, 2009, in 1° 
resolution; figure modified after LaCasce, 2017) shows that slopes in the order of 10-4 and 
steeper cover the majority of today’s seafloor which have a significant effect on the eddy 
circulations (LaCasce, 2017; 2019). 
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ii) sediment thicknesses which increase 
with aging oceanic crust (e.g. Herold et 
al., 2014; He et al., 2019). 

Although, several of these global studies 
present their paleobathymetry grids in high-
resolution (0.1°; Müller et al., 2008; Baatsen 
et al., 2016; Goswami et al., 2018); this 
resolution is achieved due to grid 
interpolation. The resulting grids lack general 
seafloor roughness and small-scale features 
that are similar to the present-day seafloor. 

Bathymetric reconstructions with higher 
resolutions (0.2°-0.5°; Ehlers and Jokat, 2013; 
Castelino et al., 2016) use a “backwards” 
modelling approach but are regionally 
restricted (Table 1; e.g., Wold, 1995; Hayes et 
al., 2009; Ehlers and Jokat, 2013; Huang et al., 
2014; Castelino et al., 2016). These models 
employ sediment backstripping techniques 
(after Steckler and Watts, 1978) using 
sediment isopachs derived from seismo-
stratigraphic interpretations. Sediment 
packages younger than the reconstruction 

time are removed from the present-day 
bathymetry, older sediments are 
decompacted, isostatic adjustment due to 
the sediment unloading, and corrections for 
changes in sedimentary, oceanic crustal and 
sea level evolution for the time between 
reconstruction time and present-day are 
included. Castelino et al. (2016) additionally 
correct for changes caused by long-
wavelength mantle dynamics. Using this 
backward model approach preserves seafloor 
roughness and small-scale geometry features 
with slope gradients similar to the present-
day bathymetry. 

However, as the seismo-stratigraphic 
constraints are heavily reliant on the 
coverage of seismic reflection profiles, these 
high-resolution bathymetry grids are 
restricted to a regional scale. In addition, the 
backward model approach is limited by the 
distribution of crustal regions which still exist 
today, and are not subducted since the 
reconstruction time. 

 

Table 1 Summary of previous bathymetry reconstructions.  

STUDY REGION GEOLOGICAL TIME GRID 

RESOLUTION 
MODEL 

APPROACH 

Sewall et al., 2007 Global 120, 110, 90, 70 
Ma 

2.8° Forward 

Herold et al., 2008, 
2014 

Global 55 Ma, 15 Ma 1° Forward 

Müller et al., 2008 
(Brown et al., 2006) 

Global 200-0 Ma 0.1° 
(interpolation) 

Forward 

Baatsen et al., 2016 Global 38 Ma 0.1° 
(interpolation) 

Forward 
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Goswami et al., 
2018 

Global 94 Ma 0.1° 
(interpolation) 

Forward 

Scotese and 
Wright, 2018 

Global 540-0 Ma 1° Forward 

He et al., 2019 Global 55 Ma 1° Forward 

Wold, 1995 NE Atlantic 55-0 Ma 1° Backward 

Hayes et al., 2009 Southern Ocean 75-0 Ma unknown Backward 

Ehlers and Jokat, 
2013 

NE Atlantic and 
Arctic 

55-0 Ma 0.5-1° Backward 

Huang et al., 2014 Weddell Sea 100-120 Ma, 28-
34 Ma, 12-15 Ma 

3°x1.8° Backward 

Castelino et al., 
2016 

Riiser-Larsen Sea 
and offshore 
Mozambique 

140-0 Ma 0.2° Backward 

Pérez-Díaz and 
Eagles, 2017, 2018 

Atlantic Ocean 120-0 Ma 1° Forward 

In this study, I use a backwards model 
approach, incorporating sediment 
backstripping, to reconstruct the Southern 
Ocean paleobathymetry for two key 
geological time slices, the Late Eocene (at 38 
Ma) and the Late Cretaceous (at ~67 Ma). I 
compile sediment isopach data derived from 
existing seismo-stratigraphic interpretations, 
which are based on seismic reflection and 
drilling data, in the Southern Ocean. I extend 
both grids globally, testing different 
approaches. For the Late Cretaceous, I apply 
the same sediment backstripping approach, 
using the total sediment thickness grid 
(Straume et al., 2019) and assuming constant 
sedimentation rates to estimate sediment 
isopachs for pre- and post-67 Ma. For the Late 
Eocene, I extend my grid globally by merging 

with the paleobathymetry grid reconstructed 
by Baatsen et al. (2016, for 38 Ma). I present 
high-resolution, global bathymetry grids 
which exhibit seafloor roughness, slope 
gradients and distributions in the oceanic 
basins, as well as small-scale geometric 
features that are similar to the present-day 
seafloor. These grids are ideal boundary 
conditions for high-resolution paleocean 
models, particularly with focus on the 
Southern Ocean. 

 

2. DATA AND METHODS 
 

My bathymetry reconstruction uses the 
software BALPAL 0.9 (Wold, 1994; Ehlers and 
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Jokat, 2013). Additional corrections for 
mantle-driven dynamic topography changes 
(Müller et al., 2018) and for plate tectonic 
motions (Matthews et al., 2016) in a 
paleomagnetic reference frame (Van 
Hinsbergen et al., 2015) are included 
afterwards.  

 
2.1 Correction for sedimentation 
changes 

A key step in reconstructing paleobathymetry 
is to remove sediments younger than the 
reconstruction time (<67 Ma and <38 Ma) 
from the present-day bathymetry (ETOPO-1, 
Amante and Eakins, 2009). For this step, 
sediment thicknesses since the 
reconstruction time need to be constrained. 
The resulting thicknesses are called sediment 
isopachs.  

Sediment isopach data from seismo-
stratigraphic interpretations 
 

For the Southern Ocean region, sediment 
isopachs for the key time slices are derived 
from seismo-stratigraphic interpretations 
along the Antarctic and its conjugated 
margins, using seismic reflection and drilling 
data (summary, see Table 2).  

This data is compiled from different studies, 
focusing on individual sectors, basins and/or 
margins in the Southern Ocean. A wide range 
of different seismic datasets and 
lithostratigrapic analyses from different 
sediment drill sites for age constraints is used. 
Although the seismic stratigraphies vary 
significantly between different regions, 
several characteristic seismic unconformities 
with similar ages can be observed in most 

regions along the Antarctic margins. A key 
unconformity has been interpreted to have 
formed coevally with the continent-wide 
Antarctic glaciation, global sea level drop (e.g. 
Escutia et al., 2011; DeSantis et al., 2012; 
Leitchenkov and Guseva, 2012) and/or strong 
currents around the Late Eocene and Eocene-
Oligocene time period (Sauermilch et al., 
2019; Houben et al., 2019). This unconformity 
has been drilled offshore Wilkes Land (IODP 
Leg 318, East Antarctica) recovering two 
major Eocene hiatuses (51.9–51.06 and 47.9–
33.6 Ma; Escutia et al., 2011, Tauxe et al., 
2012). In the Weddell Sea (ODP site 690), two 
similar hiatuses in the middle Eocene-lower 
Oligocene unit have been recovered (Barker 
et al., 1988). Here, I use depth information of 
this seismic unconformity pattern as an 
approximation, to calculate pre- and post-38 
Ma sediment isopachs (after Hochmuth et al., 
2018).  

For the conjugate margins, I use either key 
horizons which have been dated to similar 
ages around the Eocene (Western and 
Southern Australia; e.g. Borissova et al., 2002, 
2010; Sauermilch et al., 2019) or interpolate 
between two prominent horizons (e.g. East 
India, interpolation between Late Paleocene 
and Late Miocene horizons; Desa et al., 2014). 
The sediment isopach grid (< 38 Ma) is 
calculated, setting the 38 Ma unconformity as 
its lower boundary and the ETOPO-derived 
seafloor depth as its upper boundary. 

A similar approach is used for the 67 Ma 
constraints. In some regions along the 
Antarctic margins, a prominent reflection 
pattern underlying the Eocene unconformity 
is interpreted to have formed sometime 
during the latest Late Cretaceous and Early 
Paleocene. To obtain a complete coverage 



CHAPTER 4 
 

52 
 

across the Southern Ocean at 67 Ma 
unconformities with slight timing variations 
along the margin are combined, from 65-59 
Ma in the Australian sector (Sauermilch et al., 
2019) to ~70 Ma in the Weddell Sea (Huang 
et al., 2014). Due to the thick glacial deposits 
in the Antarctic region, only sparse drill data 
exist with continuous records of ~60-70 Myr 
and/or older sediments (ODP site 690 - 
Weddell Sea; ODP Leg 183 - Kerguelen 
Plateau; ODP Leg 119 - Prydz Bay). In regions 
distant to these drill cores (particularly along 
the West Antarctic margins), many 
interpretations lack detailed seismic 
interpretations of unconformities older than 
~34 Ma (e.g. Brancolini et al., 1995) and/or 
use oceanic crust magnetic anomaly patterns 
as age constraints (e.g., Lindeque et al., 2016; 
Uenzelmann-Neben, 2018). In these regions, 
I interpolate between the oldest recovered 
unconformity and the basement reflection to 
constrain the thickness of sediments 
deposited between ~34 and 67 Ma (e.g. Ross 

Sea, between Early Oligocene (~30 Ma) and 
basement; Brancolini et al., 1995). The 
sediment isopach grid (< 67 Ma) is calculated, 
setting the ~67 Ma unconformity as its lower 
boundary and the ETOPO-derived seafloor 
depth as its upper boundary. 

Time-depth conversion (from seconds two-
way travel time to meters) of key seismic 
horizons in the Australian Sector (Mawson, 
D’Urville Sea; Southern Australia), Western 
Australia and Indian Sector (Davis Sea, Prydz 
Bay) has been implemented using p-wave 
velocity data from sonobuoy and ocean-
bottom-seismometer refraction data 
(Geoscience Australia database; Stagg et al., 
2004; Whittaker et al., 2013; Sauermilch et al., 
2019; Table 2). Seismo-stratigraphic studies 
from other regions provide sediment 
thickness information which are already 
presented in a depth domain (in meters; 
Table 2).

 

Table 2 Published seismo-stratigraphic interpretations, age drilling constraints and velocity 
data used in this study to derive sediment isopachs. 

AREA SEISMIC 

STRATIGRAPHY 

P-WAVE VELOCITY DATA STRATIGRAPHIC AGE CONSTRAINTS 

ANTARCTIC MARGINS 
D’Urville and 
Mawson Sea 
(Australian 
sector) 

Sauermilch et 
al. (2019, 
chapter 3) 

Sonobuoy/ocean-
bottom 
seismometers, 
Sauemilch et al. 
(2019, chapter 3) 

IODP Leg 318 (Escutia et al., 2011); 
DSDP Leg 28 (Hayes et al., 1975); 
ODP Leg 183 (Coffin et al., 2000) 

Davis Sea and 
Prydz Bay 
(Indian 
sector) 

After 
Leitchenkov 
and Guseva 
(2012) 

Sonobuoy/ocean-
bottom 
seismometers 
(Stagg et al., 2004) 

ODP Leg 119 (Barron et al., 1989); 
183 (Coffin et al., 2000); 188 
(Cooper et al., 2004) 

Cosmonaut, After Sonobuoy/ocean- Onlap onto magnetic anomalies 
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Riiser-Larsen 
and Lazarev 
Sea (African 
sector) 

Leitchenkov et 
al. (2008) 

bottom 
seismometers 
(Leitchenkov et al., 
2008) 

oceanic basement, horizon tracing 
from Indian sector (Leitchenkov et 
al., 2008) 

Weddell Sea Huang et al. 
(2014) 

Sonobuoys 
(Hübscher et al., 
1994; Jokat et al., 
1996) 

ODP 693-697 (Barker et al., 1988, 
SHADRILL (Smith and Anderson, 
2011)  

Ross Sea Brancolini et al. 
(1995) 

Average velocity 
1600 m/s 

DSDP Leg 28 (Hayes et al., 1975) 

CONJUGATE MARGINS 
Southern 
Australia 

Sauermilch et 
al. (2019, 
chapter 3) 

Sonobuoy/ocean-
bottom 
seismometers, 
Sauemilch et al. 
(2019, chapter 3) 

ODP Leg 182 (Feary et al., 2000) and 
Leg 189 (Exon et al., 2001); DSDP 
Leg 29 (Kennett et al., 1974); 
industry wells (Jerboa-1, Eucla-1, 
Eyre-1, Platypus-1, Potoroo-1, 
Greenly-1, Borda-1, Gnarlyknots -1,-
1A, Echidna-1, Duntroon-1, 
Vivonne-1, Morum-1, Amrit-1, 
Somerset-1; dredge samples BMR 
Survey 66 (Davies et al., 1989) and 
Survey 265 (Monteil et al., 2005)  

Western 
Australia 

After 
Borissova, 
2002; 
Borissova et al. 
(2010); Jones 
et al., 2011; 
Rollet et al., 
2013; Hall et 
al., 2013; 
Borissova and 
Nelson (2011); 
Totterdell et al. 
(2014) 

Sonobuoy/ocean-
bottom 
seismometers 
(Geoscience 
Australia database) 

DSDP Leg 26 (Davies et al., 1974); 27 
(Veevers and Johnstone, 1974); 28 
(Hayes et al., 1975); wells: Gun 
Island-1, Houtman-1, Charon-1, 
Pendock-1A, Edel-1, Herdsman-1; 
dredge samples from: RV Eltanin 54, 
55A (Frakes, 1973; Cassidy et al., 
1977), MD80 and MD110 
(Borissova, 2002); GA SS2005/09 
(Crawford et al., 2006) and 
SS2005/08 (Heap et al., 2008); BMR 
Survey 80 (Marshall et al., 1989); 
GA2476 (Daniell et al., 2010); BGR8 
(Exon, 1979); AGSO53 (Choi et al., 
1987); RS A57 (Marshall et al., 1989) 
and RS A96 (Colwell et al., 1990) 

East India After Desa et 
al. (2013, 

Desa et al. (2013): 
stacking velocities; 

DSDP Leg 22 (Moore et al., 1974), 
ODP Leg 116 (Cochran et al., 1990) 
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western Bengal 
Basin); Curray, 
(1994); 
Rangin and 
Sibuet (2017, 
(eastern 
Bengal Basin) 

Curray (1994): 
velocity-depth 
function after Nafe 
and Drake, 1963); 
Rangin and Sibuet 
(2017): ocean-
bottom 
seismometers 
(Sibuet et al., 2016) 

and 121 (Pierce et al., 1991) 

South Africa / 
Mozambique 

Castelino et al. 
(2015) 

Stacking velocities 
(Castelino et al., 
2015) 

Wells Zambezi-1, -3 (De Buyl and 
Flores, 1986; Salman and Abdula, 
1995) 

To calculate thicknesses of sediment 
deposited prior to 67 Ma and 38 Ma, 
basement depths from the global compilation 
of total sediment thicknesses (Straume et al., 
2019) are used. This compilation includes 

total sediment thicknesses from seismic data 
around Antarctica (Hochmuth et al., 2018). 
For the Bay of Bengal region, I use the total 
sediment thicknesses from Curray (1994), 

Figure 2 Global total sediment thickness grid compilation (Straume et al., 2019) with 
modification in the Bay of Bengal region (after Curray, 1994). 
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including the abnormally thick Bengal Fan 
sediment package (Figure 2). 

For the 67 Ma bathymetry reconstruction, I 
extend the Southern Ocean sediment isopach 
grids globally, using the global sediment 
thickness grid (Straume et al., 2019) and 
assuming constant sedimentation rate (total 
sediment thickness divided by crustal age; 
derived after Matthews et al., 2016; details, 
see section 2.2). 

Sediment decompaction 
 

After unloading the younger sediment 
packages (< 38 Ma and < 67 Ma), the 
underlying sediment material is corrected for 
sediment decompaction (increasing 

porosity %, after Sclater and Christie, 1980). I 
apply porosity-burial depth relationships for 
different lithological groups (after Shell 
International’s "Standard Legend"; Royal 
Dutch/Shell Group of Companies, 1976; 
Figure 3). Using lithological constraints from 
the Southern Ocean sediment drill sites 
(Table 2), I assume sand deposits for the 
continental shelves and ooze material for the 
continental slopes and abyssal plains, and 
calculate their decompactions. 

 

2.2 Correction for changes in 
crustal behaviour 
 
Plate tectonic reconstruction 

Figure 3 Porosity-Burial Depth-Relationship for different sediment lithologies (left column). 
The lithologies related to each group and related average density are shown (right column).  
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I use the plate tectonic rotation model and 
outlines of the continent-ocean-transition 
zones (COTZ) from Matthews et al. (2016) and 
the paleomagnetic reference frame after 
Torsvik et al. (2012), and van Hinsbergen et al. 
(2015). I correct for dynamic topography 
changes (details, see section below) using a 
global mantle-convection model by Müller et 
al. (2018, Model 7) which is reconstructed 
with Matthews et al. (2016)’s plate model. 

The resulting grids are reconstructed using 
GPlates 2.0 software and plotted with GMT. 

Crustal age, thickness, density and 
nature 
 

To constrain the age of the ocean floor I use 
the oceanic crustal age grid after Matthews et 
al. (2016) and add the outlines and formation 
ages of the LIPs after Whittaker et al. (2015) 
(Figure 4a). To calculate the thermal 
subsidence of extended continental margins 

Figure 4 Crustal information which are used for this reconstruction are (a) age of oceanic crust 
(Matthews et al., 2016; extrapolated onto the COTZ) and LIPs (Whittaker et al., 2015), (b) 
crustal thickness (Crust1.0 model by Laske et al., 2013; Australian-Antarctic region by Williams 
et al., 2011), (c) subdivision of (un-)extended continental crust (cc), oceanic crust (oc), LIPs 
and peridotite ridges (in the Australian-Antarctic basin) are shown (details, see legend); and 
(d) functions for thermal subsidence of unstretched (brown line), extended (yellow, orange, 
red lines) continental crust and oceanic crust/LIPs/peridotite ridges (green, blue lines). 
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(details, see following section), I use an 
approximation for the rift ages by 
extrapolating the ages of the oldest magnetic 
anomalies of the oceanic crust onto the COTZ 
(Figure 4a). 

For corrections of thermal subsidence, the 
lithosphere is subdivided into normal oceanic 
crust, oceanic crust within the Australian-
Antarctic Discordance (AAD), LIPs, peridotite 
ridges, extended continental crust (with 
stretching factor β = 1.5, 2.5, 4.5) and 
unstretched continental crust (β = 1.0; Figure 
4c). The following parameters for reference 
crustal thickness ! and average density " are 
used: oceanic crust ( ! = 6.5	(), " =

2.85 -

./0 ; Hamilton, 1978), oceanic crust of 

AAD ( ! = 4	() , " = 2.85 -

./0 ;	 average 

values from seismic refraction data in Stagg et 
al., 2004; regional extent AAD (500 m contour) 
after Whittaker et al., 2010); LIPs (! = 20	(); 
average z for Kerguelen Plateau, after Charvis 

and Operto, 1999; " = 2.85 -

./0), peridotite 

ridges in the Australian-Antarctic Basin, after 

Gillard et al., 2015 (! = 6.5	(), " = 3.3 -

./0; 

after Boyd and McCallister, 1976), extended 
continental crust ( ! = 7.5	(), 15	(); 	" =

2.78 -

./0 ; LePichon and Sibuet, 1981), and 

unstretched continental crust ( ! =

30	(), " = 2.78 -

./0 ; LePichon and Sibuet, 

1981). 

To define the extended continental crust 
region, I use Matthews et al. (2016)’s outline 
for the COTZ as the outermost boundary. 
Based on the global crustal thickness data 
from CRUST 1.0 (Laske et al., 2013) and 
regional data compilation by Williams et al. 
(2011) for the Australian-Antarctic basin 
(Figure 4b), I subdivide the continental crust 

into regions with different stretching factors 
with 8 =
9ℎ;<(=>??(ABCDEFD.GFH	..) 9ℎ;<(=>??(FIDFBHFH	..)⁄  

(after McKenzie, 1978). Regions with crustal 
thickness > 30 km (β = 1, unstretched), 30 ≤ 
x > 15 km (β = 1.5), 15 ≤ x > 7.5 km (β = 2.5) 
and ≤  7.5 km (β = 4.5) are defined as 
subgroups (Figure 4c). 

Different thermal subsidence curves are used 
for the crustal subgroups. I apply the plate 
cooling model “Global Depth and Heat flow” 
GDH1 (Stein and Stein, 1992) for the oceanic 
crust, peridotite ridges and LIPs (Figure 4d). 
For extended continental crust, the 
subsidence model by McKenzie (1978) is 
applied. The subsidence function varies with 
different stretching factors β (Figure 4d). 
Linear thermal expansion LMis set to 3.28*10-

5 °C-1 and temperature of the asthenosphere 
NO  to 1330°C (LePichon and Sibuet, 1981). 
Thermal diffusivity P  is set to 1 mm2/s 
(Whittington et al., 2009). Reference 
densities for mantle and sea water are set to 
3.35 and 1.03 g/cm3, respectively (LePichon 
and Sibuet, 1981). The compensation depth is 
set to 125 km (McKenzie, 1978). 

Isostatic rebound 
 

Sediment unloading and changes in sea level 
affect the isostatic equilibrium between the 
lithosphere and asthenosphere which need 
to be corrected. The isostatic rebound is 
calculated assuming Airy isostasy with a 
simple local loading for the lithosphere. This 
model assumes that the crust deforms only 
immediately below the unload. Crustal 
rigidity and flexural effects are neglected. No 
correction for isostatic rebounds related to 
ice sheet removal or glacial sediment erosion 
is included. 
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Reconstruction of subducted crust 
 

Regions of oceanic and continental crust that 
have been subducted since the reconstructed 
geological time cannot be reconstructed with 
the method used in this study. Therefore, 
these regions are filled with data from the 
paleobathymetry grid from Baatsen et al. 
(2016) for the 38 Ma reconstruction, and 
Müller et al. (2008) for the 67 Ma 
reconstruction. 

Müller et al. (2008) and Baatsen et al. (2016) 
assume spreading symmetry in order to 
reconstruct subducted crust, in regions 
where one flank of mid-ocean ridges still exist. 
For regions which are entirely subducted 
today, a subduction reconstructed model by 
Heine et al. (2004) is used.  

2.3 Correction for changes in 
mantle behaviour (dynamic 
topography) 
 

Plate tectonic motions influence down- and 
upwelling mechanisms in the mantle domain 
which affect the paleodepths at the Earth’s 
surface in large-scale (> 1000 km) and small-
scale wavelengths (“dynamic topography”; 
e.g., Zhang et al., 2012; Flament et al., 2013; 
Müller et al., 2018; Flament, 2019). Modelling 
dynamic topography changes throughout 
geological time can be validated through 
comparison with geological records of marine 
flooding events onto the continents (Gurnis 
and Müller, 1993; Spasojevic and Gurnis, 
2012; Müller et al, 2018) and residual 
topography analyses (Hoggard et al., 2016; 
Flament, 2019). Dynamic topography 
reconstruction is particularly difficult along 

passive margins, as additional topographic 
changes occur during the rifting process 
which are difficult to set apart from mantle-
convection driven changes (Müller et al., 
2018).  

Here, I correct my bathymetry 
reconstructions for long-wavelength dynamic 
topography changes. Seven global mantle 
convection models were presented by Müller 
et al. (2018) simulating the dynamic 
topographic evolution throughout the 
geological past, since the Cretaceous. These 
models differ from each other, using different 
plate tectonic models, viscosity profiles and 
inclusion of mantle plume activity (details, 
see Müller et al., 2018). 

Here, I determine which dynamic topography 
model shows the least median and 2σ of 
depth difference between present-day 
modelled depth and the residual topography 
data in the Southern Ocean region (> 30°S), 
the regional focus of my bathymetry 
reconstruction. For this approach, I follow the 
comparative analysis scheme by Flament 
(2019) comparing high-accuracy residual 
topography depth data for the present-day 
(Hoggard et al., 2017; geoid-corrected, 1° bins) 
derived from Southern Ocean drill sites with 
present-day dynamic topography depths 
from each model in the same region (Müller 
et al., 2018; Figure 5, left column). I calculate 
the depth differences where residual 
topography data points exist, and plot 
locations where the  
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Figure 5 (cont.)  
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Figure 5 Comparison of existing global mantle-convection driven dynamic surface topography 
models at present-day (Müller et al., 2018) to the high-accuracy spot constraints of the 
present-day residual topography, derived from drill sites (Hoggard et al., 2017) for the 
Southern Ocean region (< 30°S, left column, colour scale for both datasets). Locations where 
the depth difference between both datasets exceed 2σ (σ = standard deviation) are shown in 
the central column (see colour scale for depth difference in km). The relationship between all 
available correlated dynamic and residual topography depth data is shown in a scatter plot in 
the right column, with the calculated median and 2σ of the depth distance (in km, see colour 
scale for values).  
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difference exceeds values of 2 standard 
deviations (2 σ; Figure 5, central column). In 
addition, I evaluate all available data points 
for residual topography depth against 
dynamic topography depth, their median and 
2 σ (Figure 5, right column). I choose the 
model with the least depth misfit at present-
day, and correct my bathymetry 
reconstruction for the evolving large-scale 
dynamic topography changes which are 
simulated with this model. 

Dynamic topography model 7 shows the least 
median and 2σ of depth difference to the 
residual topography data (median = 0.249 km, 
2 σ = 1.045 km; Figure 5), and is therefore, the 
best-fitting option for my Southern Ocean 
bathymetry reconstruction. This model uses 
the plate model after Müller et al. (2016, 
which is incorporated in Matthews et al. 
(2016) for reconstruction times 230 Ma-0 
Ma), is based on an extended Boussinesq 
approximation, suppresses mantle plumes, 
and uses a depth-dependent mantle viscosity 
profile which is similar to what has been 
applied at the Steinberger and Calderwood 
(2006) study (Müller et al., 2018). Müller et al. 
(2018) determines Model 7 as the best-fitting 
model to the global geologically-derived 
continental inundation and paleocoastline 
constraints (Golonka, 2007, 2009; Smith et al., 
1994) for the Cretaceous and Cenozoic, which 
coincides with my analytical results.  

I subtract the present-day dynamic 
topography (Figure 6, 0 Ma) from my 
bathymetry grid, and add the dynamic 
topography which is closest to my 
reconstruction time (Figure 6, 39 Ma and 69 
Ma) back to my bathymetry grid after it has 
been tectonically reconstructed with the 

same plate model (Matthews et al., 2016; 
Müller et al., 2016).  

 

 

 

 

Figure 6 Simulated global surface topographies 
for the geological time slices 0 Ma, 39 Ma and 
69 Ma, derived from the best-fitting model in 
the Southern Ocean (Model 7, Müller et al., 
2018). 
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2.4 Corrections for changes in 
global sea level 
 

I correct for global sea level changes and 
isostatic adjustment since my reconstruction 
times, and use data from the global eustatic 
sea level curve by Haq and Al-Qahtani (2005; 
Figure 7). This synthesis by Haq and Al-
Qahtani (2005) is an updated version of Haq 
et al. (1988) and has been used in previous 
“backwards” bathymetry reconstructions 
with BALPAL (e.g. Castelino et al., 2016).  

 

2.5 Calculation of slope gradients 
 

Seafloor roughness can be described using 
slope gradients (LaCasce, 2017; LaCasce et al., 
2019). The slope gradients of the 
paleobathymetry grids (this study, previous 
works) are computed for analysis, using 
software GMT 6.0, module “grdgradient”. It 
determines the slope directions (measured 
clockwise, starting from north) and calculates 
the scalar magnitude of all positive, upslope 
gradient vectors.  

3. RESULTS 
 

Sediment isopachs for post-/pre- 38 Ma and 
67 Ma in the Southern Ocean region (Figure 8) 
as well as high-resolution paleobathymetry 
grids for the Late Cretaceous (67 Ma, 0.5°) 
and Late Eocene (38 Ma, 0.25°, Figure 10) are 
presented. The 67 Ma sediment isopachs and 
bathymetry reconstruction is extended 
globally (Figure 10). 

 

3.1 Sediment thicknesses 
 

Offshore Antarctica, pre-67 Ma sediments 
reach thicknesses up to 6 km, in the Weddell 
Sea, Riiser-Larsen Sea, eastern D’Urville Sea 
and western Ross Sea (Figure 8). Sediments 
deposited between 38 Ma and 67 Ma reach 

Figure 7 Global relative sea level variations 
over the past 100 Ma (after Haq and Al-
Qahtani, 2005). 
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thicknesses up to ~3 km (Riiser-Larsen Sea, 
Weddell Sea). Post-38 Ma sediment units are 
thickest in the Ross Sea region, Mawson Sea, 
and western Weddell Sea, reaching up to ~4.5 
km thickness (Figure 8; after Hochmuth et al., 
2018).  

In the other regions where seismo-
stratigraphic data have been included in this 
study, pre-67 Ma sediments reach up to 11 
km (Bay of Bengal). Along the Southern 
Australian margin, sediment units up to 8 km 
thick are observed. In contrast, thin sediment  

Figure 8 Circum-Antarctic sediment isopachs for post-/pre- 38 Ma (after 34 Ma isopachs by 
Hochmuth et al., 2018) and post-/pre- 67 Ma. 
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Figure 9 Global compilation of post- and pre-67 Ma sediment thicknesses, including 
Southern Ocean sediment isopach data (see Table 1 and Figure 8), and global extension 
with Straume et al. (2019) assuming constant sedimentation rates relative to the crustal 
age (Matthews et al., 2016). 
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units are detected offshore Western Australia 
at the same time period. Post-67 Ma, very 
thin layers are observed offshore Southern 
and Western Australia, with less than 2 km 
thickness. 

3.2 High-resolution 
paleobathymetry grids 
 

Southern Ocean reconstruction 
 

Southern Ocean bathymetric reconstructions 
at 67 Ma (0.5° resolution) and 38 Ma (0.25° 
resolution) are presented (Figure 10a). The 
overall depth of the Southern Ocean basins 
increases through this time, due to the 
continuous thermal subsidence of oceanic 
crust and LIPs. Large regions of the Kerguelen 
Plateau are subaerial during the Late 
Cretaceous and submerge almost entirely by 
the Late Eocene. The West Antarctic shallow 
water connection between Weddell and 
Amundsen Sea disappears between 67 and 38 
Ma. Zealandia moves northward away from 
the Antarctic continent, which widens the 
basin in between from about 400 km width to 
more than 1000 km.  

Seafloor slope gradients are calculated from 
the paleobathymetry grids (Figure 10b). Grid 
regions that have been calculated using the 
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“backwards” modelling approach in this study, 
show slope gradients which range mainly 
between 10-4 to 10-1 (slopes mainly ranging 
from ~0.05° to 45°, Figure 10b). Regions 
which have subducted since the 
reconstruction time, have been filled with the 
bathymetry grids of Baatsen et al. (2016) for 
the 38 Ma grid and by Müller et al. (2008) for 
the 67 Ma grid. These regions, which are 

located in large parts of the Pacific Ocean and 
offshore North and North-western Australia, 
show gentler slopes in the oceanic basins with 
gradients mainly ranging between 10-3 to 10-4 
(slope angles gentler than ~0.5°, Figure 10b).  

Figure 10 Reconstruction of the Southern Ocean (a) paleobathymetry and (b) slope 
gradients (in logarithmic scale) of the reconstructed seafloor, for the Late Cretaceous (67 
Ma, 0.5°, left column) and Late Eocene (38 Ma, 0.25°, right column). Black lines indicate the 
reconstructed coastlines.  
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Figure 11 Late Cretaceous (67 Ma, 0.5°) reconstruction of (a) the global 
paleobathymetry and (b) slope gradients of its reconstructed seafloor (in logarithmic 
scale). Black lines indicate the reconstructed coastlines.  
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Slope gradients of 10-2 and higher are 
observed along the reconstructed continental 
slopes. 

Global reconstruction  
 

A global bathymetry grid in high-resolution 
(0.5°) is presented for the Late Cretaceous 
time slice (67 Ma, Figure 11a). A large region 
of the grid is calculated using the “backwards” 
modelling approach in this study, showing 
slope gradients (similar to the Southern 
Ocean bathymetry grids, Figure 10) ranging 
between 10-4 to 10-1 (Figure 11b). Regions 
which have been filled with the Müller et al. 
(2008) bathymetry (large parts of the Pacific 
Ocean, Tethys Oceans) show smaller slope 
gradients in the order of 10-3-10-4 in the 
deeper ocean basins but reach up to 10-2 
along the mid-ocean ridges and >10-2 along 
the continental slopes (Figure 11b).  

 

4. DISCUSSION 
 

4.1 Circum-Antarctic 
sedimentation during the 
Cretaceous and Cenozoic  
 

During the Cretaceous and Cenozoic, the 
Antarctic landscape and climatic environment 
changed fundamentally (e.g., Zachos et al., 
2008) as did the sediment deposition 
patterns offshore Antarctica (e.g., Sauermilch 
et al., 2019 - Chapter 3).  

During the Cretaceous (pre-67 Ma), 
sedimentation along the Antarctic margins 
was likely dominated by fluvial and rift 
deposits (e.g. Sauermilch et al., 2019; 
Leitchenkov and Guseva, 2012). The Weddell 

Sea consists of pre-67 Ma deposits reaching 
about 6 km thickness. It is the oldest East 
Antarctic basin and formed during the early 
stages of Gondwana breakup (separation 
between Africa and Antarctica at ~153 Ma; 
Roeser et al., 1996; Jokat et al., 2003). During 
the humid and warm Cretaceous, large-scale 
paleoriver systems likely dominated the 
Antarctic landscape, transporting large 
amount of terrigenous material from the 
continental interior into the offshore regions 
(e.g. Sauermilch et al., 2019; Domack et al., 
1980). Depocentres are located offshore 
present-day subglacial sedimentary basins, 
e.g. Sabrina and Wilkes basin (Sauermilch et 
al., 2019). Similar sedimentary conditions 
were present along the conjugate Southern 
Australian margin, with the paleo Ceduna 
river system transporting material from 
catchment region about 1000 km distant, and 
forming offshore delta systems (e.g. Ceduna 
Delta, Totterdell and Krassay, 2003). In 
contrast, very thin pre-67 Ma deposits are 
observed along the western Australian 
margin, which may indicate that 
paleotopographic conditions on the 
Australian continent led the transport of the 
majority of the fluvial material towards the 
southern margin. A possible explanation is 
the formation of the Australian-Antarctic 
Discordance (e.g. Gurnis and Müller, 1993) 
leading to a topographic depression which 
may have acted as a sedimentary depocenter 
for the offshore deltaic deposition to 
concentrate (rather than along the western 
Australian margin).  

Relatively thin sediment units are deposited 
offshore Antarctica between 67 Ma and 38 
Ma. Drill sites which recovered material from 
this time period, revealed long-term hiatuses 
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over several million years (>14 myrs hiatus: 
51.9–51.06 and 47.9–33.6 Ma; offshore 
Wilkes Land; Escutia et al., 2011). Post-67 Ma, 
Antarctic climate transitioned from warm and 
humid conditions to colder and more arid 
conditions (e.g., Scher et al., 2014; Sauermilch 
et al., 2019) which culminated to Antarctic-
wide glaciation in the Late Eocene and 
Eocene-Oligocene transition. Particularly the 
formation of first ice sheets causing high-
pressure conditions in the atmosphere, and 
consequently more arid conditions in 
Antarctica (Scher et al., 2014) may have led to 
a decrease in terrigenous influx from the 
continent into the offshore regions 
(Sauermilch et al., 2019). Additionally, strong 
current activity with winnowing and 
glauconite formation during the Late Eocene 

is observed circum-Antarctica (Houben et al., 
2019) which contributes to low 
sedimentation throughout this time period. 
Both processes may be the reason for thin 
“transitional” sediment deposits between 67 
Ma (dominated by deltaic deposits) and 34 
Ma (onset of glacial deposits). 

Post-34/38 Ma sedimentation along the 
Antarctic margins is mainly dominated by 
large-scale glacial sediment deposits that 
begin with the onset of continent-wide 
glaciation in Antarctica around 34 Ma (e.g., 
Zachos et al., 2008; Escutia et al., 2011). Post-
38 Ma sediments around Antarctica are 
thickest in the Ross Sea region, Mawson Sea 
and western Weddell Sea (maximum 
thickness about 4.5 km, Figure 8). These 

Figure 12 Post-38 Ma sediment deposition offshore Antarctica (a) compared to erosion 
calculation due to ice sheets (b) by Jamieson et al. (2010). Maximum erosion (red arrows) 
correlates with the depocentres of maximum sediment deposition in the offshore regions 
(present-day ice surface (grey lines) and modelled present-day ice surface (black lines) are 
shown; contours in 500 m interval). White outlines in (a) show the glacial catchment 
provenances (after Fretwell et al., 2012). 
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depocenters are located offshore regions 
which are affected by large-scale sediment 
erosion by ice sheets, simulated by ice sheet 
models (Jamieson et al., 2010; Figure 12).  

 

4.2 Comparative analysis of 
paleobathymetric reconstructions 
 

Numerous paleobathymetric reconstructions 
have been implemented in the past, either 
using a forward modelling approach creating 
global grids which lack detailed seafloor 
roughness and realistic slopes in the oceanic 
basins, or using a backwards modelling 
approach resulting in regionally restricted 
grids with detailed, high-resolution seafloor 
features with slope gradients similar to the 
present-day (Table 1). Here, I compare my 
bathymetry grids with previous models and 
the present-day ETOPO-1 bathymetry, in 
terms of seafloor slope gradients and 
reconstruction of the continental slopes. 

Seafloor slope gradients 
 

The majority of the present-day seafloor 
consists of slope gradients in the order of 10-

4 and higher (slope angles > ~0.05°) which has 
been found to significantly influence the 
vertical structure of the ocean circulations 
and subsurface eddy velocities (LaCasce, 
2017; LaCasce et al., 2019). Previous 
paleobathymetry grids which have been 
reconstructed on a global scale were mostly 
presented as high-resolution grids (0.1°) but 
lack such slope distribution and sufficient 
seafloor roughness, particularly in the deeper 
oceanic basins. The majority of the seafloor 
consists of slope gradients in the order of 10-

3 to 10-5 and slopes are in average not as steep, 

as in the present-day bathymetry. Only 
regions of continental slopes and mid-ocean 
ridge crests reach maximum slope gradients 
in the order of 10-1 (e.g., Baatsen et al., 2016; 
Figures 13-15; details see section below). 
Scotese and Wright (2018) provide 
bathymetry grids in 1° resolution and seafloor 
gradients ranging from 10-1 to 10-4 along the 
slopes as well as in the deeper ocean basins, 
which is similar to the present-day (presented 
in the same 1° resolution in Figure 1). 
However, this grid lacks any seafloor 
roughness for the regions which have been 
subducted since the reconstruction time and 
slopes gradients ≪  10-4 are observed. In 
terms of seafloor roughness, overall depths 
and slope distribution, Scotese and Wright 
(2018)’s reconstruction is most realistic to the 
present-day and similar to my reconstruction 
grid, but reconstructed in lower resolution. 

The bathymetry grids presented in this study 
show seafloor slope gradients ranging from 
10-4 to 10-1, preserve realistic seafloor 
roughness in the ocean basins and contain 
detailed features, similar to the present-day 
(Figures 13-15). Regions which have been 
subducted since the reconstruction time 
consist of gentler slopes with maximum 
gradients about 10-3 in the ocean basins. The 
seafloor roughness, slope distribution and 
resolution of my reconstruction grids are 
closest to the present-day observations, 
compared to previous studies. However, no 
reconstruction grid contains the same 
amount of prominent fracture zones with 
steep slope gradients up to 10-1 as in today’s 
seafloor (Figures 13-15).  
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Figure 13 Comparison of 38 Ma paleobathymetries for the Late Eocene Southern Ocean 
(black lines indicate the coastlines). Seafloor depths (a) of the studies are shown with both 
colour bars indicating the seafloor depth in meters. Note: The paleobathymetry grid from 
Hayes et al. (2009) is not publicly available and has therefore a different colour scale. The 
seafloor slope gradients (b, logarithmic scale) of each reconstruction and ETOPO-1 (0.25° 
resolution; Amante and Eakins, 2009) are shown. 
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Figure 14 Comparison of 67 Ma paleobathymetries for the Late Cretaceous Southern 
Ocean (black lines indicate the coastlines). Seafloor depths (a) of the studies are shown, 
with three colour bars indicating the seafloor depth in meters (Hayes et al. (2009)’s and 
Sewall et al. (2007)’s grids are not publicly available and have therefore a different colour 
scale). Seafloor slope gradients (b, logarithmic scale) of each reconstruction and ETOPO-1 
(Amante and Eakins, 2009) are shown. 
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Reconstruction of continental slopes 
along the COTZ  
 

Numerous oceanographic studies 
demonstrate the importance of continental 
slopes influencing the ocean currents (e.g., 
Thompson and Heywood, 2008; Meijers et al., 
2010; Stewart et al., 2019). Reconstructing 
the paleo continental slopes along margins is 
particularly difficult due to the complex 
transition between (extended) continental 
crust and oceanic crust (COTZ). It has led to 
either restriction of the bathymetry 
reconstruction to the oceanic crust regions 
only (e.g. Müller et al., 2008), large-scale 
step-like artefacts in the seafloor depth 
within the COTZ (e.g. Castelino et al., 2016, 
with 1500 m depth difference) or an 
approximation of the slope gradients 
according to observations in the present-day 
bathymetry (Goswami et al., 2015, 2018; 
Pérez-Díaz and Eagles, 2017, 2018). 

Different approaches have been undertaken 
to create smoother transitions from 
continental to oceanic crust, with more 
realistic slope angles. Castelino et al. (2016) 
extrapolated the oceanic crustal age onto the 
COTZ, calculating its thermal subsidence with 
the same settings as the oceanic crust. Pérez-
Díaz and Eagles (2017, 2018) define an inner- 
and outermost line along the COTZ, and 
define paleobathymetric ‘fix points’ at each 
line, to determine a depth profile with similar 
shape of the present-day bathymetry. The 
inner line is closest to the oceanic crust and 
its depth is calculated with Stein and Stein 
(1992)’s thermal subsidence relationship; the 
outer line (continent-ward)’s depth is taken 
from the present-day topography (Smith and 
Sandwell, 1997) and corrected for isostatic 

rebound of sediment, crustal thickness 
variation and dynamic topography. Goswami 
et al. (2015, 2018) used a similar approach as 
Pérez-Díaz and Eagles (2017, 2018), defining 
three margin segments (shelf, slope, rise) 
with different slope gradients, which are 
taken from present-day COTZ depth profiles. 
Baatsen et al. (2016) set a fixed depth of 200 
m for the continental shelf regions, used 
Crosby et al. (2006)’s plate cooling model to 
derive the oceanic crust depths, and 
smoothed the transition with a mask, to avoid 
step-like artefacts. 

Considering the continuous deepening of the 
oldest oceanic crust due to thermal 
subsidence, it can be assumed that the 
present-day COTZ gradient is at its steepest 
since formation. The reconstruction method 
used in Baatsen et al. (2016) leads to 
continental slopes along the COTZ with 
slightly steeper gradients than the ETOPO grid 
(Figure 13b). Müller et al. (2008) only 
reconstruct the oceanic crust bathymetry and 
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therefore, do not show any COTZ without any 
slopes. Scotese and Wright (2018) show slope 
gradients along the COTZ which are similar to 
present-day slopes. However, unfortunately, 
no details about their reconstruction method 
are publicly available. The other 
reconstruction grids shown in Figures 13a and 
14a are not publicly available and therefore, 
no slope gradient analysis could be 
performed. Grids by Goswami et al. (2015; 
2018) and Pérez-Díaz and Eagles (2017, 2018) 
are not publicly available either, and are not 
reconstructed to the same reconstruction 
times as presented in this study. Therefore, 
no slope gradient comparison could be 
performed. 

This study (Figures 13b, 14b) uses McKenzie 
(1978)’s thermal subsidence curves for 
extended continental margins and define 
regions with different stretching factors. No 
step-like artefacts are produced with this 
approach. Furthermore, using the “backward” 
modelling approach allows the preservation 
of bathymetry details along the COTZs. Final 
continental slope gradients are similar to 
present-day slopes.  
 

4.3 Model limitations 
 

The backwards reconstruction method used 
here shows strong limitations in the accurate 
reconstruction of crustal regions, which have 

Figure 15 Comparison of seafloor slope gradients (logarithmic scale) of this study’s 67 Ma 
global bathymetry grid (a) with previous global bathymetry reconstructions for the Late 
Cretaceous (c, d - publicly available) and ETOPO-1 (b, 0.5° resolution, Amante and Eakins, 
2009). Black lines indicate the coastlines. 
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been subducted since the reconstruction 
time. For these regions, I fill these grid gaps 
with paleobathymetries from Baatsen et al. 
(2016, for 38 Ma) and Müller et al. (2008, for 
67 Ma). However, the seafloor roughness and 
high-resolution cannot be preserved in these 
areas (Figures 13-15). Furthermore, merging 
my bathymetry grids with different 
reconstruction grids carry potential to 
produce artefacts at the grid interlinks. 

Uncertainties in the sediment thickness grids 
based on seismic interpretations covering 
such a large region are inevitable in certain 
areas, due to a lack of geological constraints, 
decreased resolution of seismic signal in 
deeper profile sections, different acquisition 
and processing parameters between seismic 
surveys, deformation of characteristic older 
sediment structures due to compaction by 
thick overlying material, or reflections 
onlapped or truncated on bathymetric 
obstacles hampering correlation. This is a 
particular strong uncertainty for the dating of 
older horizons along the Antarctic margins, 
due to the thick glacial deposits and lack of 
deep drill sites. Sediment onlaps onto 
magnetic anomalies of the oceanic crust and 
tracing of key horizons along the margins are 
used in areas without clear geological age 
constraints (e.g. Riiser-Larsen Sea, African 
Sector). As no carbonate-rich sediments are 
drilled and expected offshore the Antarctic 
regions, uncertainties in seismic-core-log 
correlations can be neglected (see chapter 2).  

In addition, I do not account for isostatic 
adjustment due to the load of the Antarctic 
ice sheets, and the unload of sediments 
eroded from the Antarctic continents. After 
Rugenstein et al. (2014), glacial isostatic 
adjustment offshore Antarctica ranges from -

180 m to ~100 m, which is insignificantly low, 
compared to the other uncertainties 
mentioned above, and are therefore 
neglected. Although, I apply different 
thickness parameters for the LIPs, no swells 
and potential mantle uplift events during the 
LIPs formation are incorporated.  

 

5. CONCLUSION 
 

I present, for the first time, high-resolution 
(0.5° and 0.25°) bathymetry grids for the Late 
Cretaceous (67 Ma) on a global scale and for 
the Late Eocene (38 Ma) for the Southern 
Ocean. These grids preserve realistic seafloor 
roughness, slope distribution (in the order of 
10-4 to 10-5) and geometric details similar to 
the present-day bathymetry. Using such high-
resolution boundary conditions for ocean 
models has significant implications for 
resolving more realistic ocean circulation 
patterns, as it has been shown in studies of 
present-day ocean circulations (LaCasce, 
2017; LaCasce et al., 2019).  

In recent years, tectonic processes and 
changes in bathymetry have been considered 
to play a secondary role in influencing climate 
transitions, compared to other climate drivers 
like changing atmospheric CO2 
concentrations (e.g., Huber et al., 2004; 
DeConto and Pollard, 2003). However, it is 
likely that over-simplification of the 
bathymetric boundary conditions in ocean 
and coupled ocean-climate models may be a 
key reason for underestimating the role of 
bathymetric changes in the geological climate 
system. Using such detailed bathymetry grids 
as boundary conditions will help to address 
this problem.  
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Global ocean temperatures dropped rapidly by ~4.3 °C within 1.5 million years marking the 

global climate transition from “Greenhouse” to “Icehouse” conditions at the Eocene-Oligocene 

Transition (EOT) around 34 million years ago(1). For many decades, the role of the opening 

Tasmanian and Drake gateways, enabling the onset of circumpolar flow has been proposed to 

thermally isolate and cool Antarctica(2). However, ocean models have failed to reproduce 

expected pre-glaciation heat transport from equatorial regions to the Antarctic coast(3,4), and 

the onset of eastward circumpolar flow may have been delayed 4-23 million years after glacial 

expansion(5,6). Therefore, the mechanism driving this transition has increasingly been 

attributed to declining atmospheric CO2 concentrations(7,8). Here, we use a high-resolution 

(0.25°) ocean model with realistic Late Eocene paleobathymetry to demonstrate a dramatic 

Southern Ocean climate transition caused by progressive tectonic gateway deepening. When 

at least one gateway (Tasmanian or Drake) is shallow (≤ 300 m), ocean gyres in the subpolar 

Pacific and Atlantic transport warm (up to 20 °C) equatorial waters to the Antarctic coast. When 

the second gateway subsides below 300 m, these gyres weaken and a dramatic cooling of the 
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Antarctic waters by >6°C is observed. Once both gateways are deeper than 600 m, the 

eastward circumpolar current strengthens and dominates the Southern Ocean. This explain its 

recorded delay by up to 4-23 myrs after the EOT climate shift(5,6). Our model results are 

consistent with all available paleo sea surface temperature, microfossil and isotope records 

from sediment cores from across the EOT. Our results show that tectonically-induced 

oceanographic changes likely played a key role in the Eocene climate transition. 

 

During the Cenozoic (66 to 34 million years 

ago, Ma), the Earth underwent one of the 

most fundamental global climate transitions 

known in geological history, from hot 

“Greenhouse” conditions to cold “Icehouse” 

conditions. This transition culminated in 

rapidly dropping global mean ocean 

temperatures by 4.3 K from ~34 Ma to 33.5 

Ma, and the formation of continent-wide 

glaciers in Antarctica, both recorded by a 

rising benthic ẟ18O trend(1). Understanding 

the key mechanisms driving this transition 

remains difficult as several large-scale events 

occurred around this time period: long-term 

declining atmospheric carbon dioxide (CO2) 

levels(8), tectonic opening of both Southern 

Ocean gateways (Tasmanian Gateway, TG; 

and Drake Passage, DP), and large-scale 

changes in ocean circulation(2,6). In addition, 

only sparse geological records exist, 

particularly for the crucial Eocene-Oligocene 

transition (EOT, ~34 Ma)(9). The main 

proposed triggers for ocean cooling and 

Antarctic ice sheet expansion around 34 Ma 

are decreasing CO2 levels passing a threshold 

of 780 ppm(7), and the onset of a thermally 

isolating Antarctic Circumpolar Current (ACC), 

induced by the opening of the TG and DP(2). 

Uncertainties remain for both 

hypotheses(3,9,10). Atmospheric CO2 

concentration declined from >1125 ppm(9,11) 

during the early Eocene (52-48 Ma) to ~780 

ppm(3) around the EOT. However, a clear 

connection to the global cooling ẟ18O trend(1) 

remains difficult due to significant gaps in the 

paleo CO2 record prior to the EOT(9,12). The 

wide range of CO2 estimates from different 

proxy methods that diverge up to 1100 ppm 

for the same geological time(12) complicates 

this further. Additionally, the simulated CO2 

threshold under which intermediate sized ice 

sheets form ranges from 560 to 920 ppm(10), 

depending on the ice sheet and climate 

model configuration. 

Similarly, uncertainties remain around the 

timing and role of the Southern Ocean 

gateways opening. Estimates for opening of 

the tectonically complex DP range from 49 

Ma(13) to 17 Ma(14). Although the timing of the 

TG opening is better constrained, 

uncertainties remain around its evolving 

paleodepth through the Late Eocene(6). The 

onset of an eastward ACC appears delayed by 

up to 4-23 million years (myrs) after the 

dramatic climate shift(5,6). Finally, low-

resolution (1 - 3.75°) ocean models simulating 

pre-EOT conditions have been unable to 

reproduce expected transport of warmer 

subtropical water currents to the Antarctic 

coast(3,4,15). 

We utilise recently increased computational 

capabilities to run high-resolution ocean 

model simulations which are more accurate 

regarding the equations of motion and which 
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permit ocean eddies that are responsible for 

lateral stirring, transport and a large 

proportion of ocean heat transport(16). For 

the first time, we employ a reconstructed 

bathymetry with detailed seafloor geometry 

and roughness (Figure 1a)(17) at higher 

resolution than in previous studies(3,4,15). 

Bottom roughness and small-scale ocean 

bathymetry features have recently been 

shown to have a large influence on large-scale 

ocean-circulation(18-20). We simulate gateway-

driven changes in ocean circulation and 

temperature distribution with a configuration 

of the Massachusetts Institute of Technology 

general circulation model (MITgcm(21)) run 

with a horizontal grid spacing of 0.25° and 50 

vertical layers (Methods, see Supplementary 

Information, SI). Model configurations 

simulate a stepwise subsidence of both 

gateways, adjusting the depths to 300m, 

600m and 1000m (DP) / 1500m (TG) (Figure 

1b,c). All model runs use the same forcing, 

taken from a coupled climate-ocean model(22) 

under constant atmospheric CO2 

concentration representing Late Eocene 

conditions (800 ppm; Methods, see SI). 

When at least one gateway is shallow (≤ 300m, 

Figure 2a), ocean gyres dominate the 

subpolar Pacific and Atlantic basins. These 

large-scale gyres, with interior strengths 

exceeding 30 sverdrups (1 Sv ≃ 106 m3 s-1), 

transport warm equatorial surface waters 

poleward on their eastern sides to the 

Antarctic coast. Sea surface temperatures 

(SST) reach up to 20 °C in the subpolar Pacific 

and the Australian-Antarctic Basin (AAB), and 

15-17 °C in the subpolar Atlantic. The centres 

of the clockwise-circulating gyres are cooler 

(11-12 °C), possibly caused by Ekman 

upwelling of cold deep water. Our ocean 

models are the first to reproduce the warm 

pre-EOT conditions that have been proposed 

by the thermal isolation hypothesis(2). This 

stands in contrast to previous modelling 

results that could not simulate the transport 

of warm water to the high Southern latitudes, 

resulting in much colder pre-EOT Antarctic 

SST of ~2°C(3).  

The deepening of only one gateway 

(Tasmanian or Drake) does not cause 

significant changes in Southern Ocean 

circulations and SST distributions (Figures 2a, 

S2a), and only small net transports through 

Figure 1 (a) High-resolution (0.25°) 
bathymetry of the Southern Ocean 
reconstructed to the Late Eocene and key 
drill sites (white squares; number details, see 
SI) are shown. Stepwise subsidence of the 
Tasmanian Gateway (b) and Drake Passage 
(c), with depths adjusted to 300m, 600m and 
1000m (DP) / 1500m (TG), are shown (black 
regions are located above sea level). 

 



 

 

CHAPTER 5 

 

92 

 

the TG and DP of about 2.6% and 1.7% of 

today’s ACC transport (170 Sv(23)) respectively, 

are observed. 

Once the second gateway subsides from 300 

m to 600 m, the Southern Ocean gyres 

weaken (strength ~20 Sv). This leads to the 

surface waters cooling along the entire 

Antarctic coast (south of 60 °S, up to 2000 km 

oceanward) by > 6 °C over large areas (Figures 

2b, 3c). Although the gyres weaken and 

decrease in size by ~50%, they still dominate 

the Southern Ocean circulation, with the net 

transport of the eastward circumpolar flow 

through the gateways approaching full 

strength, roughly 8-13% of the modern-day 

value. Using present-day bathymetry but the 

same paleoforcing, the ACC transport was 

found to be about 16% that of the modern 

ACC. Once the second gateway subsides 

below 600 m, the gyres weaken further to ~10 

Sv, as the circumpolar current reaches 

strength of ~15-18% of today’s net transport. 

At the same time, the Antarctic coastal waters 

continue to cool (up to 3 °C, Figure 2c). 

Based on our results, we conclude that the 

opening of Southern Ocean gateways 

weakened the Pacific and Indo-Atlantic ocean 

gyres, which led to a cooling of the waters 

adjacent to Antarctica, rather than the 

thermal isolation due to a strong ACC-type 

Figure 2 Progressive deepening of one gateway (here: Tasmanian Gateway) from a. 300 m to 
b. 600 m and c. 1500 m water depth, with an already deep second gateway (here: Drake 
Passage). The left panel shows the resulting ocean circulation pattern (annual mean and 
depth integrated stream function, white arrows indicate the flow direction). The zonal 
volume transport in east- and westward direction through both gateways (red line) are 
indicated as red arrows and values in sverdrup. The right panel shows the resulting annual 
mean sea surface temperatures (at 100 m water depth). Black and grey regions are above 
sea level and between 0 - 100 m water depth, respectively.  
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flow. This observation could explain why 

some geological constraints record an onset 

of an eastward ACC about 4-23 myrs(5,6) after 

the EOT climate transition. As the ACC 

transport was only about 16% of the modern 

value, it is likely that the changing post-EOT 

atmospheric CO2 conditions and increasing 

equator-to-pole SST gradients were 

responsible for the ACC strengthening to its 

present-day state (details, see SI). More 

importantly, our simulations show that 

gateway deepening has the potential of 

cooling Antarctica without the need of a fully 

developed ACC. 

Our model results are consistent with 

available paleo sea surface temperature 

proxy records(24-27), plankton biogeographic 

patterns(27-29) and neodymium isotopic 

composition records(6,30) from sediment drill 

cores in the Southern Ocean (Figure 3). 

With at least one shallow gateway (300m, 

Figure 2a), gyres dominate the Southern 

Ocean, with warm Antarctic surface waters 

and a small net transport through the 

gateways (1.7-2.6% of the modern ACC). 

Microfossils from the Antarctic coastline are 

affine to warm surface temperatures(29), 

Figure 3 (a-d) Paleoceanographic evolution of the Southern Ocean from the Early Eocene to 
Early Oligocene. Information are taken from available paleo sea surface temperature proxy 
records(24-27), dinocyst assemblages(27-29) and neodymium isotopic composition records(8,30) 
from sediment drill cores in the Southern Ocean (details, see legend and SI), and compared to 
our model results: stream function patterns, differences in sea surface temperatures resulting 
from the TG deepening from (c) 300 m to 600 m, and (d) from 600 m to 1500 m (details, see 
legend). 
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coastlines are vegetated with paratropical to 

temperate rainforests and sea surface and 

land temperatures, are consistent with such 

oceanographic conditions for the Early to 

early Late Eocene (~49 to ~36 Ma; Figure 3a, 

b). Most Southern Ocean drill sites are 

dominated by endemic dinocyst species 

transported from the Antarctic coast by large 

gyres(27). A prominent shift in the dinocyst 

assemblage in the AAB indicates first 

westward surface water flow through a 

shallow TG from ~49 Ma(29). Warm Pacific SST 

(18-25 °C(24-26)) are recorded which is slightly 

warmer compared to the Atlantic (13.5-

14 °C(24)). These warm, zonally heterogeneous 

SST conditions are similar to our simulations 

(15-20 °C). A prominent shift in neodymium 

isotopic composition at the Agulhas Ridge 

indicates the influx of Pacific water masses 

into the subpolar Atlantic from 41 Ma, 

changing its bottom water isotopic 

composition(30) (Figure 3b). A weak 

connecting eastward flow passing through 

the DP and moving northward along the 

Argentinian coast towards South Africa is 

shown in our model and is likely responsible 

for this recorded shift.  

From 36 to 33.6 Ma, geological observations 

conform with our model results simulating 

the deepening of the second gateway from 

300 m to 600 m (Figure 3c). Drill sites 

proximal to the Antarctic coast(26,27), record a  

dramatic SST cooling between 5 to 10 °C 

occurring at 36-33.6 Ma, which is consistent 

with our results. The timing of this Southern 

Ocean cooling (reaching absolute proxy SSTs 

of ~10-18 °C26) coincides with the formation 

of continent-wide glaciers in Antarctica 

around 33.6 Ma. Based on the strong 

similarities between modelled and proxy SSTs, 

we propose that it is likely the deepening of 

the second gateway below 300 m 

fundamentally impacting the Southern Ocean 

cooling and, possibly, the changes in Antarctic 

climate conditions. Sites which are located 

close to the former centre of the Pacific gyre 

record a regional SST warming of 3-4 °C for 

the EOT(27), where our model simulates an 

~2 °C warming. This paradoxical observation 

has been previously been linked with the 

onset of warm Proto-Leeuwin flow through 

the TG(27). Our models show that the 

decreasing size and shifting position of the 

Pacific gyre cause decreasing and changing 

position of the deep-water upwelling in the 

gyre’s centre, which leads to a local warming 

effect. In our model, the Atlantic gyre remains 

larger and stronger compared to the Pacific 

gyre, which is consistent with EOT dinocyst 

assemblages. Atlantic sites along the gyre’s 

western boundary are still dominated by 

Antarctic species, whereas low-latitude 

dinocysts start to dominate the Pacific sites(27). 

Sea-ice dinocysts become prominent at most 

sites, confirming our observed dramatic SST 

cooling(27). 

Neodymium isotopes at drill sites east of the 

TG indicate ACC-type Indian bottom water 

flow initiating from 30 Ma(6). Low-latitude 

dinocyst species dominate all sites, caused by 

a stronger circumpolar flow(27). These 

conditions are consistent with our model 

simulations with both gateways reaching 

depths >600m (Figure 3d). The transports of 

circumpolar flow increase from 8-13% to 15-

18% of today’s value. As some geological 

constraints like Neodymium isotopes(6) and 

stratigraphic hiatus formation(31) record 

bottom water circulations, it is likely that 

these proxies require a stronger net vigour to 
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detect oceanographic changes, e.g. an ACC-

onset. This could explain its recorded delay by 

up to 4-23 myrs after the EOT climate shift(5,6). 

Our results strongly indicate that tectonically-

induced oceanographic changes played a 

fundamental role in Earth’s key climate 

transition into the modern “Icehouse” world. 

Using more realistic oceanographic models, 

we were able to reconcile existing theories 

and observations regarding the onset of the 

Earths transition towards an “Icehouse” 

world. Although, declining atmospheric CO2 

may be still the final trigger for ice sheet 

growth, we have demonstrated that the 

regional tectonic setting determined the 

sensitivity of Antarctica to this atmospheric 

CO2 decline. Our results have implications for 

studies of other time intervals: whilst 

investigating the atmospheric CO2 forcing to 

any climate perturbation, the potential factor 

of tectonic/oceanographic changes to explain 

climate transitions needs to be more carefully 

assessed in conjunction with CO2 changes and 

to define long-term climate sensitivity to CO2.  
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CHAPTER 6 
 

DISCUSSION 
 

This PhD thesis investigates the tectonic evolution 

of the Southern Ocean and its impact on 

sedimentation, ocean circulation, and the global 

climate throughout the Cenozoic. The results 

demonstrate that there are significant 

oceanographic changes in the Southern Ocean 

which are strongly linked to tectonic processes. 

The final stages of Gondwana breakup with the 

opening of the Australian-Antarctic Basin and the 

Southern Ocean gateways have impacts on the 

regional, and likely global climate. 

 

SEDIMENTS AS ARCHIVES FOR TECTONIC, 

OCEANOGRAPHIC AND CLIMATIC 

CHANGES  
Sediments are ideal geological archives for 

tectonic, oceanographic and climatic processes 

affecting the region. Each chapter in this PhD 

thesis includes important constraints from 

sediment drilling data, in order to understand 

tectonic processes of continental rifting, breakup 

and subsidence processes (Chapter 3, Appendix E, 

F), changing oceanographic and climatic 

conditions (Chapter 3, 5), and to reconstruct 

changes in paleodepths, strongly influenced by 

changing sediment depositions (Chapter 4). 

Chapter 2 presents results regarding the 

correlation of sediment drilling information in a 

depth domain (in meters below seafloor) to 

stratigraphic information which are recorded by 

seismic reflection profiles in a time domain (in 

seconds two-way travel time).  

Sediment cores provide a wide range of 

observational constraints and data in a high 

vertical resolution; however, these are regionally 

restricted to the drilling location. Seismic 

reflection profiles allow the expansion of these 

constraints to a basin scale, and the 

establishment of a detailed seismo-stratigraphic 

framework, as is implemented in Chapters 3 and 

4. To correlate both datasets and convert 

between time and depth domains, time-depth 

relationships are used, calculated with P-wave 

velocity data. However, depending on the type of 

velocity measurement (downhole sonic log, 

vertical seismic check-shots, P-wave caliper), the 

calculated time-depth relationships can vary, 

carrying the potential for significant 

miscorrelations between core and seismic data. In 

chapter 2, we use the comprehensive scientific 

ocean drilling dataset (DSDP, ODP, IODP) to 

analyse these time-depth relationship differences 

and investigate potential links to petrophysical 

and depositional properties. We find that time-

depth relationship variations are highest at drill 

sites with high carbonate content (> 70%) and 

coarse grain texture (up to 55%). Such high 

differences can cause fundamental 

miscorrelations, particularly for seismic 

stratigraphy patterns without prominent 

reflections. ODP drill site 1128 in the Great 

Australian Bight is one example of such a 

carbonate-rich location, due to the Late Cenozoic 

cool-water carbonate platforms of the Eucla Basin 

(Feary et al., 2000). Chapter 2 results show that 

time-depth relationship differences depend on 

various complex inter- and intraparticle effects 

and no simple empirical correction can be applied. 

For future drilling expeditions, it is highly 

recommended that VSP surveys are conducted to 

ensure accurate correlations with seismic profiles. 

These results are considered for the seismo-

stratigraphic analysis work in the Australian-

Antarctic Basin (Chapter 3). All key drill sites used 

in chapter 3 are correlated to the crossing seismic 

reflection profiles using seismic check-shot survey 

velocity data, which are closest to seismic 
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reflection velocities, to ensure accurate 

correlation between seismic and core data. 

SEDIMENTARY EVOLUTION OF THE 

AUSTRALIAN-ANTARCTIC BASIN 
The Australian-Antarctic Basin, ending in the east 

at the Tasmanian Gateway, was the last major 

basin of the Southern Ocean to open during 

Gondwana dispersal (Cande and Mutter, 1982). 

Studying the sedimentary architecture of this 

basin provides fundamental constraints about the 

oceanographic evolution prior to, and during, the 

onset and strengthening of the Antarctic 

Circumpolar Current, and the climatic changes 

around Antarctica during the dramatic Cenozoic 

“Greenhouse to Icehouse” transition (Chapters 3 

and 5). Chapter 3 presents a comprehensive 

seismo-stratigraphic framework which is 

consistent along both Australian and Antarctic 

conjugate margins, encompassing all available 

seismic reflection profiles and newly available 

sediment drilling data. Similarities in 

sedimentation pattern and structure indicate that 

both margins underwent the same sedimentary 

evolution prior to the onset of Antarctic glaciation 

around the Eocene-Oligocene transition (EOT). 

This enables a basin-wide correlation of the major 

sedimentary units, their depositional age and 

environment.  

This study shows that during the warm and humid 

Late Cretaceous, large paleoriver systems 

dominated the landscape of both continents, 

transporting large amount of terrigenous material 

into the still narrow Australian-Antarctic Basin. 

Centres of depositions are described and mapped 

in detail offshore East Antarctica (Sabrina, Frost 

and Astrolabe Delta). We suggest that, similar to 

the Australian delta systems, the catchment 

regions for the Antarctic paleorivers did not only 

cover the coastal Sabrina, Frost and Astrolabe 

Sediment Basins, but extended farther inland. It is 

likely that similar sedimentation patterns are 

present in other Antarctic offshore regions (e.g., 

western Ross Sea, offshore Wilkes Basin), and 

river systems were active in various regions 

onshore Antarctica. 

From ~58 Ma onward, and with the continuous 

widening of the Australian-Antarctic Basin, ocean 

currents initiate strong enough to form sediment 

drift deposits along both the Australian and 

Antarctic margin slopes and abyssal plains. The 

clockwise current flow strengthened and 

progressed eastward throughout the Eocene, and 

is later on replaced by the onset of the ACC flow. 

A prominent high-amplitude Eocene 

unconformity extending along the entire East 

Antarctic (and conjugate) margin, from the 

continental shelf to the continental rise, is centre 

of debate in many seismic interpretation studies. 

In 2010, IODP Site U1356 (Leg 318) was the first 

geological site offshore East Antarctica to drill 

through this prominent reflection pattern, 

recovering two major hiatuses (33.6 - 47.9 Ma and 

51.06 - 51.9 Ma; Escutia et al., 2011; Tauxe et al., 

2012). All seismic stratigraphic investigations 

propose that massive erosional events formed the 

younger and/or the older hiatuses by removing 

200–600 m of sediment, including first arrival of 

the continental glaciation at the coast at about 34 

Ma (Escutia et al., 2011), increase in spreading 

rate between Australia and Antarctica at about 45 

Ma (Close et al., 2007) and drastic global sea level 

drop of 70 m at about 43 Ma (Leitchenkov & 

Guseva, 2012).  

This study proposes an alternative formation of 

this large-scale Eocene unconformity. Global 

mean temperatures declined during the Middle-

Late Eocene (Zachos et al., 2008) and first ice 

sheets on Antarctica led to the formation of 

atmospheric polar high-pressure regimes, likely 

progressive aridification (Scher et al., 2014) and 

less terrestrial sediment input into the offshore 

regions. Around the same time, Australia moved 

northward and also experienced semi-arid 

conditions. We propose that these processes, 

together with the continuously strengthening 

clockwise bottom currents which led to basin-
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wide winnowing and glauconite formation along 

the continental slopes, formed the prominent 

unconformity and hiatuses prior the continent-

wide glaciation. 

From around 34 Ma onward, sedimentation on 

the Australian and Antarctic margins evolved very 

differently. Along the Antarctic margin, post-34 

Ma sediments consists of large amounts of glacial 

sediments (~1.9*106 km3 offshore the Totten 

Glacier catchment region) which were 

transported from the coast to the deeper slopes 

and abyssal plains from the early Oligocene (~34 

Ma), and possibly an increased portion of biogenic 

sediments which formed during the 

oceanographic reorganization (Hochmuth et al., 

2018). In contrast, sediment starvation continued 

along the southern Australian margin which led to 

carbonate platform formation. 

HIGH-RESOLUTION BATHYMETRY FOR 

PALEOCEANOGRAPHIC STUDIES 
Tectonic processes and changes in bathymetry 

through geological time have increasingly been 

considered to play a secondary role for changing 

climate conditions. In particular, atmospheric 

carbon dioxide concentrations, have been 

defined as the primary mechanism driving 

controlling the past climate. However, most 

models simulating past ocean circulation patterns 

that include paleobathymetry grids as boundary 

conditions, are run at low resolutions (1-3.8°) that 

do not permit and/or resolve eddy circulations (< 

0.25°). Recent studies have shown that large-scale 

bathymetry features like mid-ocean ridges and 

continental slopes, but also seafloor slopes in the 

order 10-4 to 10-5 fundamentally influence ocean 

circulation patterns and subsurface velocities 

(LaCasce, 2017; LaCasce et al., 2019). 

Oversimplification of the bathymetry grid as a 

boundary condition for past ocean models may 

cause severe underestimation of the role of 

tectonic processes on oceanographic and climatic 

changes. 

 

Chapter 4 presents high-resolution Southern 

Ocean bathymetry grids for two key geological 

time slices, the Late Cretaceous at ~67 Ma (0.5° 

resolution) and the Late Eocene at 38 Ma (0.25° 

resolution). This reconstruction uses a 

“backwards” model approach backstripping 

sediments from the present-day bathymetry. 

Sediment isopach information are derived from 

seismo-stratigraphy studies like in chapter 3 are 

used. Although the seismic stratigraphies along 

the Antarctic (and conjugated) margins vary 

significantly between different regions, two 

characteristic seismic unconformities which are 

interpreted to be formed some time during the 

Eocene/Eocene-Oligocene and Late 

Cretaceous/early Paleocene can be observed in 

most regions. These key horizons and resulting 

sediment isopachs are compiled for this study. 

Outcomes are reconstructed bathymetry grids for 

the Southern Ocean preserving seafloor slope 

distribution, roughness and detailed geometric 

features, similar to the present-day bathymetry. 

Using such high-resolution grids as boundary 

conditions in paleocean models will improve the 

simulation of small- and large-scale ocean 

circulation patterns, ocean heat transport and the 

role of bathymetry and tectonic processes on 

ocean circulations. 

SOUTHERN OCEAN GATEWAYS INTO AN 

ICEHOUSE WORLD  
Chapter 5 in this thesis uses the reconstructed 

high-resolution bathymetry grids of the Southern 

Ocean for the time slice 38 Ma (chapter 4), in 

order to model effects of gateway deepening on 

ocean circulation patterns. Declining atmospheric 

CO2 concentrations during the early Cenozoic 

have increasingly been attributed as the primary 

mechanism for the global Cenozoic climate 

transition from “Greenhouse” to “Icehouse” 

conditions. In this paradigm, the tectonic 

gateway-induced onset of circumpolar flow that 

thermally isolated Antarctica played a minor, or 
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no, role in the transition. In this chapter, we use a 

high-resolution (0.25°) ocean model and the 

detailed bathymetric reconstruction from 

Chapter 4 to demonstrate that progressive 

deepening of the tectonic gateways played a 

much more significant role in the dramatic 

Southern Ocean climate transition. When at least 

one gateway (Tasmanian or Drake) is shallow (� 

300 m), ocean gyres in the subpolar Pacific and 

Atlantic transport warm (up to 20 �C) equatorial 

waters to the Antarctic coast. When the second 

gateway subsides below 300 m, these gyres 

weaken and a dramatic cooling of the Antarctic 

waters by >6°C is observed. Once both gateways 

are deeper than 600 m, the eastward circumpolar 

current strengthens and dominates the Southern 

Ocean. Our results strongly indicate that 

tectonically-induced oceanographic changes 

likely played a fundamental role in Earth’s key 

climate transition into the modern “Icehouse” 

world. This outcome needs to be more carefully 

assessed in conjunction with CO2 changes and 

defining long-term climate sensitivity to CO2.  

OUTLOOK  
Chapters 3 and 5 demonstrate how important and 

influential tectonic processes are for 

oceanographic changes during key climate 

transitions. We observe dramatic changes in 

ocean circulation patterns and sea surface 

temperatures solely controlled by changing 

gateway depths, in general ocean circulation 

models. These changes show likely feedback 

effects on atmospheric conditions, like the 

changing position of the westerlies wind system 

and precipitation patterns. Implementing our 

results into a coupled ocean-atmosphere model 

would help to constrain these consequences. 

Whilst this thesis focuses on the early Cenozoic 

climate transition, additional high-resolution 

ocean simulations in, e.g. Mid Miocene Climatic 

Optimum and Pleistocene-Pliocene, would 

provide important constraints and help to define 

the relative roles of atmospheric CO2 changes and 

tectonically driven global ocean basin changes. 

High-resolution Southern Ocean bathymetry grids 

for different key Cenozoic time slices (34 Ma and 

younger; Hochmuth et al., 2018) are 

reconstructed using the same model approach as 

in chapter 4, and are ideal boundary conditions 

for high-resolution ocean and ocean-atmosphere 

models. 

Globally extending the high-resolution ocean 

models presented in this thesis and coupling with 

atmospheric models would provide important 

constraints about the gateway-related changes in 

the strength of the Meridional Overturning 

Circulation. It has been proposed that this 

mechanism affects the precipitation and 

weathering in the northern hemisphere (Elsworth 

et al., 2017; model resolution 2.5°). However, 

eddies strongly affect the ocean heat transport 

and eddy-permitting/ -resolving models show 

different precipitation as responses to changing 

ocean heat and SST patterns (He et al., 2018). 

Running global coupled-atmosphere models in 

higher resolution would provide crucial 

constraints about the weathering patterns and 

climate feedbacks globally.  

Previous ice sheet simulations focused mainly on 

the impact of changing atmospheric CO2 

concentrations (e.g., DeConto and Pollard, 2003; 

Anagnostou et al., 2016; Gasson et al., 2014), 

assuming average ocean heat transport towards 

Antarctica as a boundary condition. Our sea 

surface temperature grids presented in chapter 5 

can be used as boundary conditions to investigate 

if the observed gateway-driven surface cooling is 

enough for ice sheets to form on Antarctica. As ice 

sheet models show differences in sensitivity to 

ocean forcing, and have a special focus on certain 

regions, it would be ideal to implement this SST 

configuration in different ice sheet models (PISM, 

GRISLI, PSUICE-3D).  Fundamental questions 

related to the “Greenhouse-Icehouse” climate 

transition during the Eocene-Oligocene-

Transition could be addressed: Is the gateway-

driven cooling of Antarctica sufficient enough for 
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ice sheets to grow on Antarctica? How much 

additional CO2 driven atmospheric forcing 

required to reproduce the Late Eocene glaciation 

scenario? Such studies would allow further 

investigation of the relative role of CO2 versus 

tectonic opening of gateways during this crucial 

time period, and to constrain sensitivity and 

uncertainties of ice sheet models.  

These proposed future studies would provide 

fundamental constraints to better assess climate 

sensitivity, and to validate models which are used 

for future climate simulations. The better 

understanding of the role of atmospheric CO2 in 

past climate changes relative to other driving 

mechanisms would help to better predict future 

climate feedbacks on increasing CO2, such as 

retreating ice sheets, rising sea level and changing 

ocean circulation patterns. 

Additionally, many scientific ocean drilling 

expeditions in the Southern Ocean have been 

focused on assessing the onset and strengthening 

of the ACC. In contrast, the preceding or coeval 

weakening of the large clockwise gyres in the 

subpolar Pacific and Indo-Atlantic have been 

nearly neglected. The model results in this thesis 

show that the majority of the SST cooling offshore 

Antarctica occurs prior the ACC domination in the 

Southern Ocean and may be mainly driven by the 

weakening of the gyres transporting fewer warm 

waters to the high latitudes. This process is worth 

exploring, by revisiting existing data and studies, 

as well as by collecting new drilling data.  

Moreover, drilling and coring interpreted Eocene 

sediment drift deposits (chapter 3) would help 

understanding the pre-EOT oceanographic 

conditions. 
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CHAPTER 7 
 

CONCLUSION 
 

This thesis demonstrates that during the early 
Cenozoic, tectonic processes in the Southern 
Ocean controlled large-scale ocean circulations, 
the regional climate and likely affected the global 
“Greenhouse-Icehouse” transition around the 
Eocene-Oligocene boundary. My results show 
that the final stages of Gondwana breakup with 
the widening of the Australian-Antarctic Basin and 
opening of the Tasmanian Gateway and Drake 
Passage, were directly linked to ocean current 
strengthening and finally an oceanographic and 
climatic reorganization of the Southern Ocean. 

Continental breakup and the formation of the 
Australian-Antarctic Basin created space for the 
development of strong ocean currents. The 
clockwise bottom currents in the continuously 
widening Australian-Antarctic Basin strengthened, 
shaped the basin’s sedimentary architecture and 
controlled its sedimentation. For the first time, 
large-scale sediment drift deposits are 
interpreted and mapped out along both 
Australian and Antarctic continental slopes. These 
thesis outcomes provide important constraints 
about the age, direction and strength of these 
bottom currents. I find that, during the middle-
late Eocene, the current strengthening, coinciding 
with low terrigenous sediment input from both 
Australia and Antarctica, led to basin-wide 
winnowing with glauconite formation, and the 
development of long-term sedimentation 
hiatuses and prominent unconformities along 
both margins. My results are significantly 
different to previous studies, suggesting large-
scale erosional events forming the Eocene 

unconformity along the Antarctic margin. This 
thesis presents an alternative interpretation 
about its formation, which solves the enigma 
about the missing redeposited sediments 
discussed in the introduction chapter (chapter 1). 
My results provide new insights into the 
sedimentary and oceanographic environment 
prior the Eocene-Oligocene-transition. With the 
tectonic opening of the Tasmanian Gateway (and 
Drake Passage), this clockwise oceanographic 
setting was replaced by a strengthening Antarctic 
Circumpolar Current. The new understandings of 
this oceanographic reorganization during the 
important Late Eocene time period is crucial, to 
understand the relative role of tectonics and 
atmospheric CO2 across the “Greenhouse-
Icehouse” transition.  

In recent years, declining atmospheric CO2 has 
been attributed to be the key mechanism driving 
the Cenozoic climate change and the opening of 
the Southern Ocean gateways has been declared 
to play a minor role. My results strongly indicate 
that the tectonic deepening of the Tasmanian 
Gateway and Drake Passage had fundamental 
consequences for the entire subpolar 
oceanographic and surface temperature 
configuration, including dramatic cooling of sea 
surface waters offshore Antarctica. Once both 
gateways were open, ocean circulation patterns 
changed, from large-scale subpolar clockwise 
gyres to an eastward circumpolar flow dominating 
the Southern Ocean, and cooling along the 
Antarctic surface waters by > 6° occurred. The 
exact depth of the gateways played an important 
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role for this transition. The majority of the sea 
surface cooling occurred when both gateways 
deepened only a few hundred meters (likely to 
~600 m). The subpolar gyres weakened and 
transported fewer equatorial warm surface 
waters to the Antarctic coast. Although, some 
eastward circumpolar flow through the 
‘intermediate’ deep gateways was already active, 
it is the deepening below ~600 m that caused the 
flow to clearly dominate the Southern Ocean. This 
study solves the questions raised in the 
introduction: both gateways needed to be open, 
for the establishment of a circumpolar current. 
Strong surface cooling occurred once the second 
gateway was about 600 m deep, which is 
considered to be “open”, in terms of its 
oceanographic and climatic consequences. 
However, a strong circumpolar current started to 
dominate once the second gateway subsided 
below 600 m. My results indicate that gateway-
driven oceanographic changes likely played a 
crucial role in Earth’s key climate transition into 
the modern “Icehouse” world, together with 
declining atmospheric CO2 concentrations. 

These new understandings of Eocene-Oligocene 
Southern Ocean circulation are made possible by 
the novel paleobathymetric approach used here 
for the entire Southern Ocean region and which 
retains detailed seafloor roughness, and realistic 
slope gradients in the ocean basins and along the 
continental slopes. Running paleocean models for 
this crucial time period in eddy-permitting 
resolutions (0.25°) with this realistic bathymetry 
leads to fundamentally different results 
compared to previous low-resolution models, 
particularly in relation to sea surface temperature 
distributions and influences of small-scale 
bathymetric changes on ocean circulations, like 
the geometrically detailed changes of both 
gateway depths from 300m, to 600m, to 1000m. 
Oversimplification of the bathymetric boundary 
conditions in ocean models with resolution > 1° 
have led to a severe underestimation of the role 
of bathymetry changes on oceanographic and 

climate changes. Although, declining atmospheric 
CO2 concentrations play a crucial role in the 
changing climate, this mechanism needs to be 
better assessed in conjunction with other long-
term climate drivers, e.g. tectonic processes. The 
outcomes of this thesis provide crucial constraints 
for paleoclimate studies, in order to validate 
climate models predicting future climate 
conditions and to understand how the climate 
might behave under increasing atmospheric CO2 
concentrations throughout this 21st century.  
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Fig. 6 P-wave velocity data from onboard p-wave caliper (red line), downhole sonic log (blue 

line) and check-shot survey (white squares), as well as onboard measured density (orange 

points) and porosity (green points) data for three representative drill sites 1437D, 1317D and 

1196A (TDRs are shown in Figure 3b).  

 

Figure 6 
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An Integrated History of the Australian-Antarctic Basin

The first basin-wide compilation of seismic and geologic data shows that both margins experienced similar
sedimentation patterns prior to the onset of Antarctic glaciation.

Source: Journal of Geophysical Research: Solid Earth

A compilation of seismic and stratigraphic data from across the Australian-Antarctic Basin is providing new constraints on paleoceanographic

circulation in the basin. Here the International Ocean Discovery Program’s (IODP) JOIDES Resolution sits in port in Hobart, Tasmania,

Australia, following IODP Expedition 318 in 2010, during which sediment drill cores analyzed in the new research were collected off the

Antarctic coast. Credit: John Beck, IODP, JOIDES Resolution Science Operator, CC BY 4.0

By Terri Cook ! 15 July 2019

Understanding the nature of sedimentary rock deposits in the Australian-Antarctic Basin is crucial for learning how oceanographic conditions

evolved as Earth transitioned from a warm and humid Late Cretaceous “greenhouse” to a cool and dry Cenozoic “icehouse” world. Yet unraveling

the tectonic, climatic, and oceanographic history of this basin, which began rifting in the Middle to Late Jurassic roughly 165 million years ago,

has been challenging because of a paucity of data as well as varying interpretations of each margin.

Now Sauermilch et al. (https://doi.org/10.1029/2018JB016683) have, for the first time, collated all available data to construct a unified

https://rosetta.iodp.tamu.edu/earlylogin.jspx#1562353994718_45
https://creativecommons.org/licenses/by/4.0/
https://eos.org/author/t-cook
https://doi.org/10.1029/2018JB016683
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seismostratigraphic framework for the Australian-Antarctic Basin. The team’s extensive data set includes more than 500 seismic reflection lines

collected across the region, some of which have only recently become available through the Scientific Committee on Antarctic Research

(https://www.scar.org/data-products/data/), as well as newly obtained data about marine sedimentary rocks from offshore drilling efforts.

The compilation indicates that prior to the start of Antarctic glaciation about 34 million years ago, both margins of the basin experienced similar

patterns of sedimentation and thus share three key sedimentary units that are similar in both thickness and structure. They include a unit

deposited between the Late Cretaceous and mid-Paleocene (about 94 million to 58 million years ago), when sedimentation along both margins

was dominated by large river systems that formed offshore delta deposits up to 5 kilometers thick in the still-narrow ocean basin.

Later in the sedimentary record, the presence of drift deposits along both continental rises indicates that by about 58 million years ago in the

late Paleocene, ocean bottom currents had begun circulating clockwise within the widening basin. The authors suggest that these currents then

grew stronger and progressed eastward through the Eocene (56 million to 34 million years ago) while at the same time global cooling and

increasing aridity led to a large reduction in the amount of sediment shed from both continents. These conditions ultimately led to a dearth of

sediment deposition in the basin during the middle to late Eocene, as demonstrated by two large-scale hiatuses found in International Ocean

Discovery Program (https://www.iodp.org/) cores from the Antarctic continental slope.

The integrated seismostratigraphic model developed in this study offers new insights into the history of the Australian-Antarctic Basin,

providing new constraints on landscape evolution and ocean circulation that should be incorporated into future paleoceanographic models of

the basin.  (Journal of Geophysical Research: Solid Earth, https://doi.org/10.1029/2018JB016683 (https://doi.org/10.1029/2018JB016683), 2019)

—Terri Cook, Freelance Writer

Citation: Cook, T. (2019), An integrated history of the Australian-Antarctic Basin, Eos, 100, https://doi.org/10.1029/2019EO128407. Published on 15 July 2019.

Text © 2019. The authors. CC BY-NC-ND 3.0
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SUPPLEMENTARY INFORMATION 
  

1. SUPPLEMENTARY METHODS 
  

1.1 Bathymetry reconstruction and 

modification of the gateway depths 

The bathymetry used for the model 

simulations in this study is reconstructed for 

the geological time slice of 38 Ma, using the 

plate tectonic model of Matthews et al. 

(2016)(1) placed in a paleomagnetic reference 

frame(2,3).  

The southern part of the grid (> 40 °S) is 

reconstructed following Hochmuth et al. 

(2019)(4), using the sediment backstripping 

method(5) with the software BALPAL(6). This 

model approach reconstructs ‘backwards’ in 

geological time, as sediment packages 

deposited post-38 Ma are removed from the 

present-day bathymetry(7) and sedimentary, 

crustal, mantle and sea level evolution are 

corrected for the reconstruction time (38 Ma). 

Such a model approach is different to other 

‘forward’ modelling techniques(8,9) and allows 

the preservation of realistic bathymetric 

features of seafloor roughness and small-

scale, detailed geometry, such as fracture 

zones and seamounts, which are similar to 

the present-day, within the resulting paleo 

grid. 

For the applied backstripping method, 

sediment thickness information is derived 

from seismo-stratigraphic interpretation, 

using seismic reflection and drilling data in 

the Southern Ocean(e.g.10). The depth of the 

identified seismic reflectors (in seconds two-

way travel time) has been converted into 

depth in meters below seafloor utilizing 

sonobuoy data and stacking velocities derived 

during the processing of the reflection 

seismic data. Post-38 Ma sediments are 

‘backstripped’ whilst the underlying 

remaining sedimentary unit is corrected for 

the consequent decompaction. Sediment 

decompaction is calculated using the 

relationship between porosity and burial 

depth(11) for sand/silt and ooze in shelf and 

abyssal regions of the Southern Ocean, 

respectively. Isostatic rebound of the 

underlying crust resulting from the sediment 

removal is calculated after Airy’s law. Thermal 

subsidence of oceanic, extended continental 

crust and large igneous provinces through 

time is corrected, using the cooling model 

after Stein and Stein (1992(12), for oceanic 

crust and large igneous provinces) and 

McKenzie (1978(13), for extended continental 

crust). Changes in global sea level(14) and 

dynamic topography(15) (Model 6) throughout 

the past 38 million years are included in our 

paleo bathymetry calculation. Seafloor, which 

has been subducted since the Eocene within 

e.g. the South American Arc or the Scotia Sea 

has been included in the grid by using data 

from the global model(8) (Nazca Plate). 

The paleo depths of both gateways (TG and 

DP) are modified, whilst preserving the 

overall gateway geometries (Figure 1b, c). 

The deepest point is set to 300 m, 600 m and 

1500 m (TG) / 1000 m (DP) after previously 

published pre-EOT depth approximations (TG: 

300 m(16); 1500 m(17); DP: 600 m and 1000 

m(18); 300 m(19)). An additional simulation is 

run for comparative purposes, using the 

present-day bathymetry ETOPO-1(7) (see 

Supplementary Discussion). The grid is 
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extended to the north (northern boundary at 

25 °S and 0 °S, see Supplementary Discussion) 

using the paleo bathymetry of Baatsen et al. 

(2016)(8). The transition between both grids is 

smoothed to avoid artificial jumps in 

bathymetry. The maximum depth is set to 

5000 m. 

1.2 Ocean model configuration 

The ocean model used is the Massachusetts 

Institute of Technology general circulation 

model (MITgcm(20,21)) in an ocean-only 

configuration with no sea ice. The model 

domain is circumpolar and extends between 

84°S and 25°S (and 0°S, see model run in 

Supplementary Discussion) in latitude. The 

horizontal grid spacing is 0.25°, equivalent to 

a zonal grid spacing of ~27.8 km and a 

meridional grid spacing of ~3 km to ~25 km at 

the southern and northern boundary, 

respectively. The model configuration uses 50 

vertical levels, ranging from 10 m at the 

surface to 368 m at the bottom. 

The model uses a linear drag coefficient of 

0.0011, a nonlinear equation of state, a 

seventh-order advection scheme for 

temperature and salinity and the K-profile 

parameterization. No parameterization is 

used for the advection and diffusion due to 

mesoscale eddies. Partial cells are used in the 

vertical for a more accurate representation of 

bathymetry.  

Restoring boundary conditions for the surface 

forcing are taken from a coupled 

atmosphere-ocean model(22) (GFDL CM2.1) 

simulating Late Eocene conditions with 

atmospheric CO2 concentrations of 800 ppm. 

The surface forcing for sea surface 

temperature, sea surface salinity, and zonal 

and meridional wind stresses are temporally 

and zonally averaged values from the coupled 

model (Figure S1). A sponge layer of ~300 km 

is used at the northern boundary of the model 

to relax to a temporal and zonal mean of 

salinity and temperature output from the 

Figure S1 Configuration of atmospheric forcing used in this model: a) stationary zonal wind 
stress, b) sea surface temperature, and c) sea surface salinity; derived from a coupled ocean-
atmosphere model simulation with constant atmospheric CO2 concentration of 800 ppm(22) 
and zonally and annually averaged. 
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coupled model with a restoring time scale of 

10 days.  

Each model simulation is spun up for 80 years. 

The results presented in the figures are time 

averaged over the last 15 years of the model 

run. The presented streamfunctions are 

calculated using depth integrated zonal 

velocities. The temperatures shown are from 

100 m water depth.  

1.3 Geological proxy data from drill 

sites 

We compare our simulations of various depth 

states of both gateways to geological 

constraints in the Southern Ocean covering 

the geological time from Early Eocene to Early 

Oligocene (~50 to 30 Ma).  

Sea surface temperatures (SST) proxy 

records 

SST data are derived from paleothermometer 

method using Tetraether index of 86 carbon 

atoms (TEX86(23)) and alkenone unsaturation 

index (Uk’37(24,25)). Detailed description of the 

applied methods can be found in the referred 

studies(26-29). It is widely assumed that the 

biomarker-based SST proxies are biased 

towards warm temperatures in the Eocene on 

both polar regions. This warm bias likely 

stems from seasonal biased export 

production of the biomarkers as a result of 

the seasonality in grazing and fecal pellet 

formation. Despite the fact that biomarker-

based SST proxies tend to suggest warmer 

SSTs than other proxies, it was also shown 

that the SST trends the proxies are very 

robust, independent on the calibration used. 

This is important for our study, where we 

compare the simulated temperature 

difference to the SST change reconstructed 

with the proxies. 

 

Table 1 Overview of sea surface temperature proxy records for the geological time periods 
49-41 Ma, 41-36 Ma, 36-33.6 Ma and 30 Ma, taken from Southern Ocean geological sites. 

SITE SST (°C) STANDARD 

DEVIATION 

(°C)  

REFERENCE METHOD 

49-41 Ma 
1172 25-32 unknown Bijl et al. 

(2009)(27) 
TEX86 

ETP 20.8 3.5 Douglas et al. 
(2014)(28) 

TEX86 

DSDP 277 25.1 2 Douglas et al. 
(2014)(28) 

TEX86 

New Zealand 18 5 Douglas et al. 
(2014)(28) 

TEX86 

Seymour Island 14 7.5 Douglas et al. 
(2014)(28) 

TEX86 

DSDP 511 14.5 4 Douglas et al. 
(2014)(28) 

TEX86 

41-36 Ma 
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1172 20-25 unknown Bijl et al. 
(2009)(27) 

TEX86 

1172 24 to 22.5 unknown Houben et al. 
(2019)(26) 

TEX86 

511 25 to 19.5 0.96 Liu et al. 
(2009)(29) 

Uk’37 

1090B 24.6 0.96 Liu et al. 
(2009)(29) 

Uk’37 

36-33.6 Ma 
1172 from 23 to 21 unknown Houben et al. 

(2019)(26) 
TEX86 

511 from 20 to 15 unknown Houben et al. 
(2019)(26) 

TEX86 

511 from 19 to 12 unknown Houben et al. 
(2019)(26) 

Uk’37 

511 20.8 0.96 Liu et al. 
(2009)(29) 

Uk’37 

277 24.6-27.4 0.96 Liu et al. 
(2009)(29) 

Uk’37 

1090B From 25.2-20.5 0.96 Liu et al. 
(2009)(29) 

Uk’37 

33.6-30 Ma 
1172 22-23  unknown Houben et al. 

(2019)(26) 
TEX86 

511 15-17 unknown Houben et al. 
(2019)(26) 

TEX86 

511 7 unknown Houben et al. 
(2019)(26) 

Uk’37 

511 from 18.5 to 9.5 0.96 Liu et al. 
(2009)(29) 

Uk’37 

277 21.8 0.96 Liu et al. 
(2009)(29) 

Uk’37 

1090B 22-16.6 0.96 Liu et al. 
(2009)(29) 

Uk’37 

Dinocyst assemblage records 

Dinocysts are the resting stages of surface-

dwelling protists. The biogeographic 

distribution of sedimentary dinocysts has a 

strong relationship to overlying surface water 

conditions: temperature(30), nutrient levels(31), 

salinity(32), and in the Southern Ocean, sea 

ice(33,34). This is most likely because the cyst-

producing dinoflagellates are strongly tied to 

these ocean conditions(35). In the Paleogene, 

dinocyst assemblages have strong 

biogeographic affinities to surface 

oceanography, even though most species, 

genera or even families are long extinct(36,37). 

The Southern Ocean harbours a strictly 

endemic dinocyst community, and has high 

abundance of bi-polar dinocyst species in the 

Paleogene(38). This endemic dinocyst 
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community is particularly abundant in the 

western boundary currents of the large 

Southern Ocean gyres of the south Pacific and 

south Atlantic-Indian basins(39,40), where the 

strong current brings Antarctic-derived 

surface water northwards(41,42). The eastern 

(e.g., the Australian-Antarctic Basin) and 

northern sectors (e.g., New Zealand, Agulhas 

Plateau) of these gyres are mostly devoid of 

these endemic dinocysts, and rather harbours 

a more low-latitude or cosmopolitan 

assemblage(40). The strict difference in 

dinocyst assemblage composition between 

either side of the closed Tasmanian Gateway 

had provided a means to reconstruct early, 

shallow, southerly opening of the Gateway 

around 49 Ma: the appearance of Southwest 

Pacific endemic species on the Antarctic 

margin of the AAG testified to this early 

opening and throughflow of the proto-coastal 

current(41). In the Late Eocene, incursion of 

non-endemic dinocyst species into the 

Southwest Pacific testified to the widening of 

the Tasmanian Gateway to allow throughflow 

of the Proto-Leeuwin current(16). Although, 

the signal from the microplankton 

assemblages is robust, the strength and 

volume of the throughflow could not be 

quantified with these records, but is merely a 

qualitative signal of connectivity of basins. 

Following the Eocene-Oligocene onset of 

continental scale glaciation, the dinocysts 

documented the onset of a sea ice ecosystem 

all around Antarctica(34) with the dominance 

of Protoperidinioid dinocyst species in ice-

proximal records(31).  

Sites which are located proximal to each 

other and have similar species assemblages 

have been summarized in Figure 3. Details are 

shown in Table 2.  

 

Table 2 Overview of dinocyst assemblages (endemic, non-endemic, protoperidionioid species) 
for the geological time periods 49-41 Ma, 41-36 Ma, 36-33.6 Ma and 30 Ma, taken from 
Southern Ocean geological sites. 

SITE LONGITU

DE 
LATITU

DE 
ENDEMIC NON-

ENDEMIC 
PROTOPERI

DINIOIDS 
REFERENCE 

49-41 Ma 
ODP 1172 149.56 

 
-43.58 

 
60 35 5 Bijl et al. (2011(40); 

2013(41)) 
DSDP 283 154.17 

 
-43.55 

 
40 55 5 Bijl et al. (2011)(40) 

ODP 1171 149.07 
 

-48.30 
 

60 35 5 Bijl et al. (2011(40); 
2013(41)) 

Waipara 175.50 
 

-41.40 
 

5 90 5 Bijl et al. (2011)(40) 

IODP 
U1356 

136.05 
 

-63.35 
 

75 25 0 Bijl et al. (2011(40); 
2013(41)) 

Punta 
Arenas 

-68.78 
 

-54.67 
 

50 45 5 Bijl et al. (in review)(43) 

DSDP 277 166.11 
 

-52.13 
 

0 100 0 Bijl et al. (2011)(40) 
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Seymour 
Island 

-56.17 
 

-64.17 
 

75 15 10 Douglas et al. (2014)(28) 

ODP 748 78.59 
 

-58.26 
 

20 70 10 Bijl et al. (2011)(40) 

Gipsland 
Basin 

136.70 
 

-38.30 
 

90 5 5 Bijl et al. (2011)(40) 

Sorell 
Basin 

145.02 
 

-42.08 
 

0 100 0 Bijl et al. (2011)(40) 

Otway 
Basin 

143.18 -38.72 0 100 0 Frieling et al. (2017)(44) 

ODP 1170 146.03 
 

-47.09 
 

90 10 0 Cramwinckel et al. 
(2019)(45) 

41-36 Ma 

ODP 748 78.59 
 

-58.26 
 

90 5 5 Bijl et al. (2011)(40) 

Sorell 
Basin 

145.02 
 

-42.08 
 

0 90 10 Bijl et al. (2011)(40) 

Browns 
Creek 

138.65 
 

-34.59 
 

5 95 0 Houben et al. (2019)(26) 

Gippsland 
Basin 

136.70 
 

-38.30 
 

95 5 0 Bijl et al. (2011)(40) 

ODP 1172 149.56 
 

-43.58 
 

80 19 1 Bijl et al. (2011(40); 
2013(41)) 

ODP 1171 149.07 
 

-48.30 
 

90 9 1 Bijl et al. (2011(40); 
2013(41)) 

ODP 1170 146.03 
 

-47.09 
 

90 9 1 Cramwinckel et al. 
(2019)(45) 

Moeraki 
Hampden 

45.00 
 

-45.00 
 

5 90 5 Cramwinckel et al. 
(2019)(45) 

DSDP 277 166.11 
 

-52.13 
 

5 95 0 Bijl et al. (2011)(40) 

Seymour 
Island 

-56.17 
 

-64.17 
 

90 10 0 Douglas et al. (2014)(28) 

Punta 
Arenas 

-68.78 
 

-54.67 
 

75 25 0 Bijl et al. (in review)(43) 

DSDP 512 -40.52 
 

-49.52 
 

60 30 10 Bijl et al. (2011)(40) 

ODP 1090 8.54 
 

-42.55 
 

0 100 0 Bijl et al. (2011)(40) 

ODP 1168 144.25 
 

-42.37 
 

0 95 5 Bijl et al. (2011)(40) 

ODP 511 -46.58 
 

-51.00 
 

50 25 25 Houben et al. (2019)(26) 

ODP 696 -42.56 
 

-61.51 
 

90 5 5 Houben et al. (2019)(26) 

ODP 1128 127.70 -34.50 0 100 0 Bijl et al. (2011)(40) 
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36-33.6 Ma 

ODP 1172 149.56 
 

-43.58 
 

25 25 50 Bijl et al. (2011(40); 
2013(41)) 

ODP 1171 149.07 
 

-48.30 
 

50 45 5 Bijl et al. (2011(40); 
2013(41)) 

ODP 1170 146.03 
 

-47.09 
 

75 10 15 Cramwinckel et al. 
(2019)(45) 

ODP 1168 144.25 
 

-42.37 
 

0 99 1 Bijl et al. (2011)(40) 

Browns 
Creek 

138.65 
 

-34.59 
 

0 95 5 Houben et al. (2019)(26) 

ODP 696 -42.56 
 

-61.51 
 

30 20 50 Houben et al. (2019)(26) 

Punta 
Arenas 

-68.78 
 

-54.67 
 

80 15 5 Bijl et al. (in review)(43) 

ODP 1090 8.54 
 

-42.55 
 

0 100 0 Bijl et al. (2011)(40) 

ODP 511 -46.58 
 

-51.00 
 

23 7 70 Houben et al. (2019)(26) 

ODP 739 75.05 
 

-67.17 
 

60 15 15 Bijl et al. (2011)(40) 

ODP 1128 127.70 
 

-34.50 
 

5 80 15 Bijl et al. (2011)(40) 

33.6-30 Ma 

DSDP 511 -46.58 
 

-51.00 
 

5 75 20 Houben et al. (2019)(26) 

ODP 696 -42.56 
 

-61.51 
 

5 15 80 Houben et al. (2019)(26) 

DSDP 274 173.26 
 

-68.60 
 

1 24 75 Hoem et al. (in prep)(46) 

CRP3 163.8 -76.9 1 1 98 Houben et al. (2013)(34) 
IODP 
U1356 

136.05 
 

-63.35 
 

0 20 80 Houben et al. (2013)(34) 

ODP 739 75.05 
 

-67.17 
 

10 20 70 Houben et al. (2013)(34) 

Groper-1 147.5 -38.9 0 90 10 Bijl (pers obs) 
ODP 1171 149.07 

 
-48.30 

 
20 30 50 Bijl et al. (2011)(40) 
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2. SUPPLEMENTARY DISCUSSION 
 

2.1 Additional ocean models 

Additional ocean model results are presented 

for comparison, with 1) progressive 

deepening of the DP (300 m, 600 m, 1000 m) 

with a constant depth of the TG (1500 m), 2) 

both gateways at 300 m depths, 3) an 

extension of the model’s northern boundary 

to the equator (with TG: 300 m, DP: 1000 m) 

and 4) a present-day bathymetry grid 

(ETOPO-1(7), under paleo forcing). 

Progressive deepening of the Drake 

Passage  

Our ocean models show almost identical 

changes in ocean circulation patterns and SST 

distributions, regardless of which gateway is 

the first to deepen (Figures 2, S3a). The 

results show the effect of a progressively 

deepening DP from 300 m, 600 m to 1000 m 

with a 1500 m deep TG (Figure S2). When the 

DP is 300 m deep (Figure S2a), the gyres are 

slightly weaker (> 20 Sv) and the net transport 

through the gateways slightly higher (TG: 6.8% 

and DP: 5.7% of today’s ACC transport), 

compared to when the TG is 300 m deep (see 

main text). However, warm subtropical 

surface waters are transported to the 

Antarctic coast, leading to equally warm SST 

(Figure 2, S3). 

The surface waters along the Antarctic coast 

cool significantly (up to 6 °C), when the DP 

deepens to 600m (Figure S3b) and continues 

to cool (~4 °C), coevally with the DP 

deepening to 1000m (Figure S3b). 

Figure S2 Progressive deepening of the Drake Passage from a. 300 m to b. 600 m and c. 1000 
m water depth (legend as in Figure 2, main text).  
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Simultaneously, the gyres weaken and 

circumpolar flow strengthens (Figure S2b, c), 

similar to the deepening of the TG.  

Both gateways shallow (300 m) 

Our model with both Southern Ocean 

gateways at shallow depths (300m) shows 

minor differences in ocean circulation and 

SST distribution to the models where one 

gateway has deepened. Although, the net 

transports through the gateways are similar 

(4.5% (7.7 Sv) and 1.7% (2.9 Sv) of today’s ACC 

transport), the westward transport through 

the gateway weaker than when this same 

gateway has deepened already (TG: -0.2 Sv 

versus -15 Sv, DP: -4.7 Sv versus -9.1 Sv; 

Figures 2, S3 and S5).  

 

The SSTs along the Antarctic coast are slightly 

warmer (1-2 °C) when both gateways are 

shallow, compared to the SSTs with a deep TG. 

Some regional cooling and warming effect are 

observed in the Pacific Ocean when the DP 

deepens from 300 to 1000m (TG: 300m). 

When one gateway is at shallow depth and 

the other one deepens from 300 to 1500 m, a 

slight SST decrease (up to 3 °C) is observed in 

the Southern Ocean (Figure S4b). This 

observation is consistent with decreasing SST 

in proxy data at several Pacific drill sites 

during the Middle-Late Eocene (see Figure 3a, 

main chapter). This initial cooling event may 

be linked to the early ice sheet expansions 

reaching the Antarctic coast in several 

locations during this time period(47,48). 

However, it remains speculative if such SST 

Figure S3 Resulting SST differences after the deepening of a) the Tasmanian Gateway and b) 
the Drake Passage, from 300 m to 600 m, and from 600 m to 1500 m (TG) / 1000 m (DP). 
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cooling event would have been sufficient 

enough to trigger this large-scale pre-EOT ice 

sheet expansion, in comparison to the 

declining atmospheric CO2 concentrations 

around this time.   

Northern extension to the equator (TG: 

300m, DP: 1000m) 

We extended the northern boundary from 

25°S to 0°S for the model with a shallow TG 

(300m) and a deep DP (1000m) in order to 

test the hypothesis of a “proto-ACC”-type 

current flowing north of Australia once a deep 

Drake Passage exists(49). Such a flow has been 

detected in previous model simulations(49). 

Although, we observe a flow north of 

Australia through the open, wide “Indonesian 

seaway”, the current forms a clockwise gyre  

 

Figure S4 Both Southern Ocean gateways are at shallow depth (300 m). a) Stream function 
and SST are shown (legend as in Figure 2), as well as (b) the resulting SST differences after the 
deepening of the TG from 300m to 1500 m (DP at 300 m) and after the deepening of the DP 
from 300m to 1000m (TG at 300m).  
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and flows back westward through the 

Figure S5 Extension of model’s northern extension from 25 °S to the equator, with a shallow 
TG (300m) and deep DP (1000m). a) Bathymetry, b) stream function and sea surface 
temperatures (legend as in Figure 2, main text).  

 

Figure S6 Ocean model with present-day bathymetry (ETOPO-1(7)) with a) bathymetry, b) 
stream function and sea surface temperatures (legend as in Figure 2, main text). 
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Indonesian seaway (Figure S5). The large-

scale clockwise gyres remain dominant in the 

subpolar Atlantic and Pacific, showing 

stronger transport values (> 40 Sv) compared 

to the setup with the northern boundary at 

25°S. This leads to a slightly higher SST along 

the Antarctic coast (~ 1°C warmer). The net 

transport through the Southern Ocean 

gateways decreases to 3.9 Sv (TG) and -1 Sv 

(DP, resulting in westward net flow). 

A possible reason why our results differ from 

previous studies is the more complex 

bathymetry in the Pacific Ocean, containing a 

large mid ocean ridge system, as well as a 

complex continental Zealandia structure, 

both of which could act as a barrier for 

southward flow towards the DP. Higher 

resolution may be an additional reason for 

differences in the observed ocean dynamics. 

Present-day bathymetry 

This ocean simulation uses the present-day 

bathymetry ETOPO-1(7) with the same paleo 

atmospheric forcing as the other simulations 

presented in this study (Figure S6). A 

prominent circumpolar current dominates 

the Southern Ocean flowing through wide 

and deep Southern Ocean gateways. 

However, the net transport through the 

gateway reaches only about 16% of today’s 

ACC transport and the ACC frontal systems 

are further south (modelled zonal wind stress 

is highest at 55 °S) compared with today’s 

ACC conditions. In addition, our model does 

not produce significantly strong gyres in the 

Weddell and Ross Sea, which reach about 60-

65 Sv (Weddell Gyre(50)) and 15-30 Sv (Ross 

Gyre(51,52)) strength today. Furthermore, the 

SSTs offshore of Antarctica reach high values 

of ~10 °C and about 19 °C offshore of 

Southern Australia which are both much 

warmer than today’s conditions. 

These observations lead us to suggest that it 

is the increasing equator-to-pole SST 

gradients that are responsible for the ACC to 

strengthen during post-EOT evolution until 

reaching its present-day strength of 170 Sv. 
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PAPER 4  



ARTICLES
https://doi.org/10.1038/s41561-018-0198-1

International Ocean Discovery Program (IODP) expeditions 
367/368 at the northern South China Sea (SCS) margin (Fig.  1) 
addressed the spectrum of breakup processes defined by the two 

endmembers identified by North Atlantic drilling1: magma-rich and 
magma-poor margins2,3. The SCS margin, however, shows none of 
the expected characteristics of magma-rich margins4,5, such as tran-
sient formation of excessively thick igneous crust (15–30 km) and 
more than 5-km-thick seaward-dipping reflectors (for example, 
the East Greenland margin6,7). Instead, its structural architecture, 
as inferred from seismic data, is reminiscent of a hyperextended 
‘magma-poor margin’8–11. Our findings provide the first well-con-
strained example of the ‘missing link’ between magma-rich margins 
and magma-poor, hyperextended margins. Formation of such inter-
mediate-type margins has previously been reported (for example, 
the Gulf of California12 and Red Sea13), but not confirmed by drilling.

Tectonic setting of the SCS oceanic basin
The SCS oceanic basin formed during the early Oligocene to middle 
Miocene (32–15 Ma)14,15. Its development includes the formation of 
several sub-basins (Fig. 1a) and rift propagation events. Our study 
focuses on an ~100-km-long segment16 at the northern SCS margin 
within the northwest oceanic sub-basin (Fig.  1b). Previous stud-
ies have suggested major rifting during late Eocene time and final 
breakup during the early Oligocene14,17. Earlier extension events have 

been suggested based on pre-late Eocene, non-marine sediments 
within the deep part of the Pearl River Mouth Basin17,18 located on 
the inner part of the ~400-km-wide SCS margin (Fig. 1a). However, 
evidence for major pre-late Eocene rifting in the distal margin of 
the SCS is neither supported by seismic data (Figs. 1b and 2a) that 
show only a single, strong rifting event, nor recovered by drilling. 
Our drilling study covers this distal ~200-km-wide margin where 
continental breakup took place, and extends seawards from the 
deep Liwan Basin to the oceanic crust (Figs. 1b and 2a). This spe-
cific margin segment has been interpreted as magma-poor, possibly 
hosting exhumed lower crust and upper mantle in its distal parts16,19. 
The conjugate Palawan margin (Fig. 1) is much less constrained, but 
a late Eocene to early Oligocene rifting across a 150–200 km zone 
is reported20. Widespread, possibly plume-related post-spreading 
magmatism across the margin21,22 remains conjectural in light of 
our findings.

General structure of the northern SCS margin
The Liwan Basin is characterized by highly thinned crust, ≤ 10 km 
below the deepest rift basins (Fig. 2a), that formed in response to 
extensive normal faulting4,17. A major rifting event involving detach-
ment faults can be identified from the seismic data, ending at or 
shortly after unconformity T80 (~30 Ma‚ Fig. 2a) with only minor 
post-breakup faults affecting unconformity T60 (~26 Ma). Most 

Rapid transition from continental breakup to 
igneous oceanic crust in the South China Sea
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Continental breakup represents the successful process of rifting and thinning of the continental lithosphere, leading to plate 
rupture and initiation of oceanic crust formation. Magmatism during breakup seems to follow a path of either excessive, tran-
sient magmatism (magma-rich margins) or of igneous starvation (magma-poor margins). The latter type is characterized by 
extreme continental lithospheric extension and mantle exhumation prior to igneous oceanic crust formation. Discovery of 
magma-poor margins has raised fundamental questions about the onset of ocean-floor type magmatism, and has guided inter-
pretation of seismic data across many rifted margins, including the highly extended northern South China Sea margin. Here 
we report International Ocean Discovery Program drilling data from the northern South China Sea margin, testing the magma-
poor margin model outside the North Atlantic. Contrary to expectations, results show initiation of Mid-Ocean Ridge basalt 
type magmatism during breakup, with a narrow and rapid transition into igneous oceanic crust. Coring and seismic data sug-
gest that fast lithospheric extension without mantle exhumation generated a margin structure between the two endmembers. 
Asthenospheric upwelling yielding Mid-Ocean Ridge basalt-type magmatism from normal-temperature mantle during final 
breakup is interpreted to reflect rapid rifting within thin pre-rift lithosphere.
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major extensional faults sole out within a major decollement zone 
at the mid- to top of lower-crustal level (Fig. 2a). The Liwan Basin 
is bounded to the southeast by the Outer Margin High (OMH). The 
major decollement zone is interpreted to continue laterally below 
the OMH, but cannot be followed with confidence seaward of the 
OMH (Fig.  2a). The lower crust is thinnest (~8 km) beneath the 
deep rift basins, but thickens below, and possibly seawards of the 
OMH, suggesting that the lower crust remained ductile and able to 
flow during rifting, as also observed in previous studies23,24. Lower 
crustal flow may have continued beyond final breakup and caused 
local post-rift margin deformation25.

Three distinct parallel basement ridges (A, B and C) trending 
west-southwest to east-northeast are present at the most distal 
margin (Figs.  1b, 2a–c and Supplementary Information) between 
115° 40' E and 116° 40' E. Ridge A shows significant morphological 
variation (depth, width, reflection character) along strike, and sub-
acoustic basement (Tg) reflectors cannot be regionally interpreted 
with any confidence (Fig. 2a–c,e). However, the continental Moho 
can be followed to and below Ridge A where the crust is only 2–2.5 s 
(two-way travel time (TWT); ~7–9 km) thick (Fig. 2a–c).

Ridges B and C are well defined by seawards-dipping bound-
ing faults offsetting Tg, and show remarkable lateral continuity and 
smooth basement surfaces (Figs.  1b, 2a–c,f,g and Supplementary 
Information). Magnetic normal anomaly C11n (~29.5 Ma; 
Fig. 1)26,27 is located close to Ridge B. Ridge C is within reverse mag-
netic anomaly C10r (~28.8–29.4 Ma) and C10n (~28.7 Ma) is placed 
seaward of it (Figs. 1b and 2a–c), implying an initial seafloor half-
spreading rate of ~2.5 cm yr−1 (refs 26,27).

In contrast to the continental Moho reflector below Ridge A, the 
Moho reflector beneath Ridges B and C is more patchy, although its 
depth is consistent with regional wide-angle seismic data28 that show 
~6-km-thick crystalline crust with Vp >  5 km s−1 from this location and 
seawards into younger oceanic crust. Crustal seismology and mag-
netic anomalies therefore suggest that the transition from continental 
crust to full oceanic crust is located between Ridge A and Ridge C.

Drilling results and correlation to seismic data
IODP Site U1501 on the crest of the OMH (Fig. 2a,d) recovered two 
lithostratigraphic units above the acoustic basement reflector Tg29.  
These two units are separated by unconformity T60 (~26 Ma) and 
they span the entire syn- and post-rift basin development: Unit 1 
of early Miocene to Pleistocene age contains deep marine calcar-
eous-rich sediment and ooze, and Unit 2 comprises late Eocene 
to late Oligocene siliciclastic sediments (Fig.  3)29. The base of 
the ~300-m-thick Unit 2 contains coarse sand intervals (shallow 
marine) with up to pebble-sized clasts, interbedded with millimetre-
thin beds of lignite or coal and glauconite-bearing sand. Up-section, 
it shows overall fining of clastic material reflecting deepening basin 
conditions from (base) shallow marine to (top) bathyal depths.  
An age datum at the Eocene/Oligocene boundary (~34 Ma) located 
200 m above the base of this Unit 2 suggests a late Eocene age for its 
deepest part. This is supported by similar sedimentary facies devel-
opment of the deeper part of Unit 2 and the late Eocene Enping 
Formation recovered by industry boreholes within the Pearl River 
Mouth Basin30, and is interpreted as reflecting the main SCS rifting 
event17. Site U143531 near the continent–ocean transition (Fig.  1) 
recovered similar ages and types of syn-rift sediments. It is note-
worthy, however, that neither seismic data, nor coring data, show 
the presence of a distinct breakup unconformity within Unit 2.  
In particular, the T80 reflector (~30 Ma) is only represented in the 
cores by an upwards increase in calcareous nanno-fossils within the 
siliciclastic clay dominating T83-T80 interval. A marked change in 
the ratio between pelagic and benthic foraminifers upwards from 
T80 suggests basin deepening from shelf slope to bathyal depths29 
following final breakup within the most distal margin.

The material recovered from below the highly reflective Tg 
reflector is a strongly lithified sandstone to conglomerate display-
ing a sharp, major increase in density and P-wave velocities, and a 
sudden decrease in porosity (~20% to ~5%)29. An angular uncon-
formity at Tg of about 15° is observed in the cores, and seismic data 
show a nearby, strong erosional truncation of a syncline (Fig.  2d 
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and Supplementary Information). Together, these factors imply that 
Tg represents a major hiatus between sediments suffering pre-rift 
deformation and compaction (Cretaceous?), and deposition of the 
overlying syn-rift deposits (Unit 2).

IODP Sites U1499 and U1502 sampled Ridge A (Fig. 2a–c,e), 
but yielded widely different results. The lower intervals of Site 
U149932 (Fig.  3) consist, from top to bottom, of (1) post-rift, 
lower Miocene fine-grained red claystone, (2) coarse siliciclas-
tic sediments composed of a sandy matrix-supported breccia 
with angular pebble-sized sedimentary clasts bearing ages span-
ning from early Miocene (~23 Ma) through early Oligocene 
(~30 Ma)32, (3) undated, moderately lithified gravel composed 
mostly of polygenic cobble-sized clasts. The clasts predominantly 

consist of previously eroded sedimentary rocks (mostly coarse-
grained sandstone).

Site U1502 is located 40 km east of Site U1499 along Ridge A 
(Figs. 1 and 2e). In the seismic profiles (Fig. 2e), a highly reflec-
tive Tg is dipping ~25°, and is overlain by moderately dipping 
to sub-horizontal onlapping sedimentary layers of mainly post-
rift age. Below Tg, a total of 180 m of basaltic lavas with pillow 
structures were recovered, and are immediately overlain (Fig. 3) 
by a condensed sequence of fine-grained, deep-marine sediments 
ranging in age from early Oligocene (~30 Ma) to early Miocene 
(~23 Ma)33. Clay to claystone immediately above the basalts docu-
ments an assemblage of agglutinated benthic foraminifers that, 
if indeed in situ material, could indicate a late Eocene age33.  

a

d

e

f

T30

T60
T80

Tg

T30

T60
Tg

T83

Tg

T60

T30

Mound

U15005

6

7

T
W

T
 (

s)

4

5

U1501SW

1 km

T
W

T
 (

s)

ENEWSW

1 km

NE

5

6

7

1 km

NW SE

T
W

T
 (

s)

T
W

T
 (

s)
T

W
T

 (
s)

T
W

T
 (

s)

Ridge A

g

5

6

7

8

9

ENEWSW

5 km

U1500

U1502

OMH

Ridge B

Ridge B

T30
T60

T80
T83 Tg

~5
~26

~30
~34

Age (Ma)Reflector

Magnetic anomaly Extensional fault Decollement zone

T30

T60
Tg

Moho

Seabed
f

Tg

Tg

T60

T60

T30

T30

Moho

Moho
10 km

NW SE

5

6

7

8

9

5

6

7

8

9

10 km

NW SE

U1499

U1500U1499p

U1500p

Ridge A Ridge B Ridge C

Ridge A Ridge B Ridge C

U1502p

b

c

Profiles f–g

Profiles a–b

Profiles a–b

Seismic layering

C10nC11nNeogene

Upper crust
?

Lower crust

Tg

T60

T8 0

T30

Palaeogene

Moho
10

100

2

4

6

8

NW SE

T
W

T
 (

s)
U1500

U1502p
U1499pU1501p

50

Liwan basin OMH Ridge A Ridge B Ridge C

200150 250
Distance (km)

b

Profiles f–g

Fig. 2 | Interpreted seismic sections.  For location of sections see Fig. 1. Drill sites marked with ‘p’ are projected. a, Regional seismic profile crossing the 
northern SCS margin. b,c, Expanded views of Ridges A, B and C, emphasizing their lateral continuity. d–f, Seismic sections across the drilling sites. g, Line 
drawing from a strike line across Ridge B showing a mound-like structure below Site U1500, suggesting that slightly younger volcanic strata may subcrop 
elsewhere along the ridge. Seismic data are taken and modified from refs 16,51. The Chinese National Offshore Oil and Gas Company (CNOOC) convention 
for naming seismic stratigraphic unconformities55,56 has been adapted. Regional seismic stratigraphic unconformities T30–T83 with ages are obtained from 
IODP drill cores. The T60 unconformity reflects some late, post rift deformation of minimal extension, possibly related to lower crustal flow25. Tg: acoustic 
basement does not represent a time line or specific stratigraphic relationships of lithologies (Fig. 3). Black line: Moho reflector (verified directly below 
Ridge B by wide-angle data28).

NATURE GEOSCIENCE | VOL 11 | OCTOBER 2018 | 782–789 | www.nature.com/naturegeoscience784

The Nature trademark is a registered trademark of Springer Nature Limited.



ARTICLESNATURE GEOSCIENCE

The entire basalt sequence suffered pervasive hydrothermal alter-
ation reaching greenschist facies conditions and profound brec-
ciation (hydro-fracturing) associated with abundant iron sulfide 
mineralization33. This hydrothermal activity extends into the low-
ermost part (~5 m) of the overlying, deep-marine sediments of 
early Oligocene age (Fig. 3), implying that no major hiatus exists 
between igneous activity and sedimentation. This effectively 
constrains the basaltic activity in late Eocene–early Oligocene 
time (~30–34 Ma) during the final stages of continental breakup. 
The strong and seaward rotation differs from that of Ridge B  
(~5° landward rotation), and is consistent with late-stage defor-
mation at the most distal continental margin before the onset of 
margin-wide magmatism at Ridge B.

Continuation of the continental Moho (Fig.  2a–c) below Ridge 
A implies that this ridge is floored by continental crust. There is no 
indication of magmatism at Site U1499 at the time of continental 
breakup. Instead, matrix-supported breccia and gravels were recov-
ered at Site U1499 below Tg, and possibly were deposited by syn-
tectonic gravity flows in response to rifting. The gravels have a large 
proportion of upper crustal materials, in part of sedimentary origin, 
suggesting limited, if any, deep tectonic exhumation in the source 
area. Overall, this suggests that Ridge A records the interplay between 
late-stage continental extension and breakup-related magmatism.

Site U1500 on the landwards tilted (~5°) fault block of Ridge B 
(Fig. 2f,g) recovered 1,380 m of deep marine Neogene to Oligocene 
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sediments overlying 150 m of volcanic basement34. The fresh to mod-
erately altered basaltic lavas alternate between thick massive flows 
and pillow flows (Fig. 3). Very thin intercalated sediment layers are 
present within the lavas. Nannofossils of Oligocene age within these 
sediments are consistent with the presence of upper Oligocene to 
lower Miocene post-basaltic sediments, and with the alignment of 
magnetic chron C11n (29.5 Ma) with Ridge B (Figs. 1, 2a–c and 3).

The along-ridge seismic line shows that the basement sampled 
at Site U1500 is acoustically layered down to ~2 km below Tg (Vp 
of 4.5–5.0 km s−1) in a similar fashion as the cored upper 150 m, 
and this extends all along Ridge B (Fig.  2f,g and Supplementary 
Information). This suggests that an ~2-km-thick (minimum) vol-
canic edifice is present at this ridge. Although this implies consid-
erable basaltic magmatism along the entire Ridge B around Chron 
C11n time, it does not unambiguously prove that full oceanic crust 
is present below Ridge B. A thick extrusive cover might be sufficient 
to generate the magnetic anomaly, even if it is floored by remnants 
of continental lithosphere. Ridge B, however, shares the character-
istic features of Ridge C (as opposed to the continental Ridge A), 

which, except for its fault-bounded nature, forms a straight continu-
ation into the younger SCS oceanic crust.

Importantly, the composition of the basalts from ridges A and B 
forms a continuum with that of the igneous oceanic crust sampled by 
IODP expedition 349 within the younger SCS basin14. Sites U1500 and 
U1502 lavas all have MORB (Mid-Ocean Ridge Basalt) compositions 
(Fig. 4) with MORB-like petrography: plagioclase phyric, olivine-bear-
ing, lacking clinopyroxene phenocrysts. This is consistent with mantle-
derived primitive, dry melts, generated by decompression melting in a 
mid-ocean-ridge setting. From this, we conclude that a melting regime 
comparable to a mature spreading centre in terms of melt composition, 
productivity and lateral extent was present during the time of final rift-
ing and breakup (Ridge A to Ridge B stage) and continued to operate 
during the subsequent SCS formation (Ridge C and younger).

The normal faults of Ridges B and C show significant displacements 
(up to ~500 m) of Tg representing igneous basement and the very 
oldest post-breakup sediments, but do not offset the younger sedi-
ments of latest Oligocene to early Miocene sediments. This fault activ-
ity therefore occurred within a short time interval (mid-Oligocene)  
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during or just after the formation of the igneous basement and is, in 
this regard, reminiscent of abyssal hill-type topography. The mod-
est (~5°) block rotation, however, suggests that only minor tectonic 
extension operated in tandem with the igneous crustal accretion 
during final breakup to early seafloor spreading.

Breakup model for the northern SCS margin
A major rifting event of late Eocene to early Oligocene age on the 
outer, distal margin of the northern SCS is suggested by both seis-
mic observations and Site U1502 cores. The drilling data support a 
kinematic history of the SCS with breakup at around magnetic chron 
C11n (~30 Ma), but the finding of extensive MORB-type magmatism 
at final breakup time contradicts previous studies that suggested a 
magma-poor margin involving mantle exhumation and magma 
starvation19. Similarly, cores show no evidence for the late-stage, post 
breakup magmatism hypothesized to overprint the margin21.

Combined with seismic data, the drilling results strongly suggest 
that Ridge A is floored by continental crust, but locally experienced 
MORB magmatism within its eastern part (that is, Site U1502), 
potentially reflecting an east to west propagation of initial margin 
magmatism. The age of this magmatism is constrained to be between 
late Eocene to early Oligocene (30 Ma to possibly 34 Ma). Ridge B, 
in contrast, has a ridge-long cover of at least 2-km-thick volcanics 
(MORB-type) of early Oligocene age (Figs. 2g and 3), aligns with 
the magnetic Chron C11n anomaly (~30 Ma), and is in most aspects 
comparable to Ridge C. However, it cannot be excluded that Ridge 
B represents transitional crust (Fig.  5), as opposed to the mature 
oceanic igneous crust that subsequently formed. This uncertainty 
in the location of the rift-to-drift transition is only ~20 km (Stages 
2–3, Fig. 5) and equivalent to ~1 Myr in time (assuming an average 
half-extension rate of 2 cm yr−1 or higher between ridges A and C).

A key characteristic of the northern SCS margin revealed by the 
IODP cores, therefore, is a relatively short (< 10 Myr) rifting event 
with a narrow, and by implication, rapid rift-to-igneous crustal 
accretion transition. This is in marked contrast with the magma-
poor Iberia–Newfoundland margins recording more than ~30 Myr 
of crustal rifting and extensive (> 100 km) subcontinental mantle 
exhumation prior to igneous crustal accretion10,11,35,36.

Establishment of a mantle-melting regime yielding MORB-type 
magmatism at, or even slightly before (Site U1502), final breakup 
is readily explained at magma-rich margins by emplacement of 
anomalously hot asthenosphere6,37. However, the lack of the distinct 
characteristics of magma-rich margins at the SCS implies the need 
for a different model for this margin. Instead, we suggest that rift-
ing of the SCS margin, involving a major and fast episode of exten-
sion during late Eocene to early Oligocene time, enabled formation 
of sufficient decompression melting within the asthenosphere to 
initiate the passive asthenospheric upwelling eventually needed to 
form full igneous crust from normal-temperature mantle (Fig. 5). 
Assuming an original crustal thickness of ~30 km, the only ~8-km-
thick residual continental crust below Ridge A implies a stretch-
ing factor of ~4. Normal-temperature asthenospheric mantle can in 
this case lead to significant melt production38,39. For Ridge B, where 
residual continental crust is ~4 km or less, melt supply could be very 
high and approach that of full oceanic crust. However, in addition 
to the amount of stretching, rift duration also has profound impact 
on melt yields40. High extension rates imply fast vertical ascent of 
asthenospheric mantle that suppresses heat loss through conduc-
tion and, provided focused upwelling takes place, normal thickness 
oceanic crust can form39,40. The relatively high rate of spreading 
recorded in the SCS after breakup (2.5 cm yr−1, half rate) exceeds 
the threshold ascent rate of ~1 cm yr−1 considered a limit for effec-
tive supply of crust-forming melts during steady-state spreading41.

If we further consider that the SCS margin formed within rela-
tively young and hot lithosphere23,24 with a thickness (present day) 
of only 80 km42, melt generation would initiate at lower stretching  

factors compared to normal conditions40. Ascent of early melts 
(Fig. 5) provides for convective heat transfer into the lithosphere43,44, 
can favour grain boundary sliding leading to reduced viscosity45, 
and effectively aids extension and rift localization during late-stage 
rifting13. The decoupling of extension between crust and mantle by a 
ductile lower crust may have contributed to this process by allowing 
the mantle lithosphere to extend independently of the crust in both 
time and space13,23,46. The presence of a relatively thin pre-breakup 
lithosphere is independently supported by modelling of the anoma-
lously high heat flow (~100 mW m−2, Sites 1499 and 150129,32) char-
acterizing the margin47.

In summary, a major rifting event within thin lithosphere per-
mitted mantle upwelling, yielding abundant MORB-type melts 
during final breakup and early seafloor spreading, and resulted a 
narrow and fast rift-to-drift transition along the northern SCS.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0198-1.

Received: 11 November 2017; Accepted: 4 July 2018;  
Published online: 20 August 2018

References
 1. Peron-Pinvidic, G., Manatschal, G. & Osmundsen, P. T. Structural 

comparison of archetypal Atlantic rifted margins: a review of observations 
and concepts. Mar. Pet. Geol. 43, 21–47 (2013).

 2. Tugend, J. et al. Reappraisal of the Magma-Rich versus Magma-Poor  
Rifted Margin Archetypes Spec. Pub. SP476.9 (Geological Society of  
London, 2018); https://doi.org/10.1144/SP476.9

 3. Franke, D. Rifting, lithosphere breakup and volcanism: comparison  
of magma-poor and volcanic rifted margins. Mar. Pet. Geol. 43,  
63–87 (2013).

 4. Gao, J. et al. The continent–ocean transition at the mid-northern margin of 
the South China Sea. Tectonophysics 654, 1–19 (2015).

 5. Lester, R. et al. Rifting and magmatism in the northeastern South China Sea 
from wide-angle tomography and seismic reflection imaging. J. Geophys. Res. 
Solid Earth 119, 2305–2323 (2014).

 6. Holbrook, W. S. et al. Mantle thermal structure and active upwelling during 
continental breakup in the North Atlantic. Earth Planet. Sci. Lett. 190, 
251–266 (2001).

 7. Larsen, H. C. & Saunders, A. D. Tectonism and volcanism at the southeast 
greenland rifted margin: a record of plume impact and later continental 
rupture. In Proc. ODP Sci. Res. (eds Saunders, A. D., Larsen, L. C. &  
Wise, S. W. Jr) Vol. 152, Ch. 41 (ODP, 1998); https://doi.org/10.2973/odp.
proc.sr.152.240.1998

 8. Boillot, G., Winterer, E. L. & Al, E. Drilling on the galicia margin: retrospect 
and prospect. In Proc. ODP Sci. Res. (eds Boillot, G., Winterer, E. L. &  
Meyer, A. W.) Vol. 103, Ch. 45 (ODP, 1988); https://doi.org/10.2973/odp.proc.
sr.103.180.1988

 9. Minshull, T. A. Geophysical characterisation of the ocean–continent 
transition at magma-poor rifted margins. Comptes Rendus Geosci. 341, 
382–393 (2009).

 10. Tucholke, B. & Sibuet, J.-C. Leg 210 synthesis: tectonic, magmatic, and 
sedimentary evolution of the newfoundland-iberia rift. In Proc. ODP Sci. Res. 
(eds Tucholke, B.E., Sibuet, J.-C. & Klaus, A) Vol. 210, Ch. 1 (ODP, 2007); 
https://doi.org/10.2973/odp.proc.sr.210.101.2007

 11. Whitmarsh, R. B., Manatschal, G. & Minshull, T. A. Evolution of magma-
poor continental margins from rifting to seafloor spreading. Nature  
413, 150–154 (2001).

 12. Lizarralde, D. et al. Variation in styles of rifting in the Gulf of California. 
Nature 448, 466–469 (2007).

 13. Ligi, M. et al. Birth of an ocean in the Red Sea: initial pangs. Geochem. 
Geophys. Geosyst. 13, Q08009 (2012).

 14. Li, C.-F., Lin, J., Kulhanek, D. K. & Expedition 349 Scientists. Expedition 349 
summary. In Proc. IODP (eds Li, C.-F., Lin, J., Kulhanek, D. K. & Expedition 
349 Scientists) Vol. 349, Ch. 1 (IODP, 2015); https://doi.org/10.14379/iodp.
proc.349.101.2015

 15. Taylor, B. & Hayes, D. Origin and history of the South China Sea basin. 
Tecton. Geol. Evol. 27, 23–56 (1983).

 16. Sun, Z. et al. Expedition 367/368 Scientific Prospectus: South China Sea Rifted 
Margin 39–106 (IODP, 2016); https://doi.org/10.14379/iodp.sp.367368.2016

NATURE GEOSCIENCE | VOL 11 | OCTOBER 2018 | 782–789 | www.nature.com/naturegeoscience 787

The Nature trademark is a registered trademark of Springer Nature Limited.



ARTICLES NATURE GEOSCIENCE

 17. Zhou, D., Ru, K. & Chen, H. Kinematics of Cenozoic extension on the South 
China Sea continental margin and its implications for the tectonic evolution 
of the region. Tectonophysics 251, 161–177 (1995).

 18. Ru, K. & Pigott, J. D. Episodic rifting and subsidence in the South China Sea. 
Am. Assoc. Pet. Geol. Bull. 70, 1136–1155 (1986).

 19. Franke et al. The final rifting evolution in the South China Sea. Mar. Pet. 
Geol. 58, 704–720 (2014).

 20. Franke, D. et al. The continent-ocean transition at the southeastern margin  
of the South China Sea. Mar. Pet. Geol. 28, 1187–1204 (2011).

 21. Fan, C. et al. New insights into the magmatism in the northern margin of  
the South China Sea: spatial features and volume of intraplate seamounts. 
Geochem. Geophys. Geosyst. 18, 2216–2239 (2017).

 22. Zhao, F. et al. Prolonged post-rift magmatism on highly extended crust  
of divergent continental margins (Baiyun Sag, South China Sea).  
Earth Planet. Sci. Lett. 445, 79–91 (2016).

 23. Brune, S., Heine, C., Clift, P. D. & Pérez-Gussinyé, M. Rifted margin 
architecture and crustal rheology: reviewing Iberia–Newfoundland, Central 
South Atlantic, and South China Sea. Mar. Pet. Geol. 79, 257–281 (2017).

 24. Clift, P., Lin, J. & Barckhausen, U. Evidence of low flexural rigidity and low 
viscosity lower continental crust during continental break-up in the South 
China Sea. Mar. Pet. Geol. 19, 951–970 (2002).

 25. Clift, P. D., Brune, S. & Quinteros, J. Climate changes control offshore  
crustal structure at South China Sea continental margin. Earth Planet.  
Sci. Lett. 420, 66–72 (2015).

 26. Briais, A., Patriat, P. & Tapponnier, P. Updated interpretation of magnetic 
anomalies and seafloor spreading stages in the south China Sea: implications 
for the Tertiary tectonics of Southeast Asia. J. Geophys. Res. 98, 6299 (1993).

 27. Li, C.-F. et al. Ages and magnetic structures of the South China Sea 
constrained by deep tow magnetic surveys and IODP Expedition 349. 
Geochem. Geophys. Geosyst. 15, 4958–4983 (2014).

 28. Pin, Y., Di, Z. & Zhaoshu, L. A crustal structure pro file across the northern 
continental margin of the South China Sea. Tectonophysics 338, 1–21 (2001).

 29. Larsen, H. C. et al. Site U1501. In Proc. IODP (eds Sun, Z. et al.)  
Vol. 367/368, Ch. 5 (IODP, 2018); https://doi.org/10.14379/iodp.
proc.367368.105.2018

 30. Pinglu, L. & Chuntao, R. Tectonic characteristics and evolution history  
of the Pearl river mouth basin. Tectonophysics 235, 13–25 (1994).

 31. Li, C.-F., Lin, J., Kulhanek, D. K. & Expedition 349 Scientists. Site U1435.  
In Proc. IODP (eds Li, C.-F., Lin, J., Kulhanek, D. K. & Expedition 349 
Scientists) Vol. 349, Ch. 7 (IODP, 2015); https://doi.org/10.14379/iodp.
proc.349.107.2015

 32. Sun, Z. et al. Site U1499. In Proc. IODP (eds Sun, Z. et al.) Vol. 367/368,  
Ch. 3 (IODP, 2018); https://doi.org/10.14379/iodp.proc.367368.103.2018

 33. Larsen, H. C. et al. Site U1502. In Proc. IODP (eds Sun, Z. et al.)  
Vol. 367/368, Ch. 6 (IODP, 2018); https://doi.org/10.14379/iodp.
proc.367368.106.2018

 34. Stock, J. M. et al. Site U1500. In Proc. IODP (eds Sun, Z. et al.) Vol. 367/368, 
Ch. 4 (IODP, 2018); https://doi.org/10.14379/iodp.proc.367368.104.2018

 35. Minshull, T. A., Dean, S. M., White, R. S. & Whitmarsh, R. B. Anomalous 
melt production after continental break-up in the southern Iberia Abyssal 
Plain. Geol. Soc. Lond., Spec. Publ. 187, 537–550 (2001).

 36. Mohn, G., Karner, G. D., Manatschal, G. & Johnson, C. A. Structural and 
stratigraphic evolution of the Iberia–Newfoundland hyper-extended rifted 
margin: a quantitative modelling approach. Geol. Soc. Lond. Spec. Pub.  
413, 53–89 (2015).

 37. White, R. & McKenzie, D. Magmatism at rift zones: the generation  
of volcanic continental margins and flood basalts. J. Geophys. Res.  
94, 7685 (1989).

 38. Fletcher, R., Kusznir, N. & Cheadle, M. Melt initiation and mantle 
exhumation at the Iberian rifted margin: comparison of pure-shear and 
upwelling-divergent flow models of continental breakup. Comptes Rendus 
Geosci. 341, 394–405 (2009).

 39. Mckenzie, D. & Bickle, M. J. The volume and composition of melt generated 
by extension of the lithosphere. J. Petrol. 29, 625–679 (1988).

 40. Bown, J. W. & White, R. S. Effect of finite extension rate on melt  
generation at rifted continental margins. J. Geophys. Res. Solid Earth  
100, 18011–18029 (1995).

 41. Lizarralde, D., Gaherty, J. B., Collins, J. A., Hirth, G. & Kim, S. D. Spreading-
rate dependence of melt extraction at mid-ocean ridges from mantle seismic 
refraction data. Nature 432, 744–747 (2004).

 42. Yu, C. et al. Deep thermal structure of Southeast Asia constrained by 
S-velocity data. Mar. Geophys. Res. 38, 341–355 (2017).

 43. Sotin, C. & Parmentier, E. M. Dynamical consequences of compositional and 
thermal density stratification beneath spreading centers. Geophys. Res. Lett. 
16, 835–838 (1989).

 44. McKenzie, D. P. The generation and compaction of partial melts. J. Petrol. 25, 
713–765 (1984).

 45. Ohuchi, T. et al. Dislocation-accommodated grain boundary sliding as  
the major deformation mechanism of olivine in the Earth’s upper mantle.  
Sci. Adv. 1, e1500360 (2015).

 46. Huismans, R. & Beaumont, C. Depth-dependent extension, two-stage 
breakup and cratonic underplating at rifted margins. Nature 473,  
74–78 (2011).

 47. Nissen, S. S. et al. Gravity, heat flow, and seismic constraints on the processes 
of crustal extension: northern margin of the South China Sea. J. Geophys. Res. 
100, 22447 (1995).

 48. Gradstein, F. M. & Ogg, J. G. in The Geologic Time Scale (eds Gradstein, F. 
M., Ogg, J. G., Schmitz, M. D. & Ogg, G. M.) Ch. 2, 31–42 (Elsevier, 
Amsterdam, 2012).

 49. Amante, C. & Eakins, B. W. ETOPO1 1 Arc-Minute Global Relief Model: 
Procedures, Data Sources and Analysis NOAA Tech. Memo NESDIS 
NGDC-24 (National Geophysical Data Center, NOAA, 2009); https://doi.
org/10.1594/PANGAEA.769615

 50. Wang, P., Prell, W. L. & Blum, P. (eds) in Proc. ODP, Init. Repts Vol. 184,  
Ch. 1 (ODP, 2000).

 51. Larsen, H. C. et al. Expedition 367/368 summary. In Proc. IODP  
(eds Sun, Z. et al.) Vol. 367/368, Ch. 1 (IODP, 2018); https://doi.org/10.14379/
iodp.proc.367368.101.2018 

 52. Seton, M. et al. Community infrastructure and repository for marine 
magnetic identifications. Geochem. Geophys. Geosyst. 15, 1629–1641 (2014).

 53. Gee, J. S. & Kent, D. V. Source of oceanic magnetic anomalies and the 
geomagnetic polarity timescale. Treatise Geophys. 5, 455–507 (2007).

 54. Ishihara, T. & Kisimoto, K. Magnetic Anomaly Map of East Asia 1:4.000.000, 
CD-ROM (Geological survey of Japan, 1996).

 55. Dai, Y. et al. Threshold conditions and reservoir-controlling characteristics of 
source kitchen in Zhu I depression, Pearl River Mouth Basin. Acta Pet. Sin. 
36, 145–155 (2015).

 56. Shi, H., He, M. & Zhang, L. Hydrocarbon geology, accumulation pattern  
and the next exploration strategy in the eastern Pearl River Mouth basin. 
China Offshore Oil Gas. 26, 11–22 (2014).

 57. Shervais, J. W. Ti–V plots and the petrogenesis of modern and ophiolitic 
lavas. Earth Planet. Sci. Lett. 59, 101–118 (1982).

Acknowledgements
The authors acknowledge the Chinese National Offshore Oil and Gas Company 
(CNOOC) for providing access for Z.S. and H.C.L. to work on their large regional database 
of seismic reflection data, which CNOOC subsequently amended with acquisition of new 
data to document our selected drill sites. The authors thank the RV JOIDES Resolution 
crew and the IODP technical staff. The IODP–China office supported international 
workshops to develop the original drilling proposal. Co-principal investigators of the 
drilling proposal, P. Wang and C.-F. Li, are acknowledged for their contributions to 
planning. This research used data and samples provided by the International  
Ocean Discovery Program. A.K. and C.A.-Z. acknowledge support from NSF award no.  
OCE-1326927. D.Z. was supported by the Korean IODP program (KIODP).

Author contributions
H.C.L. was co-principal investigator (co-PI) for the original drilling proposal and 
interpretation of seismic data, co-chief scientist of expeditions 367/368, and directed 
the writing of the paper. G.M. is principal co-author, developed the geodynamic model 
jointly with H.C.L. and M.N. and was a shipboard scientist (structural geology) at 
expedition 368. M.N. was a shipboard scientist (structure/sedimentology) at expedition 
367, carried out structural interpretation of syn-rift sedimentation, and contributed 
to model development and graphics. Z.S was co-PI for the original drilling proposal, 
interpretation of seismic data, and was co-chief scientist of expeditions 367/368. 
J.S. was co-chief scientist of expeditions 367/368 and co-proponent of the original 
drilling proposal. Z.J. was co-chief scientist of expeditions 367/368 and coordinated 
biostratigraphic interpretations. A.K. was expeditions 367/368 project manager. 
C.A.A.-Z. was expeditions 367/368 project manager and performed biostratigraphy.  
J.B., A.B., Y.C., M.D., A.F., J.H., T.W.H., K.H., B.H., X.H., B.J., C.Lei., L.L., Z.L., A.L., 
C.Lupi, A.McC., M.N., C.R., I.S., C.S., X.S., R.X., R.Y., L.Y., C.Z., J.Z., Y.Z., N.Z. and L.Z. 
collected the drilling data during IODP expedition 367 and participated in the writing 
of the paper. S.B., D.C., K.D., W.D., E.F., F.F., A.G., E.H., S.J., H.J., R.K., B.L., Y.L., J.L. 
(co-PI)., Chang Liu, Chuanlian Liu, L.N., N.O., D.W.P., P.P., N.Q., S.Sa., J.C.S., S.St., L.T., 
F.M.vdZ., S.W., H.W., P.S.Y. and G.Z. collected the drilling data during IODP expedition 
368 and participated in writing of the paper. Roles on board are detailed in https://iodp.
tamu.edu/scienceops/precruise/southchinasea2/participants.html.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41561-018-0198-1.
Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to H.C.L. or G.M.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

NATURE GEOSCIENCE | VOL 11 | OCTOBER 2018 | 782–789 | www.nature.com/naturegeoscience788

The Nature trademark is a registered trademark of Springer Nature Limited.



ARTICLESNATURE GEOSCIENCE

1State Key Laboratory of Marine Geology, Tongji University, Shanghai, China. 2Geological Survey of Denmark and Greenland, Copenhagen, Denmark. 
3Université de Cergy-Pontoise, Laboratoire Géosciences et Environnement Cergy (GEC), Neuville-sur-Oise, France. 4CAS Key Laboratory of Ocean 
and Marginal Sea Geology, South China Sea Institute of Oceanology, Guangzhou, China. 5Division of Geological and Planetary Sciences, California 
Institute of Technology, Pasadena, CA, USA. 6International Ocean Discovery Program, Texas A&M University, College Station, TX, USA. 7Dipartimento 
di Geoscienze, Università degli Studi di Padova, Padova, Italy. 8School of Geosciences, University of Aberdeen, Aberdeen, UK. 9GET, Universite de 
Toulouse, UMR 5563 CNRS, CmNES, IRD, Obs. Midi-Pyrenees, Toulouse, France. 10Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 
Guangzhou, China. 11Petroleum & Marine Research Division, Korea Institute of Geoscience and Mineral Resources (KIGAM), Daejeon, Republic of Korea. 
12School of Geosciences, University of Sydney, Camperdown, New South Wales, Australia. 13Key Laboratory of Submarine Geoscience, Second Institute 
of Oceanography (SIO), State Oceanic Administration (SOA), Hangzhou, China. 14Department of Geological Sciences, Brigham Young University, Provo, 
UT, USA. 15School of Geosciences, University of Louisiana at Lafayette, Lafayette, LA, USA. 16Programa de Pós-Graduação em Dinâmica dos Oceanos 
e da Terra da Universidade Federal Fluminense (DOT-UFF), Brazil - CAPES Foundation, Ministry of Education of Brazil, Brasilia, Brazil. 17Department of 
Geoscience, Shimane University, Matsue City, Shimane, Japan. 18Earth and Atmospheric Sciences, University of Nebraska–Lincoln, Lincoln, NE, USA. 
19JAMSTEC, Yokohama, Kanagawa, Japan. 20Department of Geology, Peking University, Beijing, China. 21State Key Laboratory of Isotope Geochemistry, 
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China. 22Institute of Groundwater and Earth Sciences, Jinan University, 
Guangzhou, China. 23Department of Geology and Geography, West Virginia University, Morgantown, WV, USA. 24GEOMAR Helmholtz Center for Ocean 
Research , Kiel, Germany. 25Institute of Geosciences, Christian-Albrechts-Universität zu Kiel, Kiel, Germany. 26Key Laboratory of Tectonics and Petroleum 
Resources of Ministry of Education, China University of Geosciences, Wuhan, China. 27Department of Micropalaeontology, Nanjing Institute of Geology 
and Palaeontology, Nanjing, China. 28School of Geographical and Oceanographical Sciences, Nanjing University, Nanjing Shi, China. 29Department of 
Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, USA. 30Department of Geology and Geophysics, Louisiana State 
University, Baton Rouge, LA, USA. 31Department of Geology, University of South Florida, Tampa, FL, USA. 32Department of Earth and Environmental 
Sciences, Università degli studi di Pavia, Pavia, Italy. 33Institute of Earth Sciences, University of Lausanne, Geopolis, Lausanne, Switzerland. 34Department 
of Marine Geophysics, National Centre for Antarctic and Ocean Research (NCAOR), Vasco Da Gama, Goa, India. 35Faculty of Science, Graduate School 
of Science and Technology for Innovation, Yamaguchi-shi, Yamaguchi, Japan. 36Earth & Environmental Sciences, University of Iowa, Iowa City, IA, USA. 
37School of Earth Sciences, Ohio State University, Columbus, OH, USA. 38Dipartimento di Ingegneria e Geologia, Università degli studi G D’Annunzio 
Chieti-Pescara, Chieti, Italy. 39Institute for Marine and Antarctic Studies (IMAS), University of Tasmania, Hobart, Tasmania, Australia. 40Institute of Earth 
Sciences, Heidelberg University, Heidelberg, Germany. 41Department of Geology, California State University, Sacramento, CA, USA. 42Lamont Doherty 
Earth Observatory of Columbia University, Palisades, NY, USA. 43Institute of Oceanography, National Taiwan University, Tapei, Taiwan. 44Institute of  
Deep-sea Science and Engineering, Chinese Academy of Sciences, Sanya City, Hanai Province, China. 45Institute of Oceanology, Chinese Academy of 
Sciences, Qingdao, Shandong Province, China. 46School of Ocean Sciences, China University of Geosciences, Haidian District, Beijing, China. 47Taiwan 
Ocean Research Institute, NARLabs, Kaohsiung, Taiwan. 48Department of Earth, Atmospheric and Planetary Sciences, Purdue University, West Lafayette, 
IN, USA. 49School of Marine Sciences, Sun Yat-Sen University, Zhuhai, China. 50Present address: School of Earth Sciences, University of Bristol , Clifton, UK.  
*e-mail: hclarseniodp@gmail.com; geoffroy.mohn@u-cergy.fr

NATURE GEOSCIENCE | VOL 11 | OCTOBER 2018 | 782–789 | www.nature.com/naturegeoscience 789

The Nature trademark is a registered trademark of Springer Nature Limited.



ARTICLES NATURE GEOSCIENCE

and thermal demagnetization of oriented discrete samples on the SRM, and 
measurement and AF demagnetization of oriented discrete samples on the spinner 
magnetometer (AGICO model JR6). The palaeomagnetic age model was derived 
from the depth and timing of magnetic reversal events. The palaeomagnetic and 
palaeontological age constraints match well over most of the sections.

Seismic data and their correlation to drill cores. All seismic data shown were 
acquired at industry level quality by a commercial vendor. Multichannel seismic 
streamers (6,000 m length) were towed at 6–10 m depth with a shooting pattern 
resulting in a common depth point (CDP) distance of 6.25 m. Processing was 
done commercially to the highest industry standards and included deconvolution, 
multiple suppression, time migration and filtering. Several approaches were applied 
to correlate seismic data to the drill cores: wireline logging, continuous and discrete 
measurements of physical properties on the cores, vertical seismic profiling, 
check shots within the borehole, and ties between outstanding reflectors such as 
basement and regional distinct unconformities. The established core to seismic 
correlation was tested by synthetic seismogram modelling using wireline logging 
data and discrete physical properties data from the cores. Wireline logging data 
include natural gamma ray radiation, density, resistivity, acoustic velocity, magnetic 
susceptibility, formation microscanner, vertical seismic profiling (zero offset) and 
in situ temperature measurements and heat flow calculations. Physical properties 
measurements include bulk density, p-wave velocity, magnetic susceptibility, 
natural gamma rays, thermal conductivity and colour reflectance spectrometry.

Location of cited boreholes. Site U1499 (lat. N/long. E): 18° 24.57015′ / 
115° 51.5955′ . Site U1500: 18° 18.27345′ /116° 13.19335′ . Site U1501: 18° 53.0923′ / 
115° 45.9455′ . Site U1502: 18° 27.8759′ /116° 13.8395′ . Site U1435: 18° 33.3466′ / 
116° 36.6174′ .

Data availability. The data that support the findings of this study are available 
from the IODP Proceedings of Expeditions 367/368 (http://iodp.tamu.edu/
publications/bibliographic_information/367368cit.html) to be published  
28 September 2018. All IODP data from any expeditions can be obtained from  
https://doi.org/10.14379/iodp.proc.367368.2018. Further questions can be  
directed to the corresponding authors.
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Methods
All new data in this publication were produced onboard RV JOIDES Resolution 
during IODP expeditions 367 and 368, except for the seismic data (courtesy of 
CNOOC). The methods applied for all data types are described in detail in pages 
1–67 of ref. 58. All methods, data, sampling frequency and curatorial procedures can 
be retrieved, from 28 September 2018, via the JOIDES Resolution Science Operator 
web site (http://iodp.tamu.edu/scienceops/expeditions/south_china_sea_II.html). 
Methods of particular importance for this contribution relate to whole rock 
geochemistry, biostratigraphy and timescales, seismic data and their correlation to 
drill holes and cores.

Geochemical analysis. The fresh to moderately altered basalts and highly altered 
basalts sampled from sites U1500 and U1502, respectively, were analysed onboard 
for major and trace element concentrations during expeditions 367 and 368 using 
a Leeman inductively coupled plasma–atomic emission spectroscopy (ICP–AES) 
instrument. Samples were cut from the core with a diamond saw blade, removing 
altered rinds and surface contamination from the drill or saw. During expeditions 
367 and 368, run-to-run relative standard deviation with ICP–AES was generally 
± 1% for the major elements, except for MgO (± 5%) and ± 10% for trace elements. 
The detailed ICP–AES procedure is described in the Methods section of ref. 58.

Stratigraphy and timescales. Stratigraphic and specific age constraints were 
established during IODP expeditions 367 and 368 using (1) biostratigraphy,  
(2) palaeomagnetic data, (3) sediment core description and lithostratigraphy,  
and (4) core and borehole petrophysical and geophysical measurements17.  
The timescale of Gradstein and Ogg48 was used for reference. Biostratigraphic 
analyses were carried out for all core catcher samples. Additional samples were 
taken from the split working-half sections when necessary, and analysed to refine 
the ages between core catcher samples. Biostratigraphic analyses marked the first 
and last occurrences of key marker species of calcareous nanofossils, planktonic 
foraminifera and diatoms. Benthic foraminifera and ostracods were also used when 
applicable for age estimate determinations.

Shipboard palaeomagnetic investigations were conducted on both the 
archive and working halves of cores recovered during expeditions 367 and 368. 
The primary objectives were to determine the directions of natural remanent 
magnetization (NRM) components, including magnetic polarity, and downhole 
variation of magnetic properties. Shipboard measurements combined three 
complementary approaches: measurement and in-line alternating field (AF) 
demagnetization of archive-half sections on the pass-through 2G Enterprises 
(model 760R-4K) superconducting rock magnetometer (SRM), measurement 
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Dedication
We dedicate this volume to our good friend and colleague Dr. Kirk D. McIntosh who passed away 

during Expedition 368 at the age of 59. Those who worked closely with Kirk on the years-long prepara-
tions for the South China Sea expeditions learned to know him as a person of the finest qualities. His 
prior work in the region was crucial to the scientific foundation of the project, and the rigor that he 
applied in processing and interpreting the seismic data greatly helped to shape our final drilling plans. 
His treatment for leukemia prevented him from sailing with us, but he remained engaged in our discus-
sions even as we sailed. We were devastated by the news of his sudden death. His contributions will not 
be forgotten. Photo credit: David Stephens, Bureau of Economic Geology, University of Texas at Austin.
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Foreword
The International Ocean Discovery Program (IODP) represents the latest incarnation of almost 

five decades of scientific ocean drilling excellence and is generally accepted as the most successful 
international collaboration in the history of the Earth sciences. IODP builds seamlessly on the accom-
plishments of previous phases: the Deep Sea Drilling Project, Ocean Drilling Program, and Integrated 
Ocean Drilling Program. The 2013–2023 IODP Science Plan (Illuminating Earth’s Past, Present, and 
Future) defines four themes and thirteen challenges for this decade of scientific ocean drilling that are 
both of fundamental importance in understanding how the Earth works and of significant relevance to 
society as the Earth changes, at least in part in response to anthropogenic forcing. This phase of IODP 
represents a renewed level of international collaboration in bringing diverse drilling platforms and 
strategies to increasing our understanding of climate and ocean change, the deep biosphere and evo-
lution of ecosystems, connections between Earth’s deep processes and surface manifestations, and 
geologically induced hazards on human timeframes.

The Proceedings of the International Ocean Discovery Program presents the scientific and engi-
neering results of IODP drilling projects, expedition by expedition. As in the preceding Integrated 
Ocean Drilling Program, expeditions in the new IODP are conducted by three implementing organi-
zations, each providing a different drilling capability. These are the US Implementing Organization 
(USIO; through September 2014) and the JOIDES Resolution Science Operator (JRSO; as of October 
2014), providing the leased commercial vessel JOIDES Resolution for riserless drilling operations; 
JAMSTEC’s Center for Deep Earth Exploration (CDEX), providing the drillship Chikyu for riser and 
occasional riserless operations; and the European Consortium for Ocean Research Drilling (ECORD) 
Science Operator (ESO), providing “mission-specific” platforms (MSPs) for expeditions that extend 
the IODP operational range where neither drillship is suitable, for example, in polar environments and 
in shallow waters. Scheduling decisions for each capability are made by three independent Facility 
Boards, each of which includes scientists, operators, and platform funding partners: the JOIDES 
Resolution Facility Board (JRFB), Chikyu IODP Board (CIB), and ECORD Facility Board (EFB). At the 
beginning of the new IODP, the three Facility Boards agreed to utilize Publication Services at the 
USIO and now the JRSO for production of all expedition Proceedings volumes and reports. 

The new IODP differs from prior scientific ocean drilling programs in that it has neither a central 
management organization nor commingled funding for program-wide activities. Yet this phase of 
IODP retains a fundamental integrative structural element: a “bottom-up” evaluation of all proposals 
for drilling expeditions by a single advisory structure composed of scientists representing all interna-
tional program partners. International scientists may submit drilling proposals to the Science Support 
Office; all submitted proposals are then evaluated by a Science Evaluation Panel in the context of the 
Science Plan. 

The new IODP also has a second internationally integrative level for high-level discussion and 
consensus-building: the IODP Forum. The Forum is charged with assessing program-wide progress 
toward achieving the Science Plan. At present, IODP involves 26 international financial partners, 
including the United States, Japan, an Australia/New Zealand consortium (ANZIC), Brazil, China, 
India, South Korea, and the eighteen members of ECORD (Austria, Belgium, Canada, Denmark, 
Finland, France, Germany, Ireland, Israel, Italy, the Netherlands, Norway, Poland, Portugal, Spain, 
Sweden, Switzerland, and the United Kingdom). This enhanced membership in the new IODP 
represents a remarkable level of international collaboration that remains one of the greatest ongoing 
strengths of scientific ocean drilling.
James A. Austin Jr.
Chair, IODP Forum
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Abstract
The primary objectives of International Ocean Discovery Pro-

gram (IODP) Expedition 367/368 to the northern South China Sea 
(SCS) margin were to (1) examine its history of continental breakup 
and (2) compare it with other nonvolcanic or magma-poor rifted 
margins with the broader goal of testing models for continental 
breakup. A secondary objective was to further our understanding of 
the paleoceanographic and environmental development of the SCS 
and southeast Asia during the Cenozoic. Four primary sites were se-
lected for the overall program: one in the outer margin high (OMH) 
and three seaward of the OMH on distinct, margin-parallel base-
ment ridges. These three ridges are informally labeled A, B, and C 
and are located in the continent–ocean transition (COT) zone rang-
ing from the OMH to the interpreted steady-state oceanic crust 
(Ridge C) of the SCS. The main scientific objectives include the fol-
lowing:

• Determining the nature of the basement in crustal units across 
the COT of the SCS that are critical to constrain style of rifting,

• Constraining the time interval from initial crustal extension and 
plate rupture to the initial generation of igneous ocean crust,

• Constraining vertical crustal movements during breakup, and
• Examining the nature of igneous activity from rifting to seafloor 

spreading.
In addition, the sediment cores from the drill sites targeting pri-

marily tectonic and basement objectives will provide information 
on the Cenozoic regional environmental development of the South-
east Asia margin.

Site U1499 on Ridge A and Site U1500 on Ridge B were drilled 
during Expedition 367. Expedition 368 was planned to drill at two 
primary sites (U1501 and U1503) at the OMH and Ridge C, respec-
tively, but based on drilling results from Expedition 367, Expedition 
368 chose to insert an alternate site on Ridge A (Site U1502). In ad-

https://creativecommons.org/licenses/by/4.0/
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dition, Expedition 368 added two more sites on the OMH (Sites 
U1504 and U1505). Expedition 367/368 completed operations at six 
of the seven sites (U1499–U1502, U1504, and U1505). Site U1503, 
however, was not completed beyond casing without coring to 990 m 
because of mechanical problems with the drilling equipment that 
prevented the expedition, after 25 May 2017, from operating with a 
drill string longer than 3400 m. New alternate Site U1504, proposed 
during Expedition 367, met this condition. Original Site U1505 also 
met the operational constraints of the 3400 m drill string (total) and 
was an alternate site for the already-drilled Site U1501.

At Site U1499, we cored to 1081.8 m in 22.1 days with 52% re-
covery and then logged downhole data from 655 to 1020 m. In 31 
days at Site U1500, we penetrated to 1529 m, cored a total of 1012.8 
m with 37% recovery, and collected log data from 842 to 1133 m. At 
Site U1501, we cored to 697.1 m in 9.4 days with 78.5% recovery. We 
also drilled ahead for 433.5 m in Hole U1501D and then logged 
downhole data from 78.3 to 399.3 m. In 19.3 days at Site U1502, we 
penetrated 1679.0 m in Holes U1502A (758 m) and U1502B (921 
m), set 723.7 m of casing and cored a total of 576.3 m with 53.5% 
recovery, and collected downhole log data from 785.3 to 875.3 m 
and seismic data through the 10¾ inch casing. At Site U1503, we 
penetrated 995.1 m and set 991.5 m of 10¾ inch casing, but no cores 
were taken because of a mechanical problem with the drawworks. 
At Site U1504, we took 40 rotary core barrel (RCB) cores over two 
holes. The cored interval between both holes was 277.3 m with 
26.8% recovery. An 88.2 m interval was drilled in Hole U1504B. At 
Site U1505, we cored 668.0 m with 101.1% recovery. Logging data 
was collected from 80.1 to 341.2 m. Operations at this site covered 
6.1 days. Except for Sites U1503 and U1505, all sites were drilled to 
acoustic basement. A total of 6.65 days were lost due to mechanical 
breakdown or waiting on spare supplies for repair of drilling equip-
ment, but drilling options were severely limited from 25 May to the 
end of the expedition by the defective drawworks limiting deploy-
ment of drill string longer than 3400 m.

At Site U1499, coring ~200 m into the interpreted acoustic base-
ment sampled sedimentary rocks, possibly including early Miocene 
chalks underlain by Oligocene polymict breccias and poorly ce-
mented gravels of unknown age comprising sandstone pebbles and 
cobbles. Preliminary structural and lithologic analysis suggests that 
the gravels might be early to late synrift sediment. At Site U1500, 
the main seismic reflector corresponds to the top of a basalt se-
quence at ~1379.1 m. We cored 149.90 m into this volcanic package 
and recovered 114.92 m (77%) of sparsely to moderately pla-
gioclase-phyric basalt comprising numerous lava flows, including 
pillow lavas with glass, chilled margins, altered veins, hyaloclastites, 
and minor sediment. Preliminary geochemical analyses indicate 
that the basalt is tholeiitic.

Sampling of the Pleistocene to lower Miocene sedimentary sec-
tion at Sites U1499 and U1500 was not continuous for two reasons. 
First, there was extremely poor recovery in substantial intervals in-
terpreted to be poorly lithified sands, possibly turbidites. Second, 
we chose to drill down without coring in some sections at Site 
U1500 to ensure sufficient time to achieve this site’s high-priority 
deep drilling objectives. The upper Miocene basin sequence, which 
consists of interbedded claystone, siltstone, and sandstone can be 
correlated between the two sites by seismic stratigraphic mapping 
and biostratigraphy.

At Site U1501 on the OMH, coring ~45 m into the acoustic 
basement sampled prerift(?) deposits comprising sandstone to con-
glomerate of presumed Mesozoic age. These deposits are overlain 
by siliciclastic synrift sediments of Eocene to Oligocene age fol-
lowed by primarily carbonaceous postrift sediments of early Mio-

cene to Pleistocene age. Site U1502 on Ridge A was cased to 723.7 
m. No coring was attempted shallower than 380 m to save opera-
tional time and because of low expectations for core recovery in the 
upper Plio–Pleistocene sequence. At this site, we recovered 180 m 
of hydrothermally altered brecciated basalts comprising sheet and 
pillow lavas below deep-marine sediments of Oligocene to late Mio-
cene age. At Site U1503 on Ridge C, 991.5 m of casing was installed 
in preparation for the planned deep drilling to ~1800 m. No coring 
was performed due to mechanical failures, and the site was aban-
doned without further activity except for installation of a reentry 
cone. Coring at Site U1504 on the OMH, located ~45 km east of Site 
U1501, recovered mostly foliated, greenschist facies metamorphic 
rocks below late Eocene(?) carbonate rocks (partly reef debris) and 
early Miocene to Pleistocene sediments. At Site U1505, we cored to 
480.15 m through Pleistocene to late Oligocene mainly carbona-
ceous ooze followed at depth by early Oligocene siliciclastic sedi-
ments.

Efforts were made at every drill site to correlate the core with 
the seismic data and seismic stratigraphic unconformities inter-
preted in the Eocene to Plio–Pleistocene sedimentary sequence 
prior to drilling. The predrilling interpretation of ages of these un-
conformities was in general confirmed by drilling results, although 
some nontrivial corrections can be expected from detailed post-
expedition work on integrating seismic stratigraphic interpretations 
with detailed bio- and lithostratigraphy.

As a result of the limited length of drill string that could be de-
ployed during the later part of Expedition 368, the secondary expe-
dition objectives addressing the environmental history of the SCS 
and Southeast Asia received more focus than originally planned, al-
lowing Site U1505 (alternate to Site U1501) to be included. Despite 
this change in focus, Expedition 367/368 provided solid evidence 
for a process of breakup that included vigorous synrift magmatism 
as opposed to the often-favored interpretation of the SCS margin as 
a magma-starved margin or a margin possibly overprinted at a 
much later stage by plume-related magmatism. In this broader per-
spective, Expedition 367/368 accomplished a fundamental objective 
of the two-expedition science program.

Introduction
The South China Sea (SCS) margin (Figure F1) is an accessible 

and seismically well-imaged location where drilling of synrift sedi-
ment and underlying basement will provide key constraints on the 
processes of rifting and eventual rupturing of the continental litho-
sphere during breakup at a highly extended rifted margin. Expedi-
tion 367/368 was based on International Ocean Discovery Program 
(IODP) drilling Proposals 878-CPP, 878-Add, 878-Add2, and 878-
Add3. This project was implemented as a single science program 
with 114 days of drilling operations spread across two IODP expedi-
tions as outlined in the Expedition 367/368 Scientific Prospectus
(Sun et al., 2016b). Two expeditions were required to drill four high-
priority, deep-penetration sites in a transect across the margin. Of 
these, three sites targeted acoustic basement in the continent–
ocean transition (COT), and one site targeted prerift through syn-
rift to postrift sequences on the landward side of the transect. Al-
though the primary focus of this drilling expedition was to 
discriminate among possible models for rifting and plate rupture, 
the drilling, along with results from Ocean Drilling Program (ODP) 
Leg 184 and IODP Expedition 349, addressed a secondary objective 
to improve our understanding of the Cenozoic environmental evo-
lution of the southeast Asian area as recorded in the sediments of 
the SCS basin.
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Background
Global questions regarding formation 

of rifted margins
ODP (1985–2003) made a major effort along the rifted margins 

of the North Atlantic to understand the processes of continental 
breakup (ODP Legs 103, 104, 149, 152, 163, 173, and 210). This ef-
fort resulted in the recognition of two end-members of rifted mar-
gins (see summary of observations in Sun et al., 2016a, 2016b).

The first recognized end-member is referred to as a volcanic 
rifted margin, examples of which are characterized by massive igne-
ous activity in a relatively short period of time (~1–3 million years) 
during breakup and initial seafloor spreading. The pair of conjugate 
margins of Greenland and northwest Europe is a type example. In 
these locations, the asthenospheric mantle may have been anoma-
lously hot (e.g., mantle plumes), leading to thermal weakening of the 
continental lithosphere followed by rapid plate rupture (Duncan, 
Larsen, Allan, et al., 1996; Eldholm et al., 2000; Geoffroy, 2005).

The second recognized end-member is the hyperextended, 
magma-poor rifted margin, which is interpreted to endure hyperex-
tension of the continental crust, with tectonic extension at the distal 
margin leading eventually to serpentinization and exhumation of 
the subcontinental mantle. The Newfoundland and Iberia conjugate 

margin, where serpentinized exhumed mantle occupies a broad 
zone in the COT, is an example of this type of margin (Boillot, Win-
terer, et al., 1988; Whitmarsh, Sawyer, Klaus, and Masson, 1996; 
Beslier, Whitmarsh, Wallace, and Girardeau, 2001). However, it is 
the only conjugate margin pair where geophysical interpretation has 
been confirmed by scientific drilling. The introduction of water to 
the subcontinental lithospheric mantle is interpreted to have taken 
place through deep, crust-cutting faults, causing serpentinization 
that profoundly weakens the mantle lithosphere and facilitates plate 
rupture. The subsequent ultraslow spreading led to formation of ad-
ditional serpentinite on the seafloor (e.g., Dick et al., 2003) until suf-
ficient magma production for normal oceanic crust to form was 
established.

Other examples of hyperextended rifted margins have been in-
terpreted from seismic reflection data (e.g., Brune et al., 2017; Doré 
and Lundin, 2015). However, it is not known if serpentinized mantle 
plays a critical role in all cases. Modeling by Huismans and Beau-
mont (2008, 2011) suggests several scenarios for the formation of 
rifted margins in the absence of anomalously hot asthenospheric 
mantle. One scenario (Type I of Huismans and Beaumont, 2011) is 
the Iberia-Newfoundland-type margin described above. In this 
case, lithospheric thinning initially occurs in the (upper) crust, with 
extensional faults profoundly thinning the continental crust (hyper-
extension) and eventually reaching the mantle and causing ser-
pentinization (Whitmarsh et al., 2001; Pérez-Gussinyé and Reston, 
2001; Pérez-Gussinyé et al., 2006; Reston, 2009; Sutra and 
Manatschal, 2012). The schematic model of this type of margin de-
velopment, shown in Figure F2, guided the drilling strategy of Expe-
dition 367/368. Huismans and Beaumont (2008, 2011), however, 
also suggest that final plate rupture can occur without exhumation 
of the subcontinental mantle and can be followed rather quickly by 
igneous oceanic crust formation, a scenario that our chosen drilling 
strategy also tested. The highly extended northern margin of the 
SCS is therefore an excellent location to examine through drilling 
whether this margin experienced magmatism during breakup or its 
development is closer to the Iberia-type, amagmatic margin.

Geological setting
The SCS is a modestly sized young ocean basin that formed 

along the eastern boundary of the Eurasian plate during mid- to late 
Cenozoic time (Figure F1). Expedition 367/368 cored and logged a 
transect of drill sites across the COT in the northern SCS (Figure 
F3).

Before the continental crust rifted to form the present SCS, 
there used to be a subduction zone in the late Mesozoic along the 
southeast part of the South China block (Zhou and Li, 2000; Zhou 
et al., 2008; Li et al., 2012a, 2012b). This relatively young continental 
lithosphere subsequently underwent extensive rifting during the 
Paleogene, likely in the Eocene and early Oligocene. Seafloor 
spreading in the SCS started during the Oligocene, with the oldest 
interpreted magnetic anomaly in the area of the drilling transect in-
terpreted to be Anomaly C11 (~29.5 Ma) or possibly C12n (~31 Ma) 
(Briais et al., 1993; Li et al., 2013, 2014; Franke et al., 2013). Seafloor 
spreading then started to propagate into the Southwest Subbasin at 
~23 Ma (Briais et al., 1993; Barckhausen and Roeser, 2004; Li et al., 
2012a, 2012b; Franke et al., 2013).

The initial half-spreading rate may have been as high as 
~3.6 cm/y, later slowing to 1.2 cm/y with seafloor spreading to 
eventually cease by ~15 Ma (Li et al., 2014). The initial spreading 
rate in the SCS basin is therefore higher than the ultraslow spread-
ing scenario of the Iberia-Newfoundland margin (Dick et al., 2003). 

Figure F1. Seismic data coverage and magnetic anomalies in the SCS basin, 
Expedition 367/368. Black lines = ocean-bottom seismometer (OBS) refrac-
tion data. Other seismic lines are mostly multichannel seismic reflection 
data. Yellow lines = magnetic isochrons (labeled with white text) from Briais 
et al. (1993). White stars = Expedition 367/368 drill sites. ODP Leg 184 (red 
squares) and IODP Expedition 349 (red circles) sites are shown with site 
numbers. For more details, see Figure F4.
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Subduction of the eastern part of the SCS basin started at or before 
~15 Ma along the Manila Trench (Li et al., 2013). For a more com-
plete review of the regional setting and tectonic development of the 
SCS, see Shi and Li (2012), Franke et al. (2013), Li et al. (2013), and 
Sun et al. (2014).

The Expedition 367/368 drilling transect is located ~50 km west 
of IODP Site U1435 along the northern SCS margin (Figures F1, F3) 
(Li et al., 2015a, 2015b). A transform fault defines a western bound-
ary of a margin segment that exhibits a broad zone of crustal exten-
sion (Figure F4). This broad zone of extension (COT) may end to 
the east somewhere between Sites U1432 and U1435. East of this 
position, continental crust seems to thin into ocean crust in a much 
narrower COT. It is therefore conceivable that a kind of crustal 
transform zone is present in this location and defines an eastern end 
of a margin segment characterized by a high degree of crustal exten-
sion.

The segment of the SCS margin addressed by Expedition 
367/368 is characterized by a relatively broader COT (~80 km) of 
crustal stretching and extension (Figure F5) prior to breakup and 
stretches for nearly 100 km between longitudes 115°35´E and 
116°30´E. A deep sag basin (midslope basin [MSB]) of presumed 
Eocene to Oligocene age is present in the midslope area and is 
bounded seaward by an outer margin high (OMH), forming a quite 
persistent structure along the margin. Three distinct ridges (A, B, 
and C in Figure F4) are found seaward of the OMH in the more dis-
tal margin and on progressively thinner crust in the COT. We refer 

to the continent/ocean boundary (COB) as the much narrower zone 
in which the outermost, highly thinned continental lithosphere is 
replaced seaward by new crust that formed in a narrow zone at a 
spreading ridge in a steady-state fashion. The latter can include con-
tinuous tectonic exhumation of rising lithospheric or astheno-
spheric mantle (e.g., Dick et al., 2003), accretion of normal igneous 
oceanic crust, or a mixture of these two processes. Constraining the 
nature and location of the COB at the SCS will require integrated 
interpretation of deep crustal reflection normal and wide-angle in-
cidence seismic data and deep sampling by drilling.

Figure F2. A–D. Schematic development of continental breakup initiated by 
a simple shear along a deep, low-angle fault. B–D are slightly modified from 
Huismans and Beaumont (2011) and illustrate modeling-based stages of 
extension at magma-poor, Iberia-Newfoundland type rifted margins. Key 
features of D are thinning of the upper crust, juxtaposition of lower crust 
with serpentinized mantle between the outer margin and igneous oceanic 
crust. UP = upper plate, LP = lower plate. The Expedition 367/368 drilling 
strategy was designed to sample and test whether or not these fundamental 
crustal units and tectonic relationships are present at the northern SCS rifted 
margin.

A

B

C

D

4

6

7

U1500

D
ep

th
 (

km
)

D
ep

th
 (

km
)

D
ep

th
 (

km
)

Oceanic
crust

Serpentinized
mantle

Asthenospheric
mantle

Middle and 
lower crust

Lithospheric
mantle

Sediment Upper crust

UP LP

D
ep

th
 (

km
)

0

0

0

0

20

40

20

40

20

40

20

40

U1499
U1502

U1501
U1505

U1503

3

5

21

Figure F3. Bathymetric maps showing Expedition 367/368 sites (stars), and 
(A) regional and (B) local coverage of multichannel seismic reflection data 
and OBS data. Thick blue and red lines are key seismic lines used for plan-
ning of the drilling transect. A. Magnetic isochrons (orange lines) from Briais 
et al. (1993). B. Magnetic picks (orange squares) from the same reference, 
extracted from the Seton et al. (2014) compilation. Chron labels for the picks 
correspond to the old edge of the normal polarity intervals (see Ogg et al. 
[2016] timescale for ages). Orange square = Leg 184 Site 1148, yellow 
squares = Expedition 349 Sites U1432 and U1435.

1111

PRMB

-4000

6b

8

9

1010

11

1010

7

11

7

O
BS2006-1

O
B

S
2010-1

200 E
S

P
-C

O
B

S
1993

O
B

S
2006-3

OBS2003

TXB

TWNB

ESP-E

O
BS2001

0

-6000

-5000

-4000

-3000

-2000

-1000

1000

2000

3000

Topography
 (m)

20°
   N

18°

114°E 116° 118°

U1499
U1500

09ec1491

08ec1555

08ec1530

08ec1573

08ec2696

08ec2660

08ec2678

04ec2639

97
30

1c

15ecLW3

15ecLW4

15ecLW5

08ec2714

08ec1509

South China Sea2015-2

2015-1

08ec1602

1148

U1435
U1432

East Subbasin

T2008-line2

T2007-line1

Relict ridge

1111

111130
00

OBS2006-2

E
S

P
-W

1111

1000

04ec1530

15ecLW9

15ecLW
8

04ec1555

15ecLW
7

04ec1573
O

B
S

1993

15ecLW
6

08ec1602 09ec1629

09ec1644

02ODP04

04ec1509

1148 2015-4

2015-3

O
B

S
2006-3

04
ODP11

48

05kmg2590 15ecLW1

15ecLW2

08ec2606a

08ec1491

OBS2006-2

09ec2624

U1435

Bathymetry (m)

19.20°
N

19.00°

18.80°

18.60°

18.40°

18.20°

18.00°

17.80°

115.40°E 115.60° 115.80° 116.00° 116.20° 116.40° 116.60° 116.80°

U1499

U1500

-2000 -2200 -2400 -2600 -2800 -3000 -3200 -3400 -3600 -3800 -4000

U1432

U1501

U1502

U1502

U1503

U1505
U1504

U1503

U1505U1505 U1504

B

A

9

1010

1010

1010

9

9

10

10

10

9

B

U1501

111111

111111

111111

111111



H.C. Larsen et al. Expedition 367/368 summary

IODP Proceedings 5 Volume 367/368

The clear seismic reflections from the Mohorovičić seismic dis-
continuity (Moho) show distinct thinning of the continental crust 
(Figure F5) across the COT with a thickness of ~6 km around the 
seaward end. Separate layers hypothesized to be upper, middle, and 
lower crust are present in the landward part of these seismic pro-

files. The lower crust is acoustically transparent and may in places 
be as thin as ~6 km. Lower crust with a similar thickness and seis-
mic appearance is reported from the northeastern SCS margin 
(McIntosh et al., 2013, 2014; Lester et al., 2013). The seaward con-
tinuation of this crustal layering into the COB is, however, ambigu-
ous, and prevents us from interpreting the detailed nature of the 
COB at this point.

The upper crust shows numerous extensional, low-angle de-
tachment faults soling out at midcrustal levels. This fault system 
generated a number of deep half-grabens filled with synrift sedi-
ments that were subsequently covered by postrift sediments. The 
boundary between synrift and postrift sediments may follow the 
seismic stratigraphic unconformity named T70 (Figure F5). Indus-
try data from distant wells suggest a breakup unconformity age of 
~34 Ma. However, this age of T70 may be subject to revision, and in 
addition, the time of crustal extension is not necessarily synchro-
nous across the margin and could be younger toward the outer mar-
gin. A younger, widely distributed unconformity (T60) is also shown 
in Figure F5. The T60 unconformity corresponds to a hiatus at ~23 
Ma found at ODP Site U1148 (Shipboard Scientific Party, 2000) and 
IODP Site U1435. T60 is approximately synchronous with a south-
ward jump of the SCS spreading axis (Briais et al., 1993). However, 
the age of T60 may also be subject to revision, and the relationship 
between a ridge jump and a margin-wide unconformity and seismic 
sequence boundary remains speculative at this point.

The OMH hosts a number of relatively shallow half-graben ba-
sins on top of this broad basement high. The stratigraphy of these 
smaller basins can be traced seismically into the deeper, central ba-
sin sag below the MSB (Figure F5). The normal faults bounding 
these OMH basins are clearly imaged and, for the main part, dip 
seaward. These small rift basins, therefore, offer an opportunity to 
sample the stratigraphy covering the entire period of rifting and 
postrift subsidence. The MSB itself is bounded landward by major, 
seaward-dipping normal fault(s) seemingly forming major detach-
ments soling out at middle to lower crustal levels but not penetrat-
ing through the lower crust. This suggests decoupling between the 
upper and lower crust and, at least in this more landward part of the 
margin, faults never penetrated the lower crust, which may have re-
mained ductile and resistant to faulting.

The lower crust in the COT may thicken seaward (lower crustal 
flow?), but this interpretation is not well constrained (Figure F5). 
Likewise, seismic imaging of the low-angle faults and detachments 
in the landward part of the COT cannot, with confidence, be traced 
into the distal margin regime south of the OMH. One possibility is 
that the main detachment zone was located above what later be-
came Ridge A, effectively implying that Ridge A is a core complex 
consisting of lower continental crust or subcontinental mantle, de-
pending on how deeply detachments exhumed the lithosphere in 
the distal margin. Alternatively, if the main detachment underlies 
Ridge A, this structure would represent upper plate material of up-
per crustal origin.

Ridge A is for the most part dome-like, showing neither normal 
faults nor clearly developed synrift half-grabens like the OMH. Ex-
cluding postrift sediments, the crust below this outermost base-
ment high is only ~6–8 km thick using the ocean-bottom 
seismometer velocity constraints of Yan et al. (2001), Wang et al. 
(2006), and Wei et al. (2011). Seaward of Ridge A and across ridges 
B and C, the crust has a fairly uniform thickness of ~6 km, which 
could be consistent with oceanic crust (Yan et al., 2001). The oldest 
linear magnetic anomaly that can be confidently mapped along this 
margin segment is interpreted as magnetic Chron C11n based on 

Figure F4. Two-way traveltime to (A) acoustic basement (Tg reflector) and 
(B) Unconformity T60 and location of Expedition 367/368 sites. Proposed 
drilling transect (thick black line) was located approximately at the center of 
a margin segment bounded to the southwest by a transform fault. North-
eastern boundary of margin segment is located around Expedition 349 Site 
U1435. In this location, the outer margin high and Ridge A seem to coalesce, 
and Ridges B and C of the COT become indistinct toward the northeast 
within the next margin segment. Note that outer margin high is slightly 
east-northeast to the more parallel Ridges A, B, and C.

A

B

-6000

-5500

-5000

-- 6 5 0 0

-
6

0
0

0

0
0

0
5

-

25 0 25 50

7638
7027
6890
6789
6736
6686
6645
6609
6561
6465
6343
6230
6094
5868
5594
5379
5210
4984
4651
4148
3193

15eclw1

15eclw2

15eclw3

15eclw4

15eclw5

15eclw
615eclw

7

15eclw
8

15eclw9

02odp04

02odp04

02odp03

04ec1573

04ec1530

04ec1555

04ec1509

O
B

S
1993

08ec1491

08ec1491

08ec1509

08ec1530

08ec1555

08ec1573

08ec1602

08ec2606

08ec2606a

08ec2606a

08ec2660

08ec2678

08ec2696

08ec2714

09ec2569

09ec1491

09ec2590

09ec2606

09ec2624

04ODP1148

09ec2639

09ec1629

2015-1

2015-2

2015-3

2015-4

SCSII-3D

Ridge A

Ridge B

Ridge A

Ridge B

Ridge C

Transform
 fault

Transform
fault

Ridge C

1148

Two-way traveltime to basement (Tg reflector)

Two-way traveltime to T60 unconformity

19°
  N

18°40'

18°20'

18°

17°40'

WGS 84UTM Zone 50N
km

U1499

U1500

115°20'E 115°40' 116° 116°20' 116°40'

17°40'

18°

18°20'

18°40'

19°
N

U1499

U1500

U1432

U1435

1148

115°20'E 115°40' 116° 116°20' 116°40'

U1432

U1435

T60
(ms)

-50U1501

U1503

U1502

U1505

U1504

U1501

0 0

1155eeec

U1503

U1502

U1505

4ec

U1504

7638
7027
6890
6789
6736
6686
6645
6609
6561
6465
6343
6230
6094
5868
5594
5379
5210
4984
4651
4148
3193

Tg
(ms)

009999eeeeecc222555555556699

Outer margin high (OMH)

Outer margin high (OMH)



H.C. Larsen et al. Expedition 367/368 summary

IODP Proceedings 6 Volume 367/368

total magnetic field data; the corresponding magnetic high is lo-
cated ~10 km seaward (south) of Ridge B (Figure F5). However, if 
this position is corrected by deskewing the magnetic data, the mag-
netic high corresponding to C11n with an age of ~29.5–30 Ma will 
be located more or less on top of Ridge B (Figure F5).

Both Ridges B and C consist of fault blocks tilted landward along 
seaward-dipping normal faults (Figure F5). Ridge B shows seismic 
features along strike and in the uppermost crust that could be con-
sistent with a volcanic origin. However, without drilling constraints, 
these features could also be interpreted as prerift deposits below the 
seismic unconformity that defines the top of acoustic basement at 
Ridge B. Ridge C is seismically similar in many ways to Ridge B. 
However, an apparent reversed magnetic anomaly (C10r; ~29 Ma) 
strongly suggests that this ridge indeed represents close to if not full 
igneous oceanic crust.

Sampling the basement at Ridges A, B, and C was therefore es-
sential for Expedition 367/368 to distinguish between different tec-
tonic models for breakup along highly extended margins. Ridges A 
and B in particular help constrain the style of rifting and to deter-
mine if the SCS margin indeed succeeded to the stage of a hyperex-
tended margin or not. Ridge C is assumed to represent the early 
igneous crust, and samples from this ridge will constrain the nature 
of early oceanic crust formation, specifically how quickly a robust 
igneous system was established, what mantle source was involved 
(e.g., composition, temperature), what conditions of mantle melting 
(degree and depth of melting) ruled, and, if any, type and amount of 
continental crustal contamination of the igneous material derived 
from the asthenospheric mantle.

Expedition objectives
The two-expedition drilling transect across the SCS margin set 

out to understand the timing and process of rifting, the eventual 
rupturing of the continental crust, and the onset of breakup-related 
magmatism at the SCS rifted margin (Figure F2). Four primary and 
sixteen alternate drill sites across a ~150 km wide COT zone were 
defined in the Scientific Prospectus (Sun et al., 2016b). The four pri-
mary sites targeted the four main tectonic features (the OMH and 
its small rift basins) and the nature of the three ridges in the distal 
margin (Ridges A, B, and C). At each of these sites, the nature of the 
acoustic basement and the record of synrift and postrift deposits 
were key targets.

Results from the OMH site (U1501) in particular will address 
the rifting history and provide constraints on the degree of crustal 
exhumation, if any, in the OMH. Located off the distal margin and 
in relatively thick crust, the subsidence history at this site can be 
compared with that of the more distal margin, which suffered a 
much higher degree of crustal thinning. Sampling of prerift through 
synrift to postrift sediments in one of the rotated fault blocks at the 
OMH can constrain the timing of rifting and rate of extension in a 
location where results can be tied to the much deeper rift basins 
further landward through a dense grid of high-quality 2-D seismic 
data provided by the Chinese National Offshore Oil and Gas Com-
pany (CNOOC). The site has the further advantage of a water depth 
shallower than the other three primary sites and, importantly, above 
the present carbonate compensation depth (CCD). It therefore has 

Figure F5. Deep crustal time-migrated seismic reflection data without and with interpretation. Note the rather thin lower crust (two layers) above a strong 
Mohorovičić seismic discontinuity (Moho) reflector that can be followed oceanward. Moho reflection is weak to absent seaward from around the interpreted 
COT. Wide-angle seismic data (Yan et al., 2001) confirm ~6 km thick ocean crust (OC) seaward of the COT. A large detachment fault ~150 km inland of the COT 
separates more stable crust landward from that of highly extended crust seaward. An OMH is a fairly consistent feature along this margin segment. Key seismic 
unconformities are shown in purple (T70; ~32 Ma breakup unconformity?) and blue (T60; ~23 Ma regional basin event). These ages are inferred from long-
distance (>100 km) correlation of seismic unconformities with industry holes and ODP Leg 184 Site 1148 (T60); ages need confirmation by coring and are only 
tentative. Tg (black) is basement. Arrows = approximate position of seafloor magnetic anomalies with chron numbers. Seismic data are from Line 04ec1555-
08ec1555 (courtesy of Chinese National Offshore Oil Corporation [CNOOC]). Location of line is shown in Figure F3. CDP = common depth point. C11n, C10n, 
and C9n = approximate location of normal polarity magnetic isochrons. MSB = midslope basin.
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the potential to yield a rich record of carbonate sediments for de-
tailed paleoclimate studies using stable isotope techniques.

Ridge A in particular will be important for constraining whether 
this ridge is a core complex representing lower plate material (man-
tle of lower crust), upper plate extensional fault block, or igneous 
material related to breakup. Ridge B provides an option to distin-
guish between possible unroofed, lower plate material, upper plate 
extensional fault block, and igneous material related to incipient 
seafloor spreading. Ridge C, as described above, targeted sampling a 
time series of early ocean floor volcanism to establish a reference 
frame for understanding and modeling the igneous development of 
the margin.

Except for coring at Ridge C, where operations came to a halt for 
technical reasons, Expedition 367/368 completed all the above ob-
jectives. Expedition 367 drilled two of the primary sites (U1499 and 
U1500) on Ridges A and B (Figures F2, F3, F4, F5). Coring at Site 
U1499 on Ridge A recovered synrift or prerift sediments below the 
acoustic basement. Coring at Site U1500 successfully sampled 150 
m of submarine basaltic lavas, including pillow lavas, below the 
acoustic basement at Ridge B. Expedition 368, which originally set 
out to drill the remaining two primary sites on Ridge C (U1503) and 
the OMH (Site U1501), added a second, alternate site on Ridge A 
(Site U1502) to improve the characterization of this ridge and re-
covered a 180 m thick sequence of submarine basaltic lavas. A suc-
cessful drilling strategy (see Coring and logging strategy), 
however, allowed us to also pursue Site U1503 on Ridge C, but after 
installation of casing at this site, the hole had to be abandoned for 
technical reasons. This decision left time for inserting alternate 
Sites U1504 and U1505, both at shallower water depths on the 
OMH. Two of the OMH drill sites penetrated to acoustic basement 
and found Mesozoic prerift? sediments (Site U1501) and metamor-
phic schist (Site U1504). Site U1505 provided ~100 percent recov-
ery of a very complete Oligocene to Plio–Pleistocene sediment 
sequence.

Coring and logging strategy
Drilling operations were designed to core and log through thick 

sediment sections and, significantly, into underlying basement us-
ing casing in the upper and unstable part of the sedimentary sec-
tions. Initially, the operational approach was to drill two holes per 
site (Figures F6, F7).

The first hole at each site would be cored with the advanced pis-
ton corer (APC) and extended core barrel (XCB) systems to refusal 
(or maximum casing depth) and then logged with the triple combi-
nation (triple combo) and Formation MicroScanner (FMS)-sonic 
tool strings. The APC/XCB hole would also document borehole and 
formation conditions to help determine the length of casing for 
drilling a second hole (B). All full APC cores were intended to be 
oriented, and formation temperature measurements would be made 
using the advanced piston corer temperature tool (APCT-3).

The second hole at each site was designed to begin by drilling in 
a seafloor reentry system with casing extending to ~650 m or an 
otherwise defined depth (Figures F8, F9, F10, F11). Casing is drilled 
down through the reentry cone using an extendable underreamer 
and mud motor technology (see https://rosetta.iodp.tamu.edu/ 
A/TechDoc/8250). Following the installation of casing to the de-
sired depth, coring using the RCB system could then extend from 
the base of the casing through the sediment and into the underlying 
basement. Multiple pipe trips to replace hard rock RCB bits would 
be made as required by the depth of the target in basement. Upon 
completion of the coring objectives, the RCB bit would be dropped 
either at the bottom of the hole or on the seafloor before downhole 
wireline logging was conducted. For this deeper logging, we 
planned to use the triple combo and FMS-sonic tool strings along 
with the Versatile Seismic Imager (VSI) tool string to conduct check 
shots.

During Expedition 367/368, we had to modify this general oper-
ational plan in response to borehole conditions and the need to fo-

Figure F6. Implemented Expedition 368 operations.TD = total depth. 
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Figure F8. Reentry system and casing, Hole U1499B.
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Figure F9. Reentry system and casing, Hole U1500B.
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Figure F7. Planned and implemented Expedition 367 operations.
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cus our operations time to achieve our highest priority basement
objectives. The implemented operations are shown in Figures F6
and F7.

At Site U1499, the pilot (first) hole (U1499A) consisted of
APC/XCB coring until refusal. In the pilot hole (U1500A) at Site
U1500, we washed down without coring in the limits of safety ap-
proval and the requirements to identify appropriate locations for
setting casing in the subsequent hole. We also decided not to collect
downhole log data in either of these pilot holes, partly due to poor
borehole conditions that we thought would not yield good data and
partly to focus more time on the deeper core and log objectives.

For the primary, deep-penetrating, cased holes at each of the
first two sites, we set as much casing as possible (651 m in Hole
U1499B and 842 m in Hole U1500B) to keep the upper part of the
hole in stable condition for drilling and to enhance our ability to
clean cuttings out of such deep holes. Casing was drilled into the
seafloor to total depth as a single step at each location to minimize
hole disturbance and save time. We then drilled and cored using the
RCB system below the casing until we reached the basement (Hole
U1500B) or until hole conditions prevented further coring (Hole
U1499B). We collected downhole logging data in the deep penetra-
tion hole at each site.

At Site U1501, the pilot hole (U1501C) consisted of APC/XCB
coring until refusal. From the findings, we concluded that in this lo-
cation the formation might be stable enough to continue with the
deeper RCB Hole U1501D to ~600 m without casing. Logging was
therefore not done in Hole U1501C. Hole U1501D was drilled with-
out coring to a slightly shallower depth than Hole U1501C and then
RCB cored to the bottom of the hole. Logging was then executed.
This approach saved considerable operational time. We drilled in
Hole U1502A to 375 m without coring and then cored with the RCB
system to identify a proper casing point. Casing was then drilled in

Hole U1502B to the desired depth, followed by RCB coring to tar-
get. Single-run logging (triple combo) was then executed in the
open hole below casing with VSI check shots in both open hole and
casing. At Site U1503, we initially drilled in Hole U1503A without
coring to a planned casing depth (990 m) estimated on the basis of
drilling data from Site U1500 (~20 km away) and seismic correla-
tion between the two sites. A free-fall reentry system was deployed,
and casing was subsequently installed in the already established
Hole U1503A with the assistance of the underreamer and mud mo-
tor (Figure F12). This approach turned out to be very efficient and
saved much time. Unfortunately, mechanical problems at the rig
floor (lower clutch of the drawworks) prevented us from further
pursuing the site.

With an operational limit of deploying a maximum of 3400 m of
drill string for the remainder of Expedition 368, no deep sites re-
quiring casing could be pursued. Site U1504 had a primary base-
ment target below only ~120 m of sediment cover. Hole U1504A
was RCB cored to ~150 m. Hole U1504B was drilled without coring
to ~90 m and continued with RCB coring to 200 m. No logging was
pursued.

Four holes were cored and/or drilled at Site U1505. Hole
U1505C was cored with the APC as deep as possible, further cored
with the half-length advanced piston corer (HLAPC) system until
refusal, extended by XCB coring until the maximum length of the
drill string was reached at 480 m, and then logged. Hole U1505D
was cored with the APC to 180 m.

Figure F10. Reentry system and casing, Hole U1502B.
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Site summaries
Site U1499

Site U1499 is located on basement Ridge A in the SCS COT 
zone ~60 km seaward and southeast of the OMH. The goal of drill-
ing here was to core through the sediment to sample the basement 
rocks and thus determine basement age and lithology, which would 
provide a test of different possible models for the processes and rhe-
ology controlling the extension and ultimate breakup of the conti-
nent. Ridge A was expected to have basement of either upper 
continental crust, lower continental crust, or exhumed mantle 
rocks. Coring and drilling also constrain the postrift history by de-
termining the age, water depth, and subsidence rates of the overly-
ing sedimentary packages.

We conducted operations in two holes at Site U1499 (proposed 
Site SCSII-14A; Sun et al., 2016b) (Table T1). Hole U1499A is lo-
cated at 18°24.5698′N, 115°51.5881′E in a water depth of 3760.2 m. 
In Hole U1499A, APC/XCB coring penetrated from the seafloor to 
659.2 m and recovered 417.05 m (63%). Hole U1499B is located at 
18°24.5705′N, 115°51.5990′E in a water depth of 3758.1 m. We in-
stalled casing in Hole U1499B to 651 m followed by RCB coring that 
penetrated from 655.0 to 1081.8 m and recovered 150.64 m (35%). 
Coring terminated in gravel before deteriorating drilling conditions 
prevented further penetration; no crystalline basement was en-
countered. Despite challenging conditions in the lowermost part of 
Hole U1499B, two successful wireline logging runs were conducted 
from 652 to 1020 m.

Lithostratigraphy
The cored sediment at Site U1499 is divided into nine litho-

stratigraphic units (Figure F13). Lithostratigraphic Unit I is a 48.85 
m thick middle−upper Pleistocene sequence of dark greenish gray 
bioclast-rich clay with thin clayey silt and sand interbeds. Fining-
upward silt and fine sand intervals are abundant and interpreted as 
turbidite sequences. Four thin (2–7 cm) ash layers were identified in 
Unit I; none were observed in the deeper units. Unit II 
(48.85−100.04 m) is a 51.19 m thick middle–upper Pleistocene se-
quence of interbedded greenish gray clay-rich calcareous ooze and 
dark greenish gray nannofossil-rich clay. Synsedimentary deforma-
tional structures such as folds, microfaults, and inclined beds are 
well developed in the sediment of this unit, which is interpreted as a 
slump deposit. This unit is underlain by Unit III (Pliocene−middle 
Pleistocene), which is divided into Subunits IIIA (100.04−181.80 m) 
and IIIB (181.80−333.65 m). The 233.61 m of Unit III is dominated 
by dark greenish gray clay with thick to very thick clayey silt and 
calcareous sand interlaminations. Subunit IIIA contains clayey silt 
layers that are thick laminations (<1 cm), whereas Subunit IIIB has 
abundant thin beds (2−5 cm) of clayey silt and an overall increase in 
nannofossil and foraminifer content. Unit IV (333.65−404.90 m) is a 
71.25 m thick sequence of upper Miocene–Pliocene dark greenish 
gray silty sand with clay interbeds. Recovery is very low throughout 
this unit, but the recovered intervals and physical property data 
suggest that the sections with no recovery may contain unconsoli-
dated to weakly consolidated sand.

Unit V (404.90−469.45 m) is a 64.55 m thick sequence of upper 
Miocene dark greenish gray clay with mostly thin (<5 cm) clayey silt 
and foraminifer sand interbeds. Drilling disturbance in the form of 
biscuiting increases significantly in this unit. Similar to Unit IV, re-
covery in Unit VI (469.45−618.30 m) is very low. The recovered in-
tervals in this unit include upper Miocene dark greenish gray silty 
sand with clay interbeds. Unit VII (618.30−761.70 m) is mainly 
composed of upper Miocene dark greenish gray to dark gray sand-
stone and claystone with siltstone interbeds. Lithification increases 
sharply downhole from the top of this unit, although sections with 
no recovery are inferred to be nonlithified sand. Unit VIII 
(761.70−929.02 m) comprises a 167.32 m thick interval of upper 
Oligocene−Miocene reddish brown to reddish gray claystone and 
clay-rich chalk. Based on the abundance of calcareous material, this 
unit is divided into two subunits. Subunit VIIIA (761.70−892.10 m) 
contains lower–upper Miocene dark reddish brown claystone with 
siltstone and foraminifer sandstone interbeds, whereas Subunit 
VIIIB (892.10−929.02 m) is composed of upper Oligocene−lower 
Miocene reddish brown to reddish gray clay-rich nannofossil chalk 
and clay-rich chalk. In the lowest part of Subunit VIIIB, abundant 
brownish black iron-manganese nodules occur in reddish brown 
nannofossil-rich claystone.

Unit IX (929.02−1081.80 m) is readily distinguished from the 
overlying units by containing Oligocene (and pre-Oligocene?) sand-
stone, claystone, matrix-supported breccia, and gravel. This unit is 
152.78 m thick and comprises three subunits. Subunit IXA 
(929.02−933.28 m) is defined by dark brown and greenish gray 
sandstone and breccia. Subunit IXB (933.28−933.35 m) is defined 
by dark gray matrix-supported breccia in Core 367-U1499B-30R. 
Subunit IXC (933.35−1081.80 m) contains gray to dark gray gravel 
with silty sand intervals. The cores in Subunit IXC are completely 
fragmented and were recovered as pebbles and cobbles. In general, 

Figure F12. (A) Reentry system on the seafloor after free fall and (B) inspec-
tion of reentry cone after casing installation, Hole U1503A. The hole remains 
as a legacy hole for future occupation.
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the pebbles and cobbles are recycled sedimentary rocks (such as 
sandstone) that contain a variety of individual lithic components in-
cluding igneous, sedimentary, and metamorphic clasts. Although 
the matrix that likely surrounded these cobbles and pebbles was not 
recovered, we infer that the matrix is poorly consolidated and 
washed away by the drilling process. Based on this description, Sub-
unit IXC may represent synrift or prerift sediments.

Structural geology
The tilting of sedimentary beds and deformation structures ob-

served at Site U1499 are limited to lithostratigraphic Units II, VII, 
VIII, and IX. The folds, faults, and tilted beds observed in Unit II are 
related to two slump events that reworked older sediment between 
younger Units I and III. Tilted beds and faults with slickensides were 
observed in Units VII and VIII. These faults are linked to compac-
tion processes of the clays, and the tilted beds are associated with 
sandy layers. Unit IX is divided into three subunits. In Subunit IXA, 
tilted beds and a downhole increase in clast size, angularity, and 
proportion of clasts were observed. The matrix-supported breccia 
of Subunit IXB exhibits no clear deformation structure or tilted sed-
imentary bedding. Some of the sandstone and breccia clasts in Sub-
unit IXC exhibit veins and fractures. These clasts were transported 
before sedimentation; therefore, their veins and fractures must have 
originated in a previous tectonic event.

Biostratigraphy
All core catcher samples at Site U1499 were analyzed for calcar-

eous nannofossil and foraminiferal content, and additional samples 
were taken from the split-core sections when necessary to refine the 
ages. Preservation of microfossils varies from poor to very good, 
and total abundance varies from barren to abundant. Although 
samples exhibit some degree of reworking, 28 biostratigraphic da-
tums are recognized, revealing that we recovered an apparently 
continuous succession of the Oligocene to the Pleistocene spanning 
nannofossil Zones NP25–NN21 and foraminifer Zones M4/M3 to 
Subzone PT1b. The Pleistocene/Pliocene boundary is located be-
tween Cores 367-U1499A-20X and 27X, the Pliocene/Miocene 
boundary is located between Cores 31X and 43X, and the Mio-
cene/Oligocene boundary is in Section 367-U1499A-30R-2. Sedi-
mentation rates varied from ~80 mm/ky in the late Miocene–early 
Pliocene and ~50 mm/ky in the early Pliocene–early Pleistocene to 
~130 mm/ky in the middle–late Pleistocene. Extremely low sedi-
mentation rates (~8 mm/ky) occurred in the early–middle Miocene 

during deposition of Unit VIII. Subunit IXA contains early–late Oli-
gocene microfossils (calcareous nannofossils and foraminifers) with 
different preservation and abundance, probably influenced by 
transported and reworked materials.

Paleomagnetism
Paleomagnetic analysis was conducted on both archive-half sec-

tions and discrete samples from the working half. The archive-half 
sections were measured with the pass-through superconducting 
rock magnetometer (SRM) with demagnetization steps at 5, 15, and 
25 mT. The discrete samples were subjected to alternating field (AF) 
and thermal demagnetization, and remanence was measured on the 
spinner magnetometer. We adopted a combination of stepwise AF 
and thermal demagnetization steps to fully demagnetize the dis-
crete samples and obtain the characteristic remanent magnetization 
(ChRM).

Variations in natural remanent magnetization (NRM) intensity 
are well correlated to observable changes in lithology and magnetic 
susceptibility; for example, the low NRM intensity at ~60 m (Core 
367-U1499A-7H) agrees with the carbonate-rich slump in which 
magnetic susceptibility values are also low. Drilling-induced rema-
nence was identified and removed in most core sections at AF treat-
ments of 15 mT. In addition, magnetic mineral variations were 
observed from the demagnetization behavior. From Core 367-
U1499B-12R downhole, the drilling overprint becomes stronger 
and hard to remove with the relatively low AF steps used on the ar-
chive-half sections, whereas AF treatments up to 200 mT and tem-
peratures up to 675°C could not fully demagnetize the discrete 
samples. These characteristics confirm the presence of higher coer-
civity magnetic minerals, such as hematite, compared with the pre-
dominant magnetite and/or titanomagnetite. But further rock 
magnetic property measurements should be conducted in a shore-
based laboratory in order to better understand the compositions.

We constructed the magnetostratigraphy of Holes U1499A and 
U1499B based on the interpretation of the raw paleomagnetic data 
that show stable and clear demagnetization behaviors. Declinations 
from 0 to 162 m have been corrected by the Icefield MI-5 core ori-
entation tool and therefore could help accurately define magnetic 
reversals. Otherwise, only inclinations are used for polarity inter-
pretations. After correlating the magnetostratigraphy to the stan-
dard geomagnetic timescale, we confidently identified the boundary 
between the Brunhes and Matuyama Chrons at ~110 m. We thus 
conclude that the middle/early Pleistocene boundary (0.78 Ma) is at 

Table T1. Expedition 367 hole summary. — = no data. Download table in CSV format. 

Hole
Proposed

site Location
Water

depth (m)

Total
penetration

(m)

Cored
interval 

(m)

 Drilled
interval
without
coring

(m)

Core
recovery

(m)

Core
recovery

(%)

Time on 
hole          

(days)
Cores

(N)

Depth of
10.75 inch 

casing
(m) 

U1499A SCSII-14A 18° 24.5698′N  
115° 51.5881′E

3760.2 659.2 659.2 0.0 417.05 63 7.2 71 —

U1499B 18° 24.5705′N   
115° 51.5990′E

3758.1 1081.8 426.8 655.0 150.64 35 14.9 44 651

Site U1499 totals: 1741.0 1086.0 655.0 567.69 52 22.1 115 —

U1500A SCSII-8B 18° 18.2762′N   
116° 13.1916′E

3801.7 854.6 329.8 524.8 93.55 28 5.5 34 —

U1500B 18° 18.2707′N   
116° 13.1951′E

3801.7 1529.0 683.0 846.0 278.80 41 24.8 81 842

Site U1500 totals: 2383.6 1012.8 1370.8 372.35 37 30.3 115 —

Expedition 367 totals: 4124.6 2098.8 2025.8 940.04 45 52.4 230 1493

file:///Volumes/Kaleidoscope/PhD_folder/02_Writings_New/00_FINAL_PhD/01_PhD_revisions/../TABLES/367368_101/367368_101_T01.csv
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~110 m, the early Pleistocene/late Pliocene boundary is at ~220 m, 
the late/early Pliocene (3.6 Ma) boundary is at ~260 m, and early 
Pliocene/late Miocene boundary (5.33 Ma) is at ~370 m.

Geochemistry
Geochemical analyses were conducted for headspace gas safety 

monitoring; quantification of sediment CaCO3, organic carbon, and 
nitrogen content; and interstitial water characterization. Calcium 
carbonate contents vary between 0.4 and 82 wt%, with higher values 
of >20 wt% corresponding to intervals of nannofossil/foraminifer 

ooze or chalk. Total organic carbon (TOC) contents mostly range 
from ~0 to ~ 1.0 wt%. TOC decreases gradually downhole from 1.0 
to 0.3 wt% in the uppermost 110 m corresponding to the base of the 
sulfate reduction zone, reflecting active degradation of sedimentary 
organic matter. The TOC to total nitrogen molar ratio (TOC/TN) is 
mostly <8, indicating that TOC is derived dominantly from a ma-
rine source.

Hydrocarbon monitoring shows headspace gas consistently ap-
proaching zero throughout the site. Relatively higher methane con-
tents of approximately tens to 6000 ppmv occur across the ~100–

Figure F13. Lithostratigraphic summary, Site U1499.
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250 m interval, just below the sulfate reduction zone. The overall 
low methane content indicates limited microbial methanogenesis 
likely caused by low TOC contents (<0.3 wt%) deeper than 110 m.

We obtained 58 interstitial water samples from Hole U1499A. 
The inorganic geochemistry of interstitial water is controlled by the 
remineralization of organic matter and carbonate and clay dia-
genesis. The sediment rapidly becomes suboxic, as indicated by a 
Mn peak of ~120 μM at ~6 m. Sulfate reduction coupled with sedi-
mentary organic matter degradation occurs to ~110 m, with near-
complete depletion to 257 m before increasing slowly to 16.9 mM at 
the bottom of Hole U1499A. The interval of near-complete sulfate 
consumption is also marked by pronounced high Ba concentrations 
>50 µM, suggesting the dissolution of barite (BaSO4). The peak al-
kalinity and steady increase in NH4

+ and Br– in the upper 110 m are 
consistent with progressive remineralization of sedimentary or-
ganic matter. The gradual decrease in Ca2+ shallower than 80 m sug-
gests active authigenic carbonate precipitation triggered by sulfate 
reduction. A subsequent downhole increase in Ca2+ and Sr2+ is likely 
caused by biogenic carbonate dissolution and recrystallization. 
Nearly parallel downhole decreases in Mg2+ and K+ are mostly 
driven by clay mineral cation exchange and/or clay mineral authi-
genesis. The lower Cl– and Na+ concentrations compared to those of 
seawater at the bottom of Hole U1499A are mostly driven by the 
smectite–illite transformation. Elevated Si concentrations of 700‒
820 μM from the seafloor to 45 m suggest active dissolution of bio-
genic silica.

Petrophysics
At Site U1499, measurements of P-wave velocity, bulk density, 

magnetic susceptibility, and natural gamma radiation (NGR) were 
made on whole-round cores, and additional measurements were 
made on split cores and discrete samples, including thermal con-
ductivity; caliper P-wave velocity on the P-wave caliper (PWC); po-
rosity; and bulk, dry, and grain density. In general, bulk density, P-
wave velocity, and thermal conductivity increase with depth, 
whereas porosity decreases with depth as a result of compaction 
and lithification. However, some properties, such as NGR or mag-
netic susceptibility, show local variations related to the specific 
lithology. The soft sediment in the upper 100 m shows rapid com-
paction with depth, marked by a decrease in porosity and increase 
in bulk density and thermal conductivity. Four thin volcanic ash lay-
ers in the uppermost 50 m are marked by peaks in magnetic suscep-
tibility. The mass transport deposit (48.85−100.04 m) displays low 
magnetic susceptibility and low NGR, reflecting the high carbonate 
content of the calcareous ooze. Below these layers downhole to 
~890 m, physical properties show small variations; bulk density, P-
wave velocity, and thermal conductivity gradually increase, whereas 
porosity decreases with depth. The NGR and magnetic susceptibil-
ity data in this interval do not show much variation. From 830 to 
930 m, we observed a general decrease in magnetic susceptibility 
and NGR where density increases slightly and P-wave velocity in-
creases significantly from 2200 to 2900 m/s. These variations are as-
sociated with a significant increase in the carbonate content in the 
Subunit VIIIB chalks. The cobbles and pebbles in the deepest part 
(930–1080 m) show large variations in NGR, bulk density, and P-
wave velocity and very low magnetic susceptibility.

Downhole measurements
Two downhole logging tool strings were run in Hole U1499B, a 

modified triple combo (sonic velocity, NGR, bulk density, resistivity, 
and caliper) tool string and the FMS-sonic tool string (FMS resistiv-

ity images and calipers, as well as NGR). We added the velocity tool 
to the first tool string because sonic velocities were needed for an 
accurate prediction of basement depth for the subsequent Site 
U1500 and to better constrain core-log-seismic correlation. We also 
did not know if hole conditions would allow a second logging run. 
Although stable borehole conditions in Hole U1499B allowed the 
second FMS logging run, we did not attempt a check shot due to 
time constraints and concerns about hole stability. Borehole condi-
tions from the bottom of the casing at ~651 m to the bottom of Hole 
U1499B at ~1020 m were generally good, with measured diameters 
from ~10 to 16 inches. Washout zones were observed from 670 to 
710 m, which corresponds to an interval of very low core recovery, 
as well as from 830 to 920 m, affecting quality of the log data in 
these intervals. Log and core data are generally in good agreement. 
Downhole logging provided information in zones of poor core re-
covery in Hole U1499B. The log data from 726 to 739 m exhibits 
high NGR and low bulk density and P-wave velocity, whereas the 
data from 820 to 840 m is characterized by a sharp increase in bulk 
density, a slight increase in P-wave velocity, and an abrupt decrease 
in NGR compared to average values above and below these depths. 
The Subunit VIIIB chalks (~890–930 m) display a sharp decrease in 
NGR and an increase in bulk density and P-wave velocity with 
depth, as well as only small variations in resistivity. Deeper than 930 
m, bulk density, P-wave velocity, and resistivity show large variabil-
ity, in part because of the presence of cobbles and pebbles. The 
quality of the acquired FMS images is strongly influenced by varia-
tions in hole diameter; they generally show alternating smooth and 
patchy textures with contrasting resistivity marking horizontal to 
slightly tilted bedding downhole to 930 m. The deepest layers of 
sandstones, breccias, and gravels show highly variable and oblique 
textures on the FMS images, possibly reflecting the varied orienta-
tion of the gravel clasts or the presence of faults and fractures in the 
gravel or the matrix. In general, the velocity measured with the 
sonic velocity logging tool match the PWC measurements taken 
with the caliper on the split cores. Six in situ formation temperature 
measurements were made in Hole U1499A and give a geothermal 
gradient of 93°C/km. The estimated heat flow is 110 mW/m2, a 
value in agreement with the general heat flow of the area.

Correlation to seismic data
We used downhole log data and physical property measure-

ments on cores and samples as well as other available data to cor-
relate Site U1499 data with the available seismic reflection profiles. 
We also used the Site U1499 density and sonic velocity data to cre-
ate synthetic seismograms that provided additional constraints on 
the correlation. Log sonic velocities and PWC velocities are in very 
good agreement, except for the deepest breccias and gravels (deeper 
than ~930 m) where measurement on individual pebbles leads to an 
overestimate of the velocity in the formation. For seismic correla-
tion, we used the PWC and density data from moisture and density 
(MAD) and gamma ray attenuation (GRA) density data from Hole 
U1499A (0–655 m), whereas below that depth we used the down-
hole logging velocity and density data. We used a constant velocity 
of 2100 m/s in the low-recovery zones (333–406 and 531–561 m), 
interpreted to be sandy layers, based on the downhole logging ve-
locity values measured at greater depth. The comparison of the 
time-depth relationship (TDR) obtained for Site U1499 to those for 
Sites 1148, U1431, and U1433 shows substantial agreement, except 
for the Site 1148 TDR, which shows higher velocities in the deeper 
layers. The comparison among the seismic reflectors and the varia-
tions in physical properties and lithology characteristics using the 
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computed Site U1499 TDR shows a good correlation between the 
main upper reflectors and the poor-recovery sandy intervals. How-
ever, the main physical property changes related to the top of the 
deep gravel layer do not correlate to the reflector observed at ~5.9 s 
in the seismic profile.

Site U1500
Site U1500 is located on basement Ridge B and is the most sea-

ward site that Expedition 367 drilled in the SCS COT zone. Ridge B 
is located ~80 km seaward of the OMH and ~20 km seaward of 
Ridge A, where Site U1499 was drilled. The goal of drilling here was 
to sample and log the lowermost sediment and underlying base-
ment rocks to determine basement age and lithology of the COT or 
embryonic oceanic crust, thus providing a test of different possible 
models for the processes and rheology controlling the breakup of 
the continent. Ridge B was expected to have basement of either up-
per continental crust, lower continental crust, mantle rocks, or oce-
anic crust. The coring and logging would also constrain the history 
of the region after rifting by determining the age, water depth, and 
subsidence rates of the overlying sedimentary packages.

We conducted operations in two holes at Site U1500 (proposed 
Site SCSII-8B; Sun et al., 2016b) (Table T1). Hole U1500A is located 
at 18°18.2762′N, 116°13.1916′E in a water depth of 3801.7 m. In 
Hole U1500A, we drilled without coring from the seafloor to 378.2 
m and then cored with the RCB system from 378.2 to 494.6 m and 
recovered 26.5 m (23%). Thereafter, we drilled without coring from 
494.6 to 641.2 m and cored with the RCB system from 641.2 to 854.6 
m and recovered 67.2 m (31%).

Hole U1500B is located at 18°18.2707′N, 116°13.1951′E in a wa-
ter depth of 3801.7 m. After installing casing, we continuously cored 
the sediment sequence from 846.0 to 1379.1 m (533.1 m cored; 
164.7 m recovered; 31%) and then continuously cored 149.9 m into 
the underlying basalt from 1379.1 to 1529.0 m (114.92 m recovered; 
77%). This made Hole U1500B the eighth deepest hole that the R/V 
JOIDES Resolution has drilled in ODP/Integrated Ocean Drilling 
Program/IODP history. Three downhole logging strings were run in 
Hole U1500B from 842 to 1133 m.

Lithostratigraphy
The cored sediment at Site U1500 is divided into eight litho-

stratigraphic units (Figure F14). The uppermost 378.2 m of sedi-
ment was drilled without coring. Lithostratigraphic Unit I (378.2–
410.0 m) is a 31.8 m thick upper Miocene sequence of greenish gray 
heavily bioturbated clay with silt and sandy silt interbeds. Some of 
the clay intervals are nannofossil rich. Structure in the clay is mostly 
massive, but parallel laminations occur in the silt and sandy silt 
interbeds. Unit II (410.0–494.6 m) is an upper Miocene sequence of 
interbedded dark greenish gray clay and silt. Recovery was very low 
for this unit (~8%), which may indicate a change in lithology (e.g., 
increased abundance of nonlithified sands). This unit is underlain 
by another interval drilled without coring (494.6–641.2 m).

Unit III (641.2–892.4 m) is defined by upper Miocene inter-
bedded claystone, siltstone, and sandstone. Many of the siltstone 
and sandstone intervals are organized into a variety of massive and 
stratified beds that include sedimentary structures such as parallel 
laminations, cross-stratification, and contorted strata. There are 
also several massive beds of sandstone that contain pebble-sized 
mud clasts. The well-organized coarser intervals fine upward into 
more massive claystone intervals and are interpreted as turbidite se-
quences. Several of the stratified beds are composed of foraminifer 
tests.

Unit IV (892.4–1233.3 m) also had very low recovery (15%). This 
unit is composed of lower upper Miocene very dark greenish gray to 
dark gray sandstone with dark brown to very dark gray claystone 
and siltstone intervals. Many of the intervals described in this unit 
contain interlaminations of silt or sand in a prevailing claystone 
lithology. Similar to Unit III, sedimentary structures in many of the 
sandstone and siltstone intervals are interpreted as turbidites. The 
claystone in some of the cores shows a distinctive color banding, 
which was observed as a pattern of alternating reddish brown, dark 
greenish gray, and brownish gray. The color banding appears to be 
associated with fining-upward grain sizes and varying levels of bio-
turbation. Sandstone intervals in this unit contain high percentages 
of K-feldspar, quartz, plagioclase, and mica minerals that may have 
been sourced from granitic rocks exposed along the southern mar-
gin of China.

Unit V (lower middle Miocene) is divided into Subunits VA 
(1233.30−1272.10 m) and VB (1272.10−1310.98 m) based on the 
abundance of calcareous material. Subunit VA consists of dark red-
dish brown, dark greenish gray, and dusky red homogeneous mas-
sive claystone with few sandstone and siltstone interbeds (3–12 cm 
thick). Subunit VB consists of dark reddish brown, reddish brown, 
and greenish gray intervals of claystone, nannofossil-rich claystone, 
claystone with biogenic carbonate, and clay-rich chalk. The green-
ish gray color banding in Subunits VA and VB is interpreted as dia-
genetic alteration.

Unit VI (1310.98−1370.33 m) is composed of Oligocene dark 
greenish gray massive silty claystone with biogenic carbonate and 
dark gray sandstone. Unit VII (1370.33−1379.10 m) comprises a 
thin (30 cm thick) Oligocene dusky red claystone. The lowermost 2 
cm of this unit has a greenish gray color that marks a sharp 
horizontal contact with the igneous rocks below in Unit VIII. The 
basalt in Unit VIII (1379.10−1529.0 m), which is Oligocene or pre-
Oligocene in age, contains some fractures that are filled with well-
lithified claystone. The claystone contains authigenic carbonate, si-
liciclastic components, and rare nannofossils. The basalt intervals 
are sparsely intercalated with dusky red claystone, with the ba-
salt/sediment contacts often associated with chilled glassy margins. 
Some claystone intervals in the basalt unit show evidence of dolo-
mitization in thin section.

Igneous petrology
In Hole U1500B, we cored 149.9 m of igneous rocks below the 

sedimentary section and recovered a total of 114.92 m of basalt. The 
aphanitic to porphyritic basalts are nonvesicular to moderately ve-
sicular and glassy to hypocrystalline, with the latter ranging from 
cryptocrystalline to fine grained, making up an aphyric to highly ol-
ivine-plagioclase phyric texture (microstructure). These basalts 
contain numerous 2–5 cm thick baked/chilled contacts and chilled 
margins, many of the latter with preserved fresh glass, as well as oc-
casional hyaloclastites showing brecciated glass fragments mixed 
with sediment. The basalts comprise Unit VIII and are divided into 
igneous lithologic Subunits 1a and 1b according to flow boundaries 
to distinguish an upper massive lava flow sequence (27.28 m thick) 
from a lower, predominantly pillow lava flow succession (122.62 m 
thick) with subordinate thin (<6 m) interbedded lobate, sheet, and 
massive lava flows. The pillow lobes are well preserved and are sep-
arated by chilled, glassy margins (identifying upper and lower 
chilled margins of individual pillows where possible) and also clay-
stone. Plagioclase phenocrysts are found throughout these basalts, 
with olivine being an occasional phenocryst. Modal abundances of 
olivine and plagioclase phenocrysts increase downhole, reaching a 
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peak between 1420 and 1470 mbsf. Veins occur throughout Unit 
VIII and are predominantly filled with carbonates and Fe (hydr)ox-
ides, chlorites, zeolites, and silica, as well as sediment. Veins usually 
show a sharp contact with the host basalt and are either poly-
crystalline or massive. Claystone is a ubiquitous phase in many car-
bonate-rich veins, especially in pillow lava flows, and is usually 
found as very fine aggregates in carbonate veins or as centimeter-
thick veins with no preserved textures or structures. Red to green-
red halos usually surround the carbonate veins, which are related to 
the background alteration of interstitial glass, olivine, and occasion-

ally plagioclase and clinopyroxene. Alteration of these basalts re-
mains slight overall, as evidenced by the minimal alteration of 
interstitial glass as well as the good preservation of plagioclase. Al-
teration intensity, however, does increase downhole.

Structural geology
Tilted sedimentary bedding and deformation structures were 

observed in all lithostratigraphic units. Faults, tilted beds, folds, and 
mud clasts observed in Units I, II, and III are likely related to grav-
ity-controlled deposition (e.g., debris flows, slumps, slides, etc.). 

Figure F14. Lithostratigraphic summary, Site U1500.
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Unit IV has low recovery and exhibits only a few tilted beds and 
compaction faults. A total of 47 centimeter-scale faults were mea-
sured in the claystone of Units V, VI, and VII. Many of these faults 
have slickensides and are likely related to clay compaction during 
lithification. Open fractures and veins are identified in the sparsely 
to highly plagioclase phyric basalts of Unit VIII. There are no pre-
ferred orientations of these structures. Most of the veins are filled 
by carbonate minerals, Fe oxides, sediment, and secondary miner-
als. Veins are often haloed by Fe oxide alteration. Vein connectivity 
is variable; single veins, branched veins, and vein networks were ob-
served. There is no mineral-preferred orientation. Although the 
seismic profile across Site U1500 shows dipping reflectors in the ba-
salt, we did not observe any clear paleohorizontal or dipping fea-
tures in these lavas.

Biostratigraphy
All core catcher samples were analyzed for calcareous nanno-

fossil and foraminifer contents. Additional samples were taken from 
the split-core sections when necessary to refine the ages between 
core catcher samples. Preservation of microfossils varies from poor 
to good. Overgrown and abundant broken fragments are common 
in the sediment sequences. The total abundance varies from barren 
to abundant, and most samples exhibit some degree of reworking.

Although recovery is low and ~50% of the samples are barren, 
the succession is apparently continuous and is tentatively assigned a 
late Oligocene–Miocene age. The late/middle Miocene boundary 
(11.6 Ma) can be placed between Samples 367-U1500B-37R-1, 40–
41 cm, and 44R-CC. Both calcareous nannofossils and planktonic 
foraminifers indicate an early Miocene to late Oligocene succession 
in Cores 46R through 56R.

In the calcareous sandstone (Section 56R-1), just above the ba-
salt, some younger species, such as Praeorbulina circularis (middle 
Miocene), Globigerinoides subquadratus, and Orbulina suturalis, 
are found together with the typical late Oligocene–early Miocene 
planktonic foraminiferal species (Catapsydrax dissimilis). In the 
same sample, the nannofossil content is represented by long-range 
species and cannot give a precise age. However, two samples from 
the veins and intrapillow fill of the basalts in Unit VIII contain 
poorly preserved calcareous nannofossils that indicate an Oligocene 
age. The resolution of the age discrepancy in Core 56R requires fur-
ther postexpedition studies.

Geochemistry
At Site U1500, measurements of organic and inorganic carbon 

and nitrogen were conducted on one sample per sedimentary core 
that had relative high recovery, and headspace gas measurements 
were taken for all sediment cores. In addition, four basalt samples 
were analyzed for concentrations of major elements and several 
trace elements using inductively coupled plasma–atomic emission 
spectroscopy (ICP-AES). Headspace gas values do not exceed 15 
ppmv and are mostly below the quantification limit. Carbonate con-
tents are dominated by biogenic carbonate and vary between <1 and 
40 wt%, with higher values corresponding to the calcareous-rich 
lithostratigraphic units. TOC and TOC/TN are low, averaging 0.14 
wt% and 4.6, respectively. ICP-AES analyses of basalts from Site 
U1500 indicate subalkaline mid-ocean-ridge basalt (MORB)-like 
compositions.

Paleomagnetism
We conducted AF demagnetization of archive-half sections and 

AF and thermal demagnetization of representative discrete samples 

from both sedimentary successions and the igneous rocks. For the 
sedimentary samples, AF demagnetization could effectively re-
moved the drilling-induced overprint. The polarity interpretation 
results based on inclination data from the sedimentary long core 
and discrete samples are in agreement, which supports our current 
preliminary polarity patten, but because of discontinuous coring 
and poor recovery in many cored intervals, we are not able to cor-
relate these results to the standard geomagnetic polarity timescale. 
The pass-through measurements of the basalts from the archive 
halves using the SRM effectively removed a low-coercivity compo-
nent; however, it is not clear if the ChRM or primary magnetization 
has been reached, partly due to the unavoidable magnetic contami-
nation and partly due to the destructive feature and thus limited AF 
treatment levels (up to 25 mT).Within a single igneous subunit, ba-
salts sometimes show both positive and negative inclinations upon 
stepwise AF treatments, which makes it hard to assign reliable po-
larities. The demagnetization behaviors of the discrete basalt sam-
ples are of high noise at higher temperatures, which is probably due 
to the onset of thermo-viscous remanent magnetization especially 
in a magnetically nonshielded environment. The close association 
of negative inclinations, changes in magnetic susceptibility, and de-
magnetization behavior with fractures in the cores points to the 
possibility of a secondary chemical remanent magnetization (CRM) 
as the source of the reversed intervals in the basalt.

Petrophysics
We conducted measurements of GRA bulk density, magnetic 

susceptibility, and NGR on whole-round cores and additional mea-
surements on split cores and discrete samples, including thermal 
conductivity, P-wave velocity on the PWC, porosity, and bulk, dry, 
and grain density. In general, bulk density, P-wave velocity, and 
thermal conductivity increase with depth, whereas porosity de-
creases with depth as a result of compaction and lithification. How-
ever, some properties, such as NGR or magnetic susceptibility, show 
local variations related to the specific lithology. A significant in-
crease in carbonate content in Subunit VB (1272–1311 m) causes a 
general decrease in NGR and only a slight decrease in magnetic sus-
ceptibility. Physical properties change significantly in the basalts of 
Unit VIII (1379–1529 m). Magnetic susceptibility is two orders of 
magnitude higher than in the sediment above and varies depending 
on the degree of alteration. P-wave velocity is also much higher, 
ranging between 4430 and 5710 m/s, whereas porosity and NGR are 
very low compared to the sediment above.

Correlation to seismic data
We used physical property data from cores and samples to cor-

relate Site U1500 data with the available seismic reflection profile. 
We also used the Site U1500 density and PWC velocity data to cre-
ate synthetic seismograms that provided additional constraints on 
the correlation. The TDR obtained for Site U1500 shows substantial 
agreement with that for Site U1499 and Sites U1431 and U1433; in 
contrast, the ODP Site 1148 TDR exhibits higher velocities in the 
deeper layers. The comparison between the seismic reflectors and 
the variations in physical properties and lithology characteristics 
using the computed Site U1500 TDR shows good correlation be-
tween the high-amplitude seismic reflector at ~6.4 s two-way travel-
time (TWT) and the top of the basalts of Unit VIII.

Downhole measurements
Three downhole logging tool strings were run in Hole U1500B: a 

modified triple combo (sonic velocity, NGR, bulk density, resistivity, 
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and caliper), the FMS-sonic (FMS resistivity images and calipers, as 
well as NGR), and the VSI (check shot and NGR). During the first 
run, the tool string encountered an obstruction at 4946 m wireline 
log depth below rig floor (WRF; ~1133 m), and we were unsuccess-
ful in getting the tool string to pass below this depth. We collected 
FMS data from ~1044 m uphole to the bottom of the casing (842 m). 
Although the hole had many zones that were significantly enlarged, 
initial observations of the real-time FMS data indicate that some in-
tervals exhibit relatively good caliper contact and should provide 
useful resistivity images. A seismic check shot survey with the VSI 
successfully collected data at one depth in the open hole and at the 
base of the casing. Because this was the last operation conducted 
during Expedition 367 and we only had a 1 day transit to Hong 
Kong, data processing and full evaluation of the log data will be con-
ducted after Expedition 367.

Site U1501
Background and objectives

Site U1501 (proposed Site SCSII-41A; 18°53.0923′N, 
115°45.9455′E) (Sun et al., 2016b) in the SCS northern margin (Fig-
ure F3) is located on a broad regional basement high (OMH). The 
OMH is the most landward of four distinct highs in the COT and is 
followed seaward by Ridges A, B, and C (Figures F4, F5, F15). Site 
U1501 is located at 2845.8 m below sea level (mbsl). Small rift basins 
of presumed Paleogene age are located on top of the OMH (Figure 
F5). These basins can be traced landward into much deeper half-
graben basins that formed during the main phase of crustal exten-
sion. The rift basins located on the OMH, therefore, offer options to 
recover the stratigraphy of these basins by drilling to moderate 
depths, testing existing stratigraphic interpretations, and extrapo-
lating the findings margin wide. Recovering and characterizing 
these sequences were key objectives at Site U1501, and the specific 
goal was to constrain the timing and duration of crustal extension, 
the tectonic vertical movements during rifting, and the subsequent 
postrift thermal subsidence. The crystalline basement at Site U1501 

is most likely located far below the acoustic basement at ≈600 m and 
was not an objective for this site.

At 2846 mbsl, Site U1501 is one of the few ODP and Integrated 
Ocean Drilling Program sites in the SCS above the modern CCD of 
the SCS. Sites U1504 and U1505, also at the OMH, are situated at 
<3000 mbsl. The younger stratigraphy is therefore also the focus of 
some secondary scientific objectives related to Neogene environ-
mental development of the SCS and adjacent landmasses of South-
east Asia. Among these secondary objectives are to (1) reconstruct 
the history of the east Asian monsoon evolution and of deep-water
exchanges between the SCS and Pacific Ocean and (2) explore the 
sedimentary responses to the Cenozoic regional tectonic and envi-
ronmental development of the Southeast Asia margin.

Operations
We conducted operations in four holes at Site U1501 (Table T2). 

In Holes U1501A and U1501B, Core 1H missed the sediment–water 
interface and retrieved full core barrels, indicating that the core was 
shot from below the seafloor. Hole U1501C (18°53.0919′N, 
115°45.9485′E; 2846 mbsl) was cored with the APC system from the 
seafloor to 461.8 m and recovered 447.8 m (96.3%). Hole U1501D 
(18°53.0929′N, 115°45.9370′E; 2846 mbsl) was drilled without cor-
ing from the seafloor to 433.5 m and then cored with the RCB sys-
tem to 644.3 m. A total of 78.8 m of core was recovered (37.4%). 
Hole U1501D was logged with the triple combo tool string from 113 
to 299.3 m.

Lithostratigraphy
The sedimentary succession recovered at Site U1501 is com-

posed of clay-rich nannofossil ooze, silty clay, clayey silt, sand, silt-
stone, sandstone with minor conglomerate, and rare volcanic ash. 
The succession is divided into three major lithostratigraphic units 
(I, II, and III) distinguished on the basis of sediment composition, 
particularly the relative abundance of the calcareous and siliciclastic 
fractions (Figure F16).

Lithostratigraphic Unit I is a 303 m thick, Holocene–upper Oli-
gocene succession dominated by clay-rich nannofossil ooze and 
nannofossil ooze with clay, with minor amounts of nannofossil-rich 
foraminifer sand or silty sand. A felsic volcanic ash layer occurs in 
Section 368-U1501A-1H-7, and an ash pod was observed in Section 
368-U1501C-3H-1. Unit I is divided into the following subunits:

• Subunit IA (0−25.47 m),
• Subunit IB (25.47–66.17 m),
• Subunit IC (66.30–156.70 m),
• Subunit ID (156.80–191.99 m),
• Subunit IE (191.99–293.09 m), and
• Subunit IF (293.90–303.01 m).

These divisions are based on changes in lithology, particularly the 
clay to nannofossil ratio, the presence and abundance of foramini-
fers, and/or physical properties. The lower contact of Unit I is ero-
sional and marked by the emplacement of a poorly sorted sandy 
layer. At the boundary, marked changes in P-wave velocity, NGR, 
magnetic susceptibility, porosity, MAD, color, carbonate content, 
and biostratigraphy indicate a small hiatus (Figure F16). Unit I was 
deposited in a deep-marine environment, and lithologic changes 
between subunits likely reflect the amount of terrigenous input into 
a relatively open ocean setting. This input may be delivered as buoy-
ant sediment plumes from shallower shelf environments and rarely 
by weak (distal) turbidity currents. Soft-sediment deformation in 
Subunit IB indicates slumping downslope of parts of the sequence.

Figure F15. Bathymetry at Site U1501 and location of the site in relation to 
seismic Lines 15ecLW1 and 15ecLW8.
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Lithostratigraphic Unit II is 296 m thick and late Oligocene to 
late Eocene in age. The unit consists of variable amounts of clay, silt, 
and sand with minor nannofossil-rich clay, nannofossil ooze, and 
silt with organic matter. Gravel-sized grains occur, including shell 
fragments and glauconite, as well as carbonate and pyrite concre-
tions. Unit II is divided into six subunits:

• Subunit IIA (303.01–385.26 m),
• Subunit IIB (388.80–452.69 m),
• Subunit IIC (452.60–482.33 m),
• Subunit IID (491.00–519.80 m),
• Subunit IIE (529.30–548.64 m), and
• Subunit IIF (548.64–598.91 m).

The uppermost two subunits define a fining-upward succession of 
glauconite-sand dominated to siltstone and clay overlain by clay 
with nannofossils. Subunits IIC and IE are dominated by sandstone 
with calcite; Subunit IID has more fine-grained, organic-rich litho-
logies; and Subunit IIF is similar to Subunit IIB but has more 
coarse-grained sediment and distinctive weak red and reddish gray 
intervals in the green glauconite-bearing sands. Coarse sand– to 
pebble-sized shell fragments are common in Unit II, and coral frag-
ments were occasionally observed in the upper part of the unit. 
Glauconite and quartz minerals dominate the siliciclastic grain 
component. Diagenetic pyrite is common. Unit II most likely rep-
resents a gradual change upward from shallow-water (outer shelf or 
upper continental slope) to deep-water (lower slope) depositional 
environments. The Unit II/III boundary was not recovered but is 

marked by an abrupt change in magnetic susceptibility, NGR, and 
P-wave velocity. A change in the apparent dip of strata from near 
horizontal in Unit II to ~20° in Unit III suggests that the contact is 
unconformable.

Lithostratigraphic Unit III (598.91 m to the bottom of the hole) 
is well lithified and composed of poorly sorted, feldspar-rich sand-
stone interbedded with moderately to well-sorted, medium- to fine-
grained sandstone and, rarely, siltstone and poorly sorted conglom-
erate. The age is unknown because no fossils were recognized. Unit 
III is divided into two subunits: IIIA (598.91–629.79 m) and IIIB 
(629.79–643.56 m). Subunit IIIA is composed of coarse-grained 
heterolithic sandstone, sandstone with calcite clasts, and minor 
conglomerate and siltstone. Pebble- to cobble-sized clasts include 
felsic intrusive and volcanic rocks, sedimentary rocks, metamor-
phic rocks, and rare gabbro. Subunit IIIB consists of sandstone and 
minor sandstone with organic matter. Subunit IIIB is finer grained 
than Subunit IIIA and has finely laminated intervals. We speculate 
that Unit III was formed in continental to littoral environments with 
a provenance not far from the site.

Structural geology
Unit I shows predominantly horizontal to subhorizontal bed-

ding with local soft-sediment deformation structures such as slump 
folds. Unit I is devoid of any structures related to tectonic deforma-
tion, apart from some rare normal faults with minor offsets.

Unit II is characterized by subhorizontal to gently dipping bed-
ding. Steep dips up to 40° are locally observed in close relation to 

Table T2. Expedition 368 hole summary. — = no data. Download table in CSV format. 

Hole
Proposed

site Location
Water

depth (m)

Total
penetration

(m)

Cored
interval 

(m)

Drilled
interval
without
coring

(m)

Core
recovery 

(m)

Core
recovery

(%)

Time on 
hole

(days)
Cores

(N)

Depth of
10.75 inch
casing (m)

U1501A SCSII-41A 18° 53.0922′N
115° 45.9483′E

2857.11 9.5 9.5 — 9.73 102.42 0.66 1 —

U1501B 18° 53.0922′N
115° 45.9483′E

2852.11 9.5 9.5 — 9.83 103.47 0.05 1 —

U1501C 18° 53.0919′N
115° 45.9485′E

2845.81 461.9 461.9 — 444.77 96.29 3.53 62 —

U1501D 18° 53.0929′N
115° 45.9370′E

2845.82 644.3 210.8 433.5 78.77 37.37 5.15 26 —

Site U1501 totals: 1125.2 691.7 433.5 523.54 49.09 9.39 90 —

U1502A SCSII-17A 18°27.8720′N
116°13.8381′E

3763.72 758.2 383.2 375.0 176.81 46.14 5.22 40 —

U1502B 18°27.8798′N
116°13.8409′E

3763.58 920.8 193.1 727.7 131.57 68.14 14.06 36 723.7

Site U1502 totals: 1679.0 576.3 1102.7 308.38 53.51 19.28 76

U1503A SCSII-9B 18° 8.6300′N
116° 18.8456′E

3867.71 995.1 995.1 0.00 0.00 11.88 0 991.5

Site U1503 totals: 995.1 995.1 0 0.00 11.88 0 —

U1504A SCSII-27A 18°50.9199′N
116°14.5397′E

2816.57 165.5 165.5 — 52.93 31.98 2.17 21 —

U1504B 18°50.8213′N
116°14.5978′E

2842.97 200 111.8 88.2 21.48 19.21 3.33 19 —

Site U1504 totals: 365.5 277.3 88.2 74.41 26.83 5.50 40 —

U1505A SCSII-3D 18°55.0560′N
115°51.5369′E

2916.57 0.3 0.3 — 0.38 126.67 0.59 1 —

U1505B 18°55.0562′N
115°51.5370′E

2918.57 3 3 — 3.23 107.67 0.04 1 —

U1505C 18°55.0570′N
115°51.5491′E

2917.37 480.2 480.2 — 480.15 99.99 4.29 64 —

U1505D 18°55.0458′N
115°51.5501′E

2917.00 184.5 184.5 — 191.43 103.76 1.2 20 —

Site U1505 totals: 668.0 668.0 — 675.19 101.08 6.12 86 —
Expedition 368 totals: 4832.8 2213.3 2619.5 1601.08 138.24 52.17 292 —

file:///Volumes/Kaleidoscope/PhD_folder/02_Writings_New/00_FINAL_PhD/01_PhD_revisions/../TABLES/367368_101/367368_101_T02.csv
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parallel lamination and are therefore interpreted as cross-laminae. 
In contrast to Unit I, deformation structures were observed in Unit 
II, although their occurrence is rather heterogeneously distributed. 
Planar to irregular millimeter-scale normal faults and joints were 
observed in Subunit IIA, typically with offsets ranging from 0.1 to 
0.5 cm and apparent dips of 10°–40°. Striations and slickensides 
were documented locally where the surfaces of such structures are 
exposed. Deformation in the underlying Subunits IIC–IIF is essen-

tially characterized by randomly distributed occurrence of single to 
branched uniform calcite and quartz veins. Recognition of deforma-
tional structures was difficult due to drilling disturbance through-
out this unit.

The acoustic basement marks the top of Unit III. This unit 
shows a weak tilting of stratified beds expressed in apparent dips on 
split core surfaces up to ~20°. Again, deformation structures remain 
scarce and heterogeneously distributed in Unit III. The recognized 

Figure F16. Lithostratigraphic, biostratigraphic, and magnetostratigraphic summary, Site U1501.
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structures consist of veins, fractures, and local microfaults associ-
ated with cataclastic fault gouge.

In conclusion, despite the various tilting of reflectors (~5°) and 
the vicinity of extensional structures observed on seismic profiles, 
only weak evidence of bedding tilting and/or deformation struc-
tures were observed at this site, possibly due to the nature of the 
sediments.

Biostratigraphy
All core catcher samples at Site U1501 were analyzed for calcar-

eous nannofossils, diatoms, and foraminifers, with select core 
catchers examined for ostracods. Additional samples were taken 
from the split working-half sections when necessary to refine the 
ages between core catcher samples. Preservation of calcareous 
microfossils varies from good in Unit I (Cores 368-U1501A-1H, 
368-U1501B-1H, and 368-U1501C-1H through 44X) to poor in 
Units II and III (Cores 368-U1501C-45X through 62X and 368-
U1501D-2R through 5R). Planktonic foraminifers and calcareous 
nannofossils are abundant in Unit I, common to rare in Unit II and 
upper Unit III, and barren in the rest of Unit III (Cores 368-
U1501D-6R though 27R). Diatoms are few with moderate preserva-
tion in Samples 368-U1501A-1H-CC, 368-U1501B-1H-CC, and 
368-U1501C-1H-CC and 2H-CC. The rest of the core catcher sam-
ples are barren of diatoms with the exception of Samples 368-
U1501C-3H-CC, 4H-CC, 33F-CC through 35F-CC, and 46X-CC, in 
which diatoms are rare with poor preservation. Diatoms are com-
mon in burrows found in interval 368-U1501C-35F-1, 118–119 cm, 
with poor preservation.

Forty biostratigraphic datums were identified in a mostly con-
tinuous succession from the Eocene to Holocene, which indicates 
that Holes U1501C and U1501D penetrated late Eocene or older 
strata (Figure F16). The Pleistocene/Pliocene boundary (~2.6 Ma) 
was placed in Core 368-U1501C-7H, the Pliocene/Miocene bound-
ary (~5.3 Ma) in Core 9H, the Miocene/Oligocene boundary (~23.0 
Ma) between Cores 41X and 42X, and the Oligocene/Eocene 
boundary (~33.9 Ma) between Cores 53X and 54X. Sedimentation 
rates vary from ~13 mm/ky in the early Oligocene, ~11 mm/ky in 
the Miocene, and ~14 mm/ky in the Pliocene to 24 mm/ky in the 
Pleistocene. Low sediment accumulation rates (~3.6 mm/ky) during 
the late Eocene through the early Oligocene and in the late Miocene 
suggest the presence of hiatuses in the sedimentary record during 
these periods. In contrast, higher sediment accumulation rates (35 
mm/ky) exist during the late Oligocene and the early Miocene.

Predominance of shallow-water benthic foraminifer and os-
tracod assemblages in Cores 368-U1501C-45X through 62X and 
368-U1501D-2R through 6R indicate an upper bathyal to continen-
tal shelf paleoenvironment during the Eocene to the early Oligo-
cene. Predominantly abyssal benthic foraminifers and ostracods 
above Core 368-U1501C-44X indicate that deep-water conditions 
existed in this part of the SCS since the early Oligocene.

Paleomagnetism
Paleomagnetic investigations combined measurement and in-

line AF demagnetization of archive-half sections on the 2G Enter-
prises SRM with the measurement of discrete samples either AF or 
thermally demagnetized.

The rock magnetic experiments on six representative samples 
from Hole U1501C show saturation remanent magnetization 
(SIRM)/χ ratios between 12.8 and 14.6 kA/m, indicating the pre-
dominance of greigite in Unit I of Hole U1501C, also documented 
by scanning electron microscopy (SEM) in 2–10 µm grains. Ther-
mal demagnetization behaviors show that greigite dominates the 

NRM, at least downhole to 83 m. However, the magnetic remanence 
left above 575°C suggests contributions from additional phases such 
as maghemite (Curie temperature [TC] = ~590°–675°C) or hematite 
(TC = ~675°C).

Both AF and thermal treatments on discrete samples success-
fully removed the steep low-temperature/coercivity component 
that represents the drilling overprint. The mean inclination gath-
ered from the high-temperature component is 37.3° ± 6.6°, corre-
sponding to a paleolatitude of 20.8° ± 3.3° for Unit I (see 
Lithostratigraphy). Many of the AF-demagnetized discrete sam-
ples reveal trends of reversed or normal polarity in the last step of 
demagnetization (50 mT) and are more difficult to interpret.

The magnetostratigraphy in Holes U1501C and U1501D is 
based on directions derived from the raw moments measured by the 
SRM after 25 mT demagnetization step and from the corroborative 
evidence from discrete samples. Magnetostratigraphy was cor-
related to the standard timescale and plotted along with the tie 
points from the microfossil ages from shipboard paleontologists. 
The paleomagnetic and paleontological age constraints match well 
over most of the section (Figure F16). A succession of eight normal 
and five reversed events was recognized in Hole U1501D. However, 
the lack of biostratigraphic constraints throughout Hole U1501D 
prevented even a tentative correlation of these events with the stan-
dard timescale.

Geochemistry
Interstitial water samples were obtained downcore to 450 m 

(Subunit IIB). In Unit I, variations are mainly the result of diagenetic 
and microbial processes, and measurements of alkalinity, phos-
phate, ammonia, and sulfate are in the typical ranges for the region 
(3.5–5 mM alkalinity, 250–510 μM phosphate, <30 μM ammonia, 
and <26 μM sulfate). However, more atypically (particularly when 
compared to Expedition 367 Site U1499), the main changes associ-
ated with microbial processes are notable only in the uppermost 25 
m in Subunit IA and are typical of organic matter degradation. 
Deeper than 25 m in Unit I, changes in interstitial water chemistry 
appear inhibited until 300 m. These changes may be a consequence 
of the low organic carbon concentration and high carbonate content 
(~50 wt%) of Unit I. Decreases in sulfate concentrations with depth 
are more pronounced in Unit II (>300 m), and in this zone there is 
heavy pyritization and total sulfur (TS) contents are high, suggest-
ing sulfate reduction has taken place. In the uppermost part of Unit 
II (300–370 m), chloride, bromide, and sodium are notably lower 
(chloride = 500 mM, cf. 565 mM; bromide = 0.75 mM, cf. 0.9 mM; 
and sodium = 410 mM, cf. 480 mM). This difference in interstitial 
water chemical composition is sharp and could result from pres-
sure-isolated units retaining a distinct formation water chemistry or 
from the migration of chloride-poor formation water.

Headspace gas concentrations are below background laboratory 
levels in all samples collected from Site U1501 (<1% ppmv). TOC 
content is typically <0.5 wt% in Unit I, except from 0 to 50 m (Sub-
unit IA). In this interval, a typical black marine mud has a TOC of 
~1 wt%. TOC was also typically <0.5 wt% in Units II and III, except 
for a few carbonaceous lithologies: sandstones with plant phyto-
clasts associated with an ash-rich boghead coal in Unit II (interval 
368-U1501D-9R-1, 10–15 cm) and a bitumen-impregnated sand-
stone in Unit III (interval 27R-1, 12–16 cm). TS content is low in 
Unit I: ~1 wt% in Subunit IA and below effective shipboard detec-
tion limits of 0.01 wt% for the rest of Unit I. TS content is higher in 
Unit II; >1 wt% in the muddier uppermost part of Unit II and an 
average of 0.5 wt% in the sandier, deeper part.
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Elemental compositions primarily reflect geological units and 
changes in lithology. In Unit I, carbonate contents are high and ex-
ceed 50 wt% in foraminifer-rich intervals (compositionally a lime-
stone). In Units II and III, carbonate is less common, and the units 
are predominantly siliciclastic with a distinction between units that 
are mud rich and feldspathic and sandier units toward the base of 
the hole. Calcium and strontium are associated with biogenic sedi-
ments in Unit I, but in deeper units they covary with aluminum. In
the base of Units II and III, sodium and potassium are both high, 
which is consistent with the dominant presence of feldspathic sedi-
ments. The higher aluminum proportion in the uppermost part of 
Unit II is consistent with the muddier, clay-rich lithologies present 
here.

Physical properties
Hole U150A is divided into four units based on the sediment 

and rock physical properties. Physical properties (PP) Unit 1 (0–300 
m) experienced the most evident changes in sediment compaction, 
which is expressed by increasing bulk density (from 1.4 to 2.0 
g/cm3) and P-wave velocity (from 1450 to 1930 m/s) and decreasing 
porosity (from 85% to 45%) with depth. Because PP Unit 1 consists 
mostly of calcareous ooze, it has relatively low NGR (between 20 
and 40 counts/s) and magnetic susceptibility (between 10−6 and 10−5

SI). The onset of PP Unit 2 (300–450 m) is marked by a rapid in-
crease in NGR and porosity and a rapid decrease in bulk density and 
P-wave velocity, corresponding to a shift to a different lithologic 
unit with sand, silt, and clay-enriched sediments. In the entire unit, 
NGR is persistently high (60–80 counts/s), whereas magnetic sus-
ceptibility remains as low as 10 × 10−5 SI. P-wave velocity and bulk 
density continue to increase with core depth. Most physical proper-
ties of PP Unit 3 (450–600 m) have similar values to those of Unit 2, 
except that P-wave velocity is extremely high, up to 4000–6000 m/s 
at some interbeds, and bulk density and porosity increase and de-
crease to 2.6 g/cm3 and 2%–3%, respectively, at parallel depths. PP 
Unit 4 (600–657 m) is distinct from other units due to higher mean 
NGR (80 counts/s), bulk density (2.6 g/cm3), magnetic susceptibility 
(500 × 10−5 SI), and P-wave velocity (4500 m/s). Throughout the 
hole (0–657 m), thermal conductivity values increase from 0.7 to 3.4 
W/(m·K), most likely as a result of increasing sediment compaction 
and changes in sediment compositions. L* reflectance values are 
highly relevant to weight percent carbonate in sediments, which ex-
hibit relatively high L* values between 100 and 160 in the upper 300 
m and thereafter remain as low as 90.

Downhole measurements
Wireline logging was conducted in Hole U1501D using a modi-

fied triple combo tool string that included the Hostile Environment 
Natural Gamma Ray Sonde (HNGS), Hostile Environment Litho-
Density Sonde (HLDS), High-Resolution Laterolog Array (HRLA), 
and magnetic susceptibility sonde (MSS). The triple combo run col-
lected good data between 115.1 m (base of the drill pipe) and 300 m, 
where it encountered an impenetrable obstruction. Four logging 
units are defined:

• Logging Unit 1 (base of the drill pipe to 190 m wireline depth 
below seafloor [WSF]) is characterized by intervals of large hole 
diameter and relatively high variability in NGR and magnetic 
susceptibility.

• Logging Unit 2 (190–260 m WSF) is characterized by a relatively 
constant hole diameter, relatively homogeneous logs, and sub-
meter-scale layering.

• Logging Unit 3 (260–275 m WSF) again shows a relatively large 
hole diameter, as well high variability in NGR, density, and resis-
tivity logs.

• Logging Unit 4 (275–300 m WSF) exhibits relatively large values 
of resistivity and magnetic susceptibility.
The upward log pass indicated a collapsed hole at ~156.3 m 

drilling depth below seafloor (DSF) on the caliper curve, and for 
safety reasons no further attempts to descend deeper than that un-
dergauge spot were made. Because the interval of the collapsed hole 
was located only ~40 m below the base of the pipe, the originally 
planned FMS-sonic tool string was not run. Four in situ formation 
temperature measurements were made in Hole U1501C, yielding a 
geothermal gradient of 81.4°C/km and a calculated heat flow of 
100.1 mW/m2. These values are comparable to the relatively high 
values observed at some ODP and Integrated Ocean Drilling Pro-
gram sites in this part of the SCS.

Site U1502
Background and objectives

Site U1502 (proposed Site SCSII-17A; Sun et al., 2016b) in the 
SCS northern margin (Figures F3, F17) is located at 3764 mbsl on a 
prominent basement ridge (A) in the COT (Figure F5). Ridge A is 
one of four distinct basement highs found across the COT. The 
OMH is the most landward of these highs and is followed seaward 
by the nearly parallel Ridges A, B, and C. A key objective of Expedi-
tions 367 and 368 was to examine the nature of the crust in Ridge A. 
This ridge is considered to be a pivotal element in the transition 
from continental to oceanic crust. Hence, the main objective of Site 
U1502 was to drill through synrift deposits overlying an interpreted 
shallow-dipping (~20°) fault zone and into the crystalline basement 
below the fault. Information on the nature and age of the synrift de-
posits overlying the fault, as well as the nature and age of the overly-

Figure F17. Bathymetry at Site U1502 and location of the site in relation to 
seismic Lines 15ecLW7, 15ecLW3, and 08ec2660. Note that the site is not at 
the exact crossing of Lines 15eclLW7 and 15eclLW3.
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ing sediments and associated seismic unconformities, formed 
another target with the objective of constraining basin subsidence.

Operations
We conducted operations in two holes at Site U1502 (Table T2). 

Hole U1502A is located at 18°27.8720′N, 116°13.8381′E, at 3763 
mbsl. Our operations in Hole U1502A were designed to provide in-
formation on formation characteristics and drilling conditions so 
that we could decide the length of casing to drill into the seafloor in 
deep-penetration Hole U1502B. Given this purpose and the amount 
of time to drill the second, deep hole, we did not core continuously 
in Hole U1502A. Instead, we drilled without coring from the sea-
floor to 375.0 m and cored with the RCB system from 375.0 to 758.2 
m, recovering 176.81 m (46%). Hole U1502B is located at 
18°27.8798′N, 116°13.8409′E, at 3763.6 mbsl. In Hole U1502B, we 
drilled a reentry funnel and 727.7 m of 10¾ inch casing into the sea-
floor; cored with the RCB system through the sediment–basalt 
transition (727.7–739.16 m) and 180 m into the underlying basalt 
(739.16–920.95 m), recovering 128 m (70%); and collected down-
hole log data with the triple combo tool string and a check shot with 
the VSI tool string.

Lithostratigraphy
The sedimentary succession recovered at Site U1502 extends 

from the early Oligocene (possibly late Eocene) to the late Miocene. 
The succession includes four sedimentary units (I and III–V) that 
are composed of mainly clay, nannofossil-rich clay, biosiliceous-rich 
clay, limestone, and clast-rich clay and two igneous units (II and VI) 
that are mainly composed of basalt. The base of the sedimentary 
succession is a sequence of clay and metasediments (dolomite mar-
ble and dolomitic limestone) that possibly forms the contact with a 
unit of altered basalt (Unit VI) (Figure F18).

Late Miocene to late Oligocene lithostratigraphic Unit I is di-
vided into five subunits. Subunit IA (Hole U1502A = 375.00−486.82 
m) is composed of dark gray, gray, dark greenish gray, and greenish 
gray silty clay, clay with nannofossils, and nannofossil-rich clay in-
tercalated with dark grayish brown, grayish brown, and brown clay 
with nannofossils, with minor dark greenish gray sandy clay with 
calcite. Subunit IB (Hole U1502A = 490.20–599.57 m) is composed 
of alternating intervals of brown and greenish gray clay, silty clay, 
and clayey silt. Sandy intervals are rare. Recovery in Subunits IA 
and IB was very poor, which might be due to the occurrence of thick 
sand beds that were washed out. Subunit IC (Hole U1502A = 
599.57–602.39 m) is composed of greenish gray and reddish gray 
foraminifer-rich clayey siltstone to sandstone with parallel lamina-
tions and convolute bedding, with thin layers of pinkish gray fora-
miniferal chalk. Subunit ID (Hole U1502A = 602.39–724.03 m) is 
mainly composed of alternating greenish and brownish gray and 
grayish brown clay, silty clay, clayey silt, and clay with silt (Cores 
368-U1502A-25R through 32R), but brown colors dominate Cores 
33R through 38R. Nannofossils are abundant in the lowermost ~4 
m of this subunit. Subunit IE (Hole U1502A = 724.03–734.87 m; 
Hole U1502B; 727.79–727.96 m) is composed of brown nanno-
fossil-rich clay with foraminifers and nannofossil-rich clay with pale 
green colored halos around fractures. The sediments of Unit I are 
interpreted as having been deposited in a deep-marine environ-
ment. Fining-upward intervals in Subunits IA–IC are interpreted as 
turbidites.

Unit II is a highly altered greenish gray basalt clast recovered 
from Hole U1502B at 727.96–728.04 m. The primary mineral 
phases are replaced by an alteration-mineral assemblage.

Unit III (Hole U1502A = 739.10–739.16 m; Hole U1502B = 
728.04–733.82 m) is composed of brownish yellow, very hard, 
poorly sorted breccia. The granule- to pebble-size siliceous clasts 
consist of alteration minerals (Fe hydroxides) cemented by a matrix 
of annealed quartz in various grain sizes.

Unit IV (Hole U1502A = 739.16–747.20 m) consists of biosili-
ceous-rich silty clay. Diatoms, sponge spicules, and radiolarians are 
abundant in the upper part, but the abundance of both nannofossils 
and diatoms decreases rapidly downhole from Section 368-
U1502A-40R-1 to Section 40R-3. Pyrite occurs as centimeter-sized 
patches and along cracks. The layering in Unit IV is inclined and 
may be slightly deformed.

Unit V (Hole U1502A = 747.20–749.01 m; Hole U1502B = 
733.82–739.16 m) is an interval of alternating metasediments (dolo-
mite marble, dolomitic limestone, and clast-rich clay). The dolomite 
marble is dominated by very fine grained dolomite (~95%) with mi-
nor amounts of magnetite (~3%) and calcite (~2%). The annealing 
texture is equigranular and crossed by fine-grained dark gray bands. 
The presence of magnetite explains the extraordinarily high mag-
netic susceptibility of this unit. The gray, fine-grained dolomitic 
limestone in Hole U1502B is intercalated with well-consolidated, 
very dark greenish gray clay with 10%–15% igneous clasts. The sed-
iment is partially overprinted with alteration caused by secondary 
high-temperature processes (e.g., hydrothermal fluid sediment in-
teraction or contact metamorphism).

Unit VI (Hole U1502A = 749.01–750.67 m; Hole U1502B = 
739.16–920.95 m) consists of highly altered basaltic breccia, brec-
ciated basalt, pillow basalt, and sheet basalt. The unit is divided into 
two subunits. Subunit VIA is composed of highly altered basaltic 
breccia and brecciated basalt with minor sheet basalt, chert, and 
claystone and very minor pillow basalt. Subunit VIB is dominated 
by altered pillow basalt and sheet flows and is less brecciated than 
Subunit VIA.

Igneous petrology
At Site U1502, we recovered two igneous lithologic units. Unit 1 

(lithostratigraphic Unit II) is represented by just three small, apha-
nitic, fine-grained basalt fragments that contain rare plagioclase 
phenocrysts (Figure F19). Alteration of Unit 1 is intense, with most 
of the groundmass replaced by green clay minerals, clinozoisite, ze-
olites, and Fe (hydr)oxides.

Unit 2 (lithostratigraphic Unit VI) comprises a 182 m thick se-
quence of highly altered aphyric to highly plagioclase porphyritic 
basalts with minor chert (Figure F19). These basalts are divided into 
two igneous subunits (2a and 2b) based on flow morphology and 
alteration style: an upper brecciated and fractured massive lava flow 
sequence (Subunit 2a) and a lower sequence of interbedded pillow 
flows with lobate and sheet lava flows in which the alteration style is 
characterized by intense veining (Subunit 2b). Subunit 2a is charac-
terized by highly altered breccia clasts of sparsely to moderately 
phyric basalt in a matrix of carbonates, epidote, chlorite, Fe 
(hydr)oxides, quartz, zeolite minerals, and clay minerals. The clasts 
show an alteration assemblage similar to the matrix, with remnant 
plagioclase and secondary pyrite. Subunit 2b consists of aphyric to 
highly plagioclase phyric (>30%) basalts with abundant chlorite and 
sulfides, as well as epidote, clay minerals, carbonates, zeolites, and 
opaque minerals.

All of Unit 2 has undergone some degree of hydrothermal alter-
ation. This alteration varies from complete replacement of the rock, 
where the original composition and texture are difficult to deter-
mine, to replacement of mineral phases with little change to the tex-
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ture. Glassy pillow rinds are completely replaced, and multiple 
phases of veining and halos are ubiquitous throughout the rocks. 
Three vein types were observed: (1) white to green to black silica-
epidote veins, (2) apple green pyrite-epidote veins, and (3) white sil-
ica and/or calcite veins. Sulfide mineralization (disseminated and 
veined) is widespread throughout Unit 2 and is dominated by pyrite, 
with minor sphalerite, chalcopyrite, and covellite.

Handheld portable X-ray fluorescence (pXRF) analyses show no 
significant differences in contents of alteration-resistant elements 
such as Ti and Zr in Unit 2, but Subunit 2a has lower MgO, FeO, and 
MnO than Subunit 2b, which is consistent with the higher degree of 
alteration. Subunit 2b is also strongly affected by secondary alter-
ation, but areas of less intense alteration are indicated by higher 
magnetic susceptibility and high CaO and Fe2O3 contents. Unit 1 

Figure F18. Lithostratigraphic summary with simplified lithology and unit descriptions, Holes U1502A and U1502B. 

Unit IA (375.00–486.82 m)
Dark gray, gray, dark greenish gray, and greenish gray silty clay, 
clay with nannofossils, and nannofossil-rich clay intercalated with 
dark grayish brown, grayish brown, and brown clay with nannofossils. 
Minor dark greenish gray sandy clay with calcite.

Unit IB (490.20–599.57 m)
Alternating intervals of brown and greenish gray clay, silty clay and 
clayey silt, and rare sandy intervals. 

Unit IC (599.57–602.39 m)
Greenish gray and reddish gray foraminifer-rich clayey siltstone to 
sandstone with some thin layers of pinkish gray foraminiferal chalk. 

Unit ID (602.39–724.03 m)
Clay, silty clay, clayey silt, and clay with silt, with alternating colors 
from greenish and brownish gray to grayish brown between Cores 25R 
and 32R. Brown colors dominate from Core 33R to 38R. 

Unit IV (739.16–747.20 m)
Dark greenish gray biosiliceous clay. 

Unit V (747.20–749.01 m)
Massive, light gray dolomite marble and metaclaystone.

Unit VIA (749.01−750.67 m)
Light greenish gray, lithified, brecciated, fine-grained altered basalt
with phenocrysts of plagioclase.

Unit IE (724.03–734.87 m)
Brown nannofossil-rich clay with foraminifers and nannofossil-rich clay.
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appears to be compositionally distinct from Unit 2 and has, for ex-
ample, higher Ti/Zr ratios.

Structural geology
Deformation structures are scarce in Unit I above Core 368-

U1502A-37R, with only a local, convolutely bedded sequence in 

Core 25R. Downhole from Core 37R at ~700 m, a gradual increase 
in deformation structures was observed (Figure F19). Cores 37R 
through 39R are characterized by microfaults, as evidenced by 
downward-dip plunging striations and slickensides on exposed 
fracture surfaces, systematically associated with greenish halos. No 
deformation structures were encountered in Unit II. Unit III con-

Figure F19. Lithostratigraphic summary with main igneous lithologies and deformation structures, Holes U1502A and U1502B. A. Highly plagioclase-phyric 
basalt with up to 50% plagioclase phenocrysts. B. Highly altered, sparsely plagioclase phyric pillow basalt with a well-preserved pillow. C. Moderately altered 
aphyric basalt flow with sparse vesicles. Note the change to a bluish gray color. D. Slump folds. E. Microfaults showing striations/slickensides on exposed sur-
faces. F. Distributed shear geometries with shear bands and tilted bedding. G. Brecciated basalt. H. Basaltic breccia. I. Network of composite epidote-rich veins.
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sists of extremely silicified breccia that was poorly recovered. The 
nature of this breccia, however, as sedimentary, tectonic, or hydro-
thermal remains unconstrained at the moment. In Unit IV, a small-
scale transition from distributed to localized shear in unlithified 
sediments was documented. No deformation structures were en-
countered in Unit V. 

Unit VI is essentially composed of basalts that were heteroge-
neously affected by brecciation and veining associated with the cir-
culation of hydrothermal fluids. Subunit VIA is dominated by 
brecciated basalt/basaltic breccia, whereas Subunit VIB comprises a 
rather coherent series of lava flows crosscut by a multistage network 
of polymineralic veins. The uppermost part of Unit VI contains se-
verely fractured and fragmented basalt locally filled by fine-grained 
unconsolidated greenish rock. Subunit VIA is characterized by di-
verse brecciation horizons associated with veins and microcracks. 
Depending on the intensity of fragmentation and the clast/matrix 
ratio, the rocks are referred to as brecciated basalt or basaltic brec-
cia. A typically observed feature is the jigsaw-puzzle structure, sug-
gesting possible in situ fragmentation. Macro- and microscopic 
observations show that the breccia-clasts consist mainly of sparsely 
to moderately plagioclase phyric basalts that were hydrothermally 
altered to variable degrees. Thus, formation of such breccias likely 
involved fluid-assisted fracturing of basalt. In contrast, Subunit VIB 
is characterized by a progressive decrease of breccia horizons and 
the development of different vein types, almost always polyminer-
alic. Notably, vein composition and their orientation changes 
through Subunit VIB. Although numerous small-scale veins often 
related with major veins were observed, three first-order vein types 
were categorized: (1) composite silica-rich veins, (2) composite epi-
dote-rich veins, and (3) composite carbonate- and/or silica-rich 
veins.

Biostratigraphy
All core catcher samples from Hole U1502A and selected sam-

ples from Hole U1502B were analyzed for calcareous nannofossils, 
foraminifers, diatoms, and ostracods. Additional samples were 
taken from the working-half core intervals when necessary to refine 
the ages. The preservation of calcareous microfossils is mostly good 
to moderate in the upper sections (Cores 368-U1502A-2R through 
13R) and moderate to poor in the lower sections (Cores 14R 
through 41R). Planktonic foraminifers and calcareous nannofossils 
are abundant to common in Cores 2R through 10R, 25R, and 37R 
through 39R and rare to barren in all other sections. Diatoms were 
only observed in Sections 40R-1 through 40R-3. In Hole U1502B, 
foraminifers were observed only in Section 3R-1 and are repre-
sented by well-preserved agglutinated deep-water taxa. Ostracods 
are extremely rare; single occurrences were observed only in three 
samples in Hole U1502A (Samples 3R-CC, 4R-CC, and 5R-CC).

Fourteen planktonic foraminifer and calcareous nannofossil 
biostratigraphic events were used to provide an age-depth model 
for Site U1502 from the late Oligocene to the late Miocene. The 
Pliocene/Miocene boundary is placed tentatively in Core 368-
U1502A-2R, but it may be shallower than the cored section. The 
Miocene/Oligocene boundary was determined to lie between Sam-
ples 39R-CC and 40R-1, 7 cm. Sedimentation rates vary from ~10 
mm/ky in the early–middle Miocene to ~39 mm/ky in the late Mio-
cene. No planktonic microfossils were found in Hole U1502B, but a 
sample from the sandy interval in Core 3R revealed abundant and 
diverse abyssal agglutinated benthic foraminifers. The composition 
of this agglutinated benthic foraminifer assemblage provides a pos-
sible age of late Eocene for this interval.

Paleomagnetism
The magnetic behavior of sediments at Site U1502 correlates 

with their color (greenish gray or reddish brown). Reddish brown 
sediment shows AF magnetization indicative of magnetite or 
titanomagnetite and hematite (responsible for the color). In con-
trast, greenish gray sediment hosts magnetite or titanomagnetite 
and pyrrhotite. The predominance of steep normal inclinations 
(~75°; Figure F20) across all late Oligocene to late Miocene units 
(375.00–750.67 m) affects the SRM section measurements and pre-
vents any reliable magnetostratigraphy to be established for Holes 
U1502A and U1502B.

The basalt has NRM intensity one order of magnitude higher 
than sediment. The main magnetically remanent phase is titano-
magnetite, but its alteration produces maghemite or hematite. Mag-
netic susceptibility (κ) has a bimodal distribution with a median at 
327 × 10−6 SI. κ does not show any strong correlation with any 
chemical (R2 = 0.343 for Fe2O3 wt%). Intervals of high κ might corre-
spond to the bottoms of flows with a massive, less altered structure. 
Altered basalts have higher Koenigsberger ratios (Qn = 1–10) than 
fresher basalts (Qn = 0.001–1). The mean dip of magnetic foliation 
is 8°. 

Cores 368-U1502B-9R and 10R show less-pervasive drilling 
overprint, and two discrete samples show both a normal (soft) com-
ponent and a reverse (hard) component, suggesting a possible re-
versal.

Geochemistry
Site U1502 contains very low high-hydrocarbon gas abundances 

and TOC, nitrogen, and sulfur contents, likely reflecting the poor 
preservation of organic matter. Instances of high carbonate content 
are associated with siderite, and on occasion this mineral comprises 
>50 wt% by mass of intervals in lithostratigraphic Subunit ID. The 
interstitial water at Site U1502 is enriched in Ca, Mg, and K and has 
notably high alkalinity but is depleted in Na, Cl, and Br. The linear 

Figure F20. Magnetization intensity vs. inclination showing the effect of the 
steep drilling overprint, Holes U1502A and U1502B. Basalts have higher 
magnetization intensity than sediments. Green lines represent the expected 
normal and reversal inclination at present latitudes.
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increase of major anion and cation contents implies upward move-
ment of fluid from deeper sediments. The hemipelagic sediments in
Unit I have some similarities to the geochemical characteristics of 
the hemipelagic and pelagic units at Sites U1501 and U1505, but 
Site U1502 sediments are enriched in Fe, K, and clay concentra-
tions, likely as a result of regions of increased alteration. All of the 
analyzed igneous rocks from Units II–VI are heavily altered, al-
though samples from igneous lithologic Subunit 2b are altered to a 
lesser degree than those from Subunit 2a.

Physical properties
Physical property data acquired at Site U1502 include density, 

magnetic susceptibility, P-wave velocity, NGR, color reflectance, 
and thermal conductivity (Figure F21). These data allow us to char-
acterize four physical property (PP) units. PP Unit 1 (375–740 m) 
corresponds to the nannofossil-rich and biosiliceous-rich clay litho-
logies and exhibits small variations in NGR between 50 and 70 
counts/s and uniformly increasing P-wave velocity with depth that 
averages <2500 m/s. Unit 1 sediments have similar porosity to those 
recorded at nearby Sites U1499 and U1500 in the same depth inter-
val, suggesting the same compaction history. A significant increase 
in bulk density (up to 2.7 g/cm3) in Core 368-U1502B-3R is associ-
ated with strongly lithified limestone beds. Variations of high and 
low magnetic susceptibility values correspond to sediment color 

changes in Unit 1 and may be controlled by the amount of pyrrho-
tite in the sediments.

PP Unit 2 (740–750 m) in Hole U1502A is characterized by 
lower P-wave velocity and bulk density and higher NGR than the 
strata above. Low density and P-wave velocity found in Unit 2 re-
flect the clast-rich claystone from lithostratigraphic Unit V.

PP Units 3 and 4 represent the basaltic basement and are char-
acterized by relatively low NGR (<10 counts/s), high density, and P-
wave velocity that vary over a broad range (3000–6000 m/s). The 
boundary between Units 3 and 4 is marked by an abrupt increase in 
density, P-wave velocity, and thermal conductivity and coincides 
with the change from igneous lithologic Subunit 2a to 2b. Promi-
nent magnetic susceptibility peaks (up to 4000 × 10−5 SI) in Units 3 
and 4 correspond to relatively less altered basalt. Thermal conduc-
tivity in Units 3 and 4 are variable but generally increases in line 
with decreasing porosity with depth.

Downhole measurements
Wireline logging was conducted in Hole U1502B using a modi-

fied triple combo tool string and the VSI tool string. The modified 
triple combo tool string included the HNGS, HLDS, and Dipole 
Sonic Imager (DSI) for acoustic velocity. The triple combo run col-
lected good data downhole from 875.3 m (~45 m above the bottom 
of Hole U1502B) and allowed us to define eight logging units, which 

Figure F21. Physical property records, Site U1502.
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correlate in great part to the lithostratigraphic units and core physi-
cal properties. Logging Units 1–5 are defined by data collected 
through the casing and drill pipe. Unit 6 data was collected outside 
the casing but inside the drill pipe, whereas data in Units 7 and 8 
were collected in the open hole. For measurements inside the casing 
and/or drill pipe, only NGR and the associated K, Th, and U compo-
nents provide meaningful data, although they are highly attenuated 
by the casing and/or drill pipe. Open borehole conditions from the 
bottom of the casing at 723 m to 875.3 m were generally good, with 
measured diameters from 12 to 14.5 inches. Log and core data gen-
erally show good agreement, and downhole measurements provide 
information in zones of poor core recovery in Hole U1502B. The log 
data exhibit increasing density and P-wave velocity with depth. The 
amplitude of NGR increases gradually with depth throughout Units 
1–3 (seafloor to ~630 m), with an interval of relatively constant val-
ues between 150 and 350 m. NGR values are lowest in Units 4–8 
(~630–850 m).

The VSI tool string was run only inside the casing because the 
tool could not pass through an obstruction encountered at the end 
of the casing. Eight stations were attempted. The two deepest sta-
tions (at 715.1 and 695.2 m) are associated with large noise levels, 
which were possibly caused by poor mechanical coupling of the cas-
ing with the surrounding formation. The remaining upper six sta-
tions, located at 290.2, 350.3, 450.3, 550.1, 590.3, and 630.3 m, 
recorded good quality waveforms.

Site U1503
Background and objectives

Site U1503 (proposed Site SCSII-9B; Sun et al., 2016b) is located 
at 3868 mbsl near the top of the structural high named Ridge C (Fig-
ures F3, F22). Ridge C is the most seaward ridge of the three mar-
gin-parallel Ridges A, B, and C that characterize the lower 
continental slope underlain by thin (5–7 km) crust. Ridge C is be-
lieved to represent at least partly, if not fully, igneous crust and 

hence the completion of continental breakup along this margin seg-
ment of the northern SCS.

A key operational objective of Site U1503 was to sample the low-
ermost ~300 m of sediments on top of basement to constrain the 
age and subsidence history of the crust at this location, the timing of 
normal faulting, and the environment of the early half-graben fill. 
The most important goal was to sample the igneous stratigraphy to 
at least 100 m below the basement. Because of a rig floor equipment 
failure (drawworks), we abandoned the site after installing casing in 
Hole U1503A to 991.5 m.

Deep, representative sampling of the basaltic material at this site 
would have provided an important reference frame for breakup 
modeling. With an estimated 1640 m sediment thickness overlying 
basement, obtaining basement samples and log data at this site rep-
resented a challenging operation.

Operations
To reach our objectives, we conducted operations in one hole 

(U1503A; 18°08.6300′N, 116°18.8456′E; 3868 mbsl) (Table T2). We 
successfully installed a reentry system and 991.5 m of 10¾ inch cas-
ing in Hole U1503A. However, we were unable to deepen the hole 
below the casing because of repeated breakdowns of the low clutch 
diaphragm in the drawworks and concerns that we did not have 
enough spares to last the remainder of the expedition. Without the 
drawworks’ low clutch, we could not conduct drilling operations 
deeper than 3400 m (water depth plus penetration depth). Because 
Site U1503 had a planned depth of 5695 m (water depth plus pene-
tration depth), we abandoned Hole U1503A without addressing any 
scientific objectives. Hole U1503A remains cased and open for pos-
sible future occupation.

Site U1504
Background and objectives

Site U1504 (alternate Site SCSII-27A) was proposed during Ex-
pedition 367 and approved by the Environmental Protection and 
Safety Panel during Expedition 368 as an alternate site should there 
be time left following completion of the high-priority sites included 
in the Scientific Prospectus (Sun et al., 2016b). Expedition 368 occu-
pied Site U1504 because of the inability to continue drilling below 
the 990 m deep, cased Hole U1503A. Most of our remaining ap-
proved sites were in water deeper than 3400 m and/or required 
deep penetration. One exception was Site U1504, which is located 
at 2823 mbsl ~45 km east of Site U1501 on the OMH and has a shal-
low coring target (Figures F3, F23) and targets the nature of base-
ment within the COT.

Operations
Two holes were drilled at Site U1504 (Table T2). In Hole 

U1504A (18°50.9199′N, 116°14.5397′E; 2816.6 mbsl), we cored with 
the RCB system from the seafloor to metamorphic basement at 
134.8 m and then into basement to 165.5 m, recovering 52.77 m 
(32%). In Hole U1504B (~200 m southeast of Hole U1504A; 
18°50.8213′N, 116°14.5978′E; 2843.0 mbsl), we drilled without re-
covery to 88.2 m, cored with the RCB system to metamorphic base-
ment at 107.9 m, and then cored into basement to 200 m, recovering 
21.48 m (19%).

Lithostratigraphy
The succession recovered at Site U1504 includes two sedimen-

tary units (I and II) underlain by a metamorphic unit (III). Litho-
stratigraphic Unit I (early Miocene–Pleistocene) is dominated by 

Figure F22. Bathymetry at Site U1503 and location of the site in relation to 
seismic Lines 15ecLW5 and 08ec1555.
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nannofossil and foraminiferal ooze and minor nannofossil-rich clay 
and is divided into four subunits (IA–ID). Subunit IA (Hole U1504A 
= 17.50−46.59 m) is composed of nannofossil-rich clay, nannofossil 
ooze, nannofossil ooze with biogenic silica, and clay-rich nanno-
fossil ooze. The color of the ooze gradually changes downhole from 
dark greenish gray to greenish gray and gray. Distinct intervals con-
tain more silt. Thin silt laminations are often disrupted by biotur-
bation. Layering is contorted at the base of the subunit. Subunit IB 
(Hole U1504A = 46.59–59.73 m) is composed of light brown fora-
minifer-rich nannofossil ooze and pale brown nannofossil ooze with 
foraminifers. Subunit IC (Hole U1504A = 65.80–104.99 m) is com-
posed of light greenish gray, greenish gray, light brownish gray, pale 
brown, and light gray nannofossil ooze with clay and greenish gray 
clay-rich nannofossil ooze intercalated with light gray nannofossil-
rich foraminiferal ooze with clay, light brownish gray foraminifer-
rich nannofossil ooze, and foraminifer-rich nannofossil ooze with 
clay. Subunit ID (Hole U1504A = 104.99–112.66 m; Hole U1504B 
=88.20–92.31 m) is composed of light brown to yellowish brown 
nannofossil ooze with foraminifers intercalated with pink or brown-
ish yellow foraminifer-rich nannofossil ooze. Unit II (possibly Eo-
cene; Hole U1504A = 114.72–134.80 m; Hole U1504B = 97.90–
107.91 m) is clast-supported, bioclast-rich limestone with larger 
benthic foraminifers (as large as 15 mm). Unit III (age unknown; 
Hole U1504A = 136.40–163.70 m; Hole U1504B = 117.40–196.28 
m) is composed of fine- to coarse-grained epidote-chlorite schist 
(Subunit IIIA) and calc-silicate schist (Subunit IIIB) with granofels 
clasts.

Metamorphic petrology
We recovered 27 m (Hole U1504A) and 79 m (Hole U1504B) of 

a variety of mylonitic epidote-chlorite to calc-silicate schists con-
taining granofels clasts. Recovery was <20% in metamorphic litho-
logic Unit 1. Lithologic changes with depth and between the two 
holes were observed, and Unit 1 is divided based on a change in the 

predominant metamorphic lithology (Figure F24). Metamorphic 
lithologic Subunit 1a was recovered in both Holes U1504A and 
U1504B and consists of greenish gray, microcrystalline to coarse-
grained epidote-chlorite schist with dark greenish gray granofels 
clasts (<10 cm) and epidote-chlorite breccia. The schists show a 
strong mylonitic foliation, whereas the clasts have generally isotro-
pic textures showing local weakly developed foliation. Both the 
schist and the granofels clasts show, in general, a comparable min-
eral assemblage consisting of epidote, chlorite, feldspar, and quartz 
± other phyllosilicates and accessory minerals and locally isolated 
subhedral dark minerals (pyroxene?). The granofels clasts are often 
crosscut by a network of quartz veins. Subunit 1b contains an alter-
nation of calc-silicate schist and epidote-chlorite schist with gra-
nofels clasts, epidote and/or chlorite granofels, chlorite schist with 
epidote, epidote-chlorite gneiss, and minor marble. The lithologies 
are fine grained to coarse grained with mostly an inequigranular 
texture and some bimodal or equigranular textures, and the schis-
tose sections show a strong mylonitic foliation. Several of the schists 
show reddish brown alteration, and late calcite veins crosscut the 
foliation of the deepest schists recovered (e.g., in Core 368-
U1504A-20R). Minerals observed are epidote, quartz, chlorite, cal-
cite, and feldspar. Subunit 1b contains numerous clasts with vari-
able lithologies: cryptocrystalline granofels either with or without 
quartz and/or calcite veins, porphyritic rocks with tabular pheno-
crysts (possibly altered plagioclase), brecciated (epidote, calcite, 
and/or quartz) veins, and foliated granofels.

Handheld pXRF analyses show an average mafic igneous com-
position for both the schist and the clasts but with a spread toward 
ultramafic (in Hole U1504B Subunit 1a) and more felsic composi-
tions (in Subunit 1b). A clear change in sulfur contents occurs be-
tween Subunits 1a and 1b, the latter of which is below the detection 
limit. High Nb contents compared to MORB indicate a potentially 
enriched source for the protolith.

Lithostratigraphic Unit III (metamorphic lithologic Unit 1) con-
sists of mylonitic greenschist facies metamorphic rocks, as indi-
cated by the presence of epidote and chlorite. We infer that the 
protolith most likely was breccia based on the different clast sizes 
and types and styles of deformation. The protolith likely had a mafic 
igneous composition. It is, however, unclear if this breccia with 
mafic clasts has a sedimentary origin (e.g., volcaniclastic) or rep-
resents a potentially hydrothermally altered form of basalt, gabbro, 
or ultramafic protolith. At present, the metamorphic evolution of 
this unit and its possible connection with the opening of the SCS is 
unknown.

Structural geology
Lithostratigraphic Unit I shows subhorizontal bedding and lo-

cally some minor possible slump folds, as observed in Section 368-
U1504A-5R-1. Unit II is devoid of any deformation structures. The 
metamorphic basement at Site U1504 is formed by greenschist fa-
cies mylonitic epidote-chlorite schists and calc-silicate schists (Unit 
III). The rocks preserve distinct deformation structures resulting 
from changes in the mode of deformation (brittle/ductile); the 
modal amount of quartz + feldspar governing the (local) rheological 
behavior; the amount of accumulated strain; the occurrence of vari-
ably sized (up to decimeter scale), prekinematic, heterolithic clasts 
that mostly form rigid (i.e., internally undeformed) bodies in the 
ductile foliation; and/or superimposed multiple deformation 
phases. The steeply dipping (up to 75°) mylonitic foliation is charac-
terized by distinct morphologies: (1) a widely spaced anastomosing 
foliation associated with leucocratic bands; (2) a tight, closely 

Figure F23. Bathymetry at Site U1504 and location of the site in relation to 
seismic lines. Note that the clear offset in the bathymetry along the margin 
may indicate some transform offset in the deeper margin structure.

18°55'
N

18°54'

18°53'

18°52'

18°51'

18°50'

18°49'

18°48'

18°47'

116°10'E 116°12' 116°14' 116°16' 116°18'
m
WGS 84/*Mercator (1SP)

Bathymetry
(m)

2500 0 2500

U1504

-2543

-2676

-2741

-2766

-2782

-2797

-2808

-2818

-2906

-2939

-2968

-2998

-3021

-3043

-3068

-3136

-2617

-2718

-2756

-2774

-2790

-2803

-2812

-2871

-2922

-2954

-2984

-3009

-3033

-3053

-3100

-3173

15ecLW
6

15secLW9

09ec2624



H.C. Larsen et al. Expedition 367/368 summary

IODP Proceedings 29 Volume 367/368

Figure F24. Lithostratigraphic, petrographic/petrological, and structural observations with strong focus on the metamorphic basement, Site U1504. A, B. Clast-
supported limestone with large benthic foraminifers and coral fragments. C. Severely quartz-veined, angular clast of chlorite-epidote granofels enclosed in 
mylonitic foliation of a typical epidote-chlorite schist. D. Steep (~75°) widely anastomosing foliation in a quartz + feldspar-rich variety of the rock. Arrow = 
extensively stretched veined clast of chlorite-epidote granofels oriented parallel to the foliation. E. Epidote-chlorite schist with granofels clasts split parallel to 
the x, y-plane of finite strain. Large granofels clast is crosscut by a shear band in the epidote-chlorite schist. Several sigma clasts lie right above the shear band. 
Both deformation structures indicate normal sense of shear. A late, postkinematic vein crosscuts both the mylonitic foliation and the granofels clast. F. Tight 
foliation affected by crenulation cleavage in quartz-poor (i.e., more melanocratic) variety of the rock. G. Local occurrence of foliated impure calcite marble. 
H. Veined and altered aphyric mafic granofels clast (left side) and granofels clast interpreted as protolithic epidote vein (right side). Both clasts are internally 
undeformed but show synkinematic deformation together with the mylonitic fabric at their rims. I. Rigid (left) and strongly deformed (upper end) granofels 
clasts embedded in calc-silicate schist. Note the deflection of the mylonitic foliation at the clast boundaries. J. Long piece of core showing the characteristic 
morphology of the mylonitic foliation in calc-silicate schist of Subunit IIIB. Note the steep inclination and anastomosing geometry enclosing heterolithic clasts 
that are strongly elongated, folded, and oriented parallel to the foliation.
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spaced, and often crenulated foliation associated with more mela-
nocratic schist variations; and (3) a tight anastomosing foliation as-
sociated with calc-silicate schists enclosing angular to rounded 
heterolithic granofels clasts. Locally, the sense of shear is indicated 
by shear bands and sigma clasts. In metamorphic lithologic Subunit 
1a (Figure F24), granofels clasts are consistently microcrystalline 
(chlorite + epidote) and dismembered by a network of mostly paral-
lel and perpendicular quartz veins cutting each other. They often 
form apparently stretched, elongated bodies oriented parallel to the 
foliation. Subunit 1b shows a wide range of prekinematic (mostly 
mafic) clasts enclosed by the foliation. Encountered varieties en-
compass highly phyric to aphyric rocks, as well as fragmented for-
mer (epidote/calcite/quartz) vein fillings. In some cases, such clasts 
show ductile internal deformation. Clast boundaries can be either 
distinctly sharp or diffuse, the latter indicating mechanical and/or 
chemical interactions with the surrounding foliation. Deformation 
in Subunit 1b is presumably strongly controlled by an inherited 
(protolithic) brecciated structure.

Biostratigraphy
All core catcher samples at Site U1504 were analyzed for calcar-

eous nannofossils, foraminifers, and diatoms. Additional samples 
were taken from intervals in the working-half core sections when 
necessary to refine the ages. Preservation of calcareous microfossils 
is good to very good in Cores 368-U1504A-2R through 12R, and 
368-U1504B-2R and is poorly preserved (recrystallization) in the 
reefal limestone below Core 368-U1504A-12R. Planktonic foramin-
ifers and calcareous nannofossils are abundant in Cores 368-
U1504A-2R through 12R and 368-U1504B-2R and barren in Cores 
368-U1504A-13R through 15R. Diatoms are present but poorly pre-
served in Cores 368-U1504A-2R through 5R and absent in rest of 
the samples. Twenty biostratigraphic datums were identified in a 
succession from the late Pleistocene to the early Miocene.

A possible hiatus between the early Pleistocene and late Mio-
cene was determined in Core 368-U1504A-6R by abrupt planktonic 
foraminifer and nannofossil assemblage changes. Sedimentation 
rates at this site varied from ~6 mm/ky in the early middle Miocene 
to ~22 mm/ky during the Pleistocene.

Cores 368-U1504A-13R through 15R are mainly composed of 
reefal and larger benthic foraminiferal limestone. Thin section ex-
amination of these carbonate rocks indicates the presence of abun-
dant Nummulites, suggesting an Eocene age. The abundant larger 
benthic foraminifers indicate deposition in a warm shallow-marine 
environment. In contrast, the abundant planktonic foraminifers and 
calcareous nannofossils in the carbonate ooze in the overlying sedi-
mentary section (Cores 2R through 12R) indicate a deep-water en-
vironment since the early Miocene.

Paleomagnetism
Most of the discrete sediment samples analyzed show an initial 

soft magnetic behavior attributed to titanomagnetite followed by a 
gyroremanent magnetization (GRM) greater than 70 mT attributed 
to greigite, a mineral already identified in Hole U1501C. Consis-
tently steep normal inclinations (~60°) across all sedimentary units 
indicate a significant drilling overprint that is removed by AF de-
magnetization up to 15 mT. A succession of nine normal and eight 
reversed polarities are defined, particularly in the upper part of the 
cores.

Discrete samples show low κ values, a moderate degree of mag-
netic anisotropy, and strongly oblate symmetry, probably of depo-
sitional origin. This subhorizontal planar fabric indicates deposition 
in a calm, pelagic environment with moderate traction.

NRM intensities of metamorphic rocks, measured on the SRM 
and on four discrete cubes, are relatively weak and indicate a com-
plex magnetic assemblage composed of magnetite and hematite. 
The anisotropy of magnetic susceptibility (AMS) fabrics consis-
tently dip steeply and show a moderate to high degree of magnetic 
anisotropy, oblate symmetries, and oblique magnetic lineations, 
possibly indicating an oblique motion in this high-strain shear zone.

Geochemistry
Hydrocarbon gases were not detected above background levels 

at Site U1504, and TOC, TN, and TS contents were low (<0.5 wt%). 
Instances of high carbonate content were associated with bioclast-
rich and clast-supported limestone. The upper part of the sediment 
was not cored. Interstitial water data from the cored sediments are 
broadly comparable to other sites.

Physical properties
Four physical properties (PP) units are identified at Site U1504 

according to variations in the core physical properties. Core mate-
rial in PP Units 1 and 2 consists of soft sediments. In general, with 
respect to Unit 2, Unit 1 has a higher average NGR (~30 versus 20 
counts/s), a weaker color reflectance (mean L* of ~40 versus 50), 
and a lower average red, green, blue (RGB) value (100 versus 150). 
These changes in physical properties between Units 1 and 2 corre-
spond to a switch in sediment composition from nannofossil-rich 
clay to nannofossil ooze. A general increase in bulk (from ~1.4 to 1.8 
g/cm3) and dry (from ~0.7 to 1.2 g/cm3) densities and a downhole 
decrease in porosity (from 75% to 56%) in Units 1 and 2 mainly indi-
cate sediment compaction with time. The boundary between Units 
1 and 2 is marked by a relatively rapid increase in P-wave velocity 
and bulk density and a rapid decrease in porosity compared with the 
general trends mentioned above. This physical property boundary 
corresponds to an unconformity in the seismic profile and to a hia-
tus confirmed by the biostratigraphic data.

P-wave velocity and bulk density increase from ~3800 to 5000 
m/s and from ~2.4 to 2.9 g/cm3, respectively, in Unit 3, which corre-
sponds to a transition in lithology from coral-rich limestone to 
clast-supported limestone. Coral-rich limestone in the upper por-
tion of Unit 3 is also associated with a moderately high porosity of 
~23%. Unit 4 is characterized by uniformly high velocity of ~5500 
m/s, high bulk density of ~2.9 g/cm3, and low porosity of ~3%, 
which correspond to the epidote-chlorite schist. A large increase in 
both velocity and density at the Unit 2/3 and Unit 3/4 boundaries 
corresponds to strong reflectors in the seismic data. The gradual 
downhole increase in thermal conductivity values at shallow depths 
is likely due to progressive compaction of the sediments.

Site U1505
Background and objectives

Site U1505 (proposed Site SCSII-3D) is located at 2916.6 m wa-
ter depth on a broad regional basement high (Figure F25). This site 
was an alternate to Site U1501, should time be left for drilling fol-
lowing completion of the high-priority sites included in the Scien-
tific Prospectus (Sun et al., 2016b). Site U1505 was included in 
Expedition 368 because it might complement findings at Site 
U1501, and it was in the operational limits of the 3400 m drill string 
imposed by the failure of the drawworks.

Both Sites U1505 and U1501 are located on the same structural 
high at similar water depths and are 10.5 km apart (Figure F2). The 
seismic section at Site U1505 generally shows a more horizontal ori-
entation of the seismic reflectors and concordant relationship of the 
strata than the one at Site U1501, indicating the sediment sequence 
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at Site U1505 should be more complete. The key objective at Site 
U1505 was to sample the stratigraphic record above seismic Uncon-
formity T80 (inferred before drilling to be ~38 Ma), and specific 
goals were to constrain both (1) the sediment responses to the tec-
tonic events and basin evolution since the Eocene and (2) Neogene 
paleoceanographic and paleoclimatological changes along the 
northern SCS margin.

The relatively shallow 2916.6 m water depth at Site U1505 
makes it one of the few ODP/Integrated Ocean Drilling Pro-
gram/IODP sites above the modern CCD of the SCS. The site’s 
hemipelagic deposits, rich in calcareous microfossils, enable the ap-
plication of stable isotopes, faunal analyses, and other multidisci-
plinary methods. Key objectives were to reconstruct the east Asian 
monsoonal climate record in the SCS and upper- and deep-water 
variations in the western Pacific. Site U1505 will, for the first time, 
provide an almost continuous sequence of paleoceanographic stud-
ies at orbital and millennial timescales since the late Eocene in the 
SCS. We cored two deep holes at this site with the APC/XCB system 
to obtain a continuous record of the Pliocene–Pleistocene interval 
for high-resolution paleoceanographic studies.

Operations
Four holes were cored with the APC and XCB systems at Site 

U1505 (Table T2). In Hole U1505A (18°55.0560′N, 115°51.5369′E; 
2916.6 m water depth), Core 1H misfired and recovered only 0.3 m. 
In Hole U1505B (18°55.0562′N, 115°51.5370′E; 2918.6 m water 
depth), a 3.23 m long mudline core was recovered for future educa-
tion and outreach activities. Hole U1505C (18°55.0570′N, 
115°51.5370′E; 2917.4 m water depth) was cored with the APC sys-
tem to 317 m and then cored with the XCB system to 480.2 m, re-
covering 480.15 m (100%). Hole U1505D (18°55.0485′N, 
115°51.5501′E; 2917.5 m water depth) was cored with the APC sys-
tem to 184.5 m and recovered 191.43 m (104%). Downhole logging 
with a modified triple combo tool string was conducted in Hole 

U1505C from 341.2 m uphole. The maximum drilling depth of 
480.2 m was determined by the possible maximum total length 
(3400 m) of drill string deployment.

Lithostratigraphy
The sediment succession recovered at Site U1505 extends from 

the Oligocene to the Pleistocene. Two sedimentary units (I and II) 
were observed (Figure F26). Lithostratigraphic Unit I is dominated 
by nannofossil ooze with varying amounts of foraminifers and clay, 
as well as biogenic silica in the upper interval of the hole. Unit I is 
divided into three subunits (IA–IC). Subunit IA (Hole U1505C = 
0.00–27.76 m) is composed of dark greenish gray and greenish gray 
biosiliceous-rich clay with nannofossils, nannofossil-rich clay with 
biogenic silica, and nannofossil-rich biosiliceous ooze with clay. The 
abundance of biogenic silica decreases downhole. A pinkish gray, ~6 
cm thick, slightly fining upward ash layer occurs at 20.8 m (Hole 
U1505C), and ash pods were observed at 20.3 m in Hole U1505D. 
Subunit IB (Hole U1505C = 27.76–273.39 m) is composed of gray to 
brown nannofossil ooze with minor silty intervals. The color change 
reflects the varying abundance of foraminifers and clay. Subunit IC 
(Hole U1505C = 273.39–403.79 m) is composed of gray, greenish 
gray, and light brownish gray clay-rich nannofossil ooze (with fora-
minifers) and foraminifer-rich nannofossil ooze with clay and minor 
amounts of nannofossil-rich clay. Unit II (Hole U1505C = 403.50–
480.54 m) is dominated by dark greenish gray, well-consolidated 
silty clay and clayey silt (with nannofossils).

Biostratigraphy
All core catcher samples from Holes U1505A–U1505C were an-

alyzed for calcareous nannofossils, planktonic foraminifers, and di-
atoms. Additional samples were taken from intervals in the 
working-half sections when necessary to refine the ages. Hole 
U1505D was not sampled continuously for biostratigraphic analyses 
because of time constraints at the end of the expedition, but the se-
quence recovered spans from the late Miocene to the present (Fig-
ure F26). Preservation of calcareous microfossils is good in Cores 
368-U1505C-1H through 48X and moderate to poor in Cores 49X 
through 64X. Planktonic foraminifers are abundant or common in 
Cores 1H through 56X and 59X through 62X and rare in Cores 57X, 
58X, 63X, and 64X. Calcareous nannofossils are generally abundant 
to common in most samples from Hole U1505C, except for those 
from the upper part of Core 57X.

Forty-five biostratigraphic datums identified in Hole U1505C 
suggest a continuous succession from the early Oligocene to the 
Holocene (Figure F26). The Pleistocene/Pliocene boundary is 
placed in Core 7H, the Pliocene/Miocene boundary is placed be-
tween Cores 11H and 13H, and the Miocene/Oligocene boundary is 
placed between Cores 54X and 55X. Sedimentation rates are ~7 
mm/ky in the Oligocene, ~15 mm/ky during the Miocene–Pliocene, 
and ~24 mm/ky during the Pleistocene.

Relatively low abundances of planktonic foraminifers deeper 
than Core 57X indicate bathyal depths during the early Oligocene, 
whereas much higher abundances of planktonic foraminifers shal-
lower than Core 56X suggest a deeper water environment since the 
late Oligocene.

Paleomagnetism
Only NRM was measured with the SRM in Hole U1505C, except 

for Sections 1H-1 through 3H-1, which were in-line AF demagne-
tized in three steps. Most of the 55 AF demagnetized discrete sam-
ples show very soft magnetic behavior responsible for the 
acquisition of a strong, vertical drilling overprint (average inclina-

Figure F25. Bathymetry at Site U1505 and location of the site in relation to 
seismic Lines 04ec1555 and 15eclLW1. Note that the site is not at the exact 
crossing of Lines 04ec1555 and 15eclLW1.

-
3

1
0

0

0003-

-3000

- 2 9 0 0

- 2 8 0 0

4700
4750

4800
4850

4900
4950

5000
5050

5100
5150

5200

835084008450

8500855086008650

87008750880088508900

8950900090509100

91509200925093009350

9400945095009550

96009650

5250

5300

5350

5400

5450

5500

5550

5600

5650

5700

5750

5800

5850

5900

5950

6000

6050

6100

1 0 1 2 3

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

3900

3840

3780

3720

3630

3570

3510

3420

3360

3300

3210

3150

3090

3000

2940

2880

2790

2730

2670

04ec1555

15ecLW1

15ecLW2

18°56'
N

18°55'

18°54'

18°52'

18°53'

18°51'

115°50'E 115°51' 115°54' 115°55'115°53'115°52'
km
WGS 84/*Mercator (1SP)

Bathymetry
(m)

0
U1505



H.C. Larsen et al. Expedition 367/368 summary

IODP Proceedings 32 Volume 367/368

tion = ~81°) that was removed by demagnetization to 10–15 mT. 
This soft behavior shows that magnetic remanence is dominated by 
multidomain to pseudosingle-domain titanomagnetite or magne-
tite. The drilling overprint appears to impact discrete samples far 
less than core sections (Figure F27). The lower part of the hole 
(Cores 48X through 64X) is characterized by severe drilling distur-
bance, which causes a large scatter of NRM directions and inclina-
tions.

Magnetostratigraphic data are based on polarities assigned to 
the archive-half sections and corroborated by directions obtained 
from oriented discrete samples. The lower boundary of the Brunhes 
(C1n) normal chron is at 37.4 m (0.781 Ma). The lower boundary 
(57.4 m) of the reverse polarity r1 is the base of Subchron C1r.3r 
with an age of 1.778 Ma.

Figure F26. Lithostratigraphic and biostratigraphic summary, Site U1505.
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Geochemistry
Low but measurable hydrocarbon gases were detected only in 

Cores 368-U1505C-53X through 60X (371–438 m). The base of the 
hole has methane distributions similar to those at Site U1499, 
whereas the uppermost section is barren of methane, similar to Site 
U1501. Except for the shallowest 30 m of sediment, TOC, TN, and 
TS contents are mostly low in lithostratigraphic Unit I, but TS and 
TOC are slightly higher in Unit II; however, in all cases they are typ-
ically <1 wt% (Figure F28). Interstitial water chemistry has two im-
portant features. The upper part of the hole exhibits patterns 
similar to those at Site U1501; inhibited sulfate reduction and low 
chlorine, bromine, and salinity suggest the presence of freshwater at 
depth. Freshwater at >400 m coincides with the presence of low 
quantities of methane and the T60 regional seismic unconformity.

Physical properties and downhole measurements
Physical property data were acquired from cores from Holes 

U1505C (0–480.5 m) and U1505D (0–184 m), including density, 
magnetic susceptibility, P-wave velocity, NGR, color reflectance, 

and thermal conductivity. Physical property trends allow us to de-
fine two physical property units, PP Units 1 (0–403 m) and 2 (403–
480 m). The boundary between Units 1 and 2 displays a distinct 
color change from greenish and light brownish gray to dark green-
ish gray. This boundary, which corresponds to the seismic strati-
graphic T60 unconformity, is associated with a sharp change in 
physical properties. In Unit 1, sediments in the upper part are com-
posed of foraminifer-rich nannofossil ooze with clay that gradually 
changes to clay-rich nannofossil ooze in the lower part. This change 
is well reflected in the NGR, which increases with depth. The higher 
NGR in Unit 2 is related to sediment that primarily consists of silty 
clay. Magnetic susceptibility overall gradually decreases with depth. 
The boundary between Units 1 and 2 shows that density and P-wave 
velocity drops sharply from ~2.2 to ~1.8 g/cm3 and from ~2250 to 
1750 m/s, respectively. Porosity abruptly increases from ~35% to 
~50%. Thermal conductivity also shows a sharp change at the 
boundary. Reflectance parameter L* and RGB data are well cor-
related with carbonate content.

Figure F27. Magnetic measurements, Hole U1505C. Inclination was used to determine polarity. AFD = AF demagnetization. Magnetostratigraphic features are 
referred to as n1, etc., in a sequential manner for convenience and have no bearing on chrons. Data from discrete samples are shown as yellow squares and 
green circles. GPTS2016 = geomagnetic polarity timescale of Ogg et al. (2016).
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Wireline logging was conducted in Hole U1505C using the triple 
combo tool string, which included the HNGS, HLDS, DSI, and 
MSS. This logging string collected good data from 341.2 m (139.1 m 
above the bottom of Hole U1505C), which allows the definition of 
six logging units that mostly correlate with the lithostratigraphic 
units and core physical property data. Logging Unit 1 extends from 
the seafloor to the base of the drill pipe at 78 m. NGR is highly at-
tenuated inside the drill pipe. Logging Unit 2 (base of the drill pipe 
to 96 m) exhibits NGR values that are ~50% lower than the underly-
ing logging Unit 3. In Unit 3 (96–136 m), NGR increases with depth. 
Logging Unit 4 (136–220 m) exhibits relatively constant VP and VS. 
In logging Unit 5 (200–296 m), resistivity increases with depth, 
whereas most of the other physical properties are relatively con-
stant. Logging Unit 6 (296–341.2 m) has higher magnetic suscepti-
bility values than logging Unit 5.

Four downhole temperature measurements were conducted in 
Hole U1505C using the APCT-3. The temperature values range 
from 4.7°C at 36.7 m to 11.7°C at 122.8 m, giving a geothermal gra-
dient of 84.6°C/km. A heat flow of 94.0 mW/m2 was obtained from 
the linear fit between temperature and thermal resistance. The geo-
thermal gradient and heat flow at Site U1505 are comparable to the 
relatively high values observed in a number of ODP and IODP sites 
in this part of the SCS.

Preliminary scientific assessment
In this section, we assess the achievements of Expedition 

367/368 in the SCS toward meeting the four specific objectives as 
stated in the Scientific Prospectus (Sun et al., 2016b). Expedition 367 
followed the original drilling plan and cored into acoustic basement 
at Ridges A and B and progressed without significant delays. How-
ever, based on Expedition 367 results, Expedition 368 followed a 

modified drilling plan that included a second drill site on Ridge A. 
Drilling plans for Expedition 368 were further modified due to seri-
ous drilling equipment failures at deep-water Site U1503 on Ridge C 
(see Site U1503). This failure limited the drilling capability of the 
JOIDES Resolution to a maximum 3400 m drill string deployment 
from 25 May 2017 to the end of the expedition on 11 June. Only a 
couple of alternate drill sites could be addressed with this limit on 
drill string length. Two of these, both on the OMH, were imple-
mented (Sites U1504 and U1505). Furthermore, expedition time 
spent from 14 to 25 May installing casing to 990 m for primary Site 
U1503 was de facto time wasted for the expedition because the site 
could not be completed, but it left an important drill site ready for 
coring in the future. The overall effects of this operational con-
straint are that it directed efforts more toward Objective 4 (Site 
U1505) than originally planned and that the tectonic high-priority 
Site U1503 was lost for Expedition 367/368.
1. To determine the nature of the basement in critical crustal units 

across the COT of the SCS rifted margin to discriminate between 
different competing models of breakup at magma-poor rifted 
margins. Specifically, to determine whether the subcontinental 
lithospheric mantle was exhumed during plate rupture.
This objective was partly achieved with the potential for a 

higher degree of completion during postexpedition research. How-
ever, eventually Site U1503 needs to be completed, and further ef-
forts need to be made to understand the deep nature of Ridge A.

Site U1499 at Ridge A provided important clues to the timing of 
tectonism but failed to provide direct evidence for its deeper crustal 
composition. Site U1502, originally an alternate site to Site U1499, 
was therefore pursued because the nature of Ridge A was consid-
ered a very high priority and the most likely place to recover either 
deep crust or exhumed mantle. To give this site priority was a signif-

Figure F28. Data characterizing chemical anomalies associated with the T60 regional seismic marker, Site U1505.
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icant decision and deviation from the drilling plan in the Scientific 
Prospectus and potentially affected our ability to address an import-
ant site on Ridge C (Site U1503).

Site U1499 on Ridge A successfully penetrated into the acoustic 
basement, which comprises synrift and/or postrift deposits of Oli-
gocene or possibly older age. The clasts found in these partly coarse 
sediments do not contain lithologies that suggest a source of lower-
most crust to exhumed mantle origin. Therefore, the nature of the 
deeper crust at Site U1499 remains unconstrained by direct sam-
pling. Site U1502, also on Ridge A, recovered ~180 m of submarine 
basalts of possible late Eocene to Oligocene age overlain by late Eo-
cene/Oligocene to Miocene deep-water sediments. Onboard pre-
liminary ICP-AES element analyses indicate they are tholeiitic 
basalt and are comparable to samples from the ocean crust in the 
SCS collected during Expedition 349 and from Site U1500 at Ridge 
B. However, unlike the fresh basalts of Site U1500, the Site U1502 
basalts show strong fracturing and alteration by high temperature 
hydrothermal activity, including mineralization (e.g., massive py-
rite). This difference may suggest that the deeper crust comprises 
plutonic bodies but does not further constrain the nature of the 
deep crust.

Combining the findings at Site U1502 with the recovery at Site 
U1499 (Expedition 367; Ridge A) of potentially rift-related syn-
tectonic or prerift sediments suggests that Ridge A is a complex 
structure comprising both rift-related sediments and syntectonic 
igneous material. The specific question of whether upper/lower 
crust or subcontinental lithospheric mantle is present at depth, 
however, remains unanswered by coring data. Detailed examination 
of the recovered basalts and of the gravel unit may help constrain 
the specific nature of the deeper crust. Future dedicated geophysical 
surveying and one or two more deep drill holes will be required to 
firmly advance our understanding of Ridge A.

The nature of the acoustic basement below Ridge B was success-
fully determined at Site U1500. This site recovered 150 m of fresh, 
submarine basalts of Oligocene age in a location where seismic im-
aging shows a layered structure below the acoustic basement, ex-
tending to ~2.5 km depth. The presence of a kilometer-thick 
carapace of basaltic lavas in the upper crust is therefore concluded. 
However, this carapace does not prove this ~6 km thick crust to be 
entirely igneous, and its lower part conceivably could contain 
stretched continental lithosphere.

The nature of the crust at the OMH was well addressed at Site 
U1501. This site drilled ~45 m into the prerift? acoustic basement 
beneath the Cenozoic sedimentary section and recovered lithified, 
coarse-grained sedimentary rocks of presumed Mesozoic age. This 
finding verified our predrilling interpretation of the OMH as com-
prising upper continental crustal material. The basement of the 
easternmost extension of the OMH was also sampled at Site U1504. 
In this location, greenschist facies metamorphic rock was found, 
suggesting that only a moderate amount (~5 km) of upper crust was 
removed prior to deposition of the thin, mainly postbreakup sedi-
ments that overlie the basement. The timing of the removal of the 
uppermost crust is constrained to be at least before the late Eocene. 
Postexpedition work on age determination and thermobarometry 
may constrain an exhumation history and its possible relation to the 
Cenozoic rifting of the SCS.

Our inability to pursue deep drilling at Site U1503 obviously 
prevents us from characterizing the nature of the crust at Ridge C 
based on in situ drilling data. Combining seismic interpretation and 
the observations from Ridge B (Site U1500), however, constrains 
this to be primarily if not entirely of igneous origin.

2. To determine the time lag between plate rupture and astheno-
spheric upwelling that allowed decompression melting to gener-
ate igneous oceanic crust.
This objective was achieved. The simple answer to Objective 2 is 

that there was no substantial time lag between (final) plate rupture 
and asthenospheric upwelling supporting the generation of igneous 
material with a basaltic, MORB-type composition. Submarine 
MORB-type basalts of early Oligocene age were recovered at Site 
U1500 on Ridge B, and based on geophysical evidence, Ridge C can 
be interpreted to be at least partly igneous. Seafloor magnetic 
anomalies C10r to C11n (29–30 Ma; approximately mid-Oligocene) 
encompass these two ridges and provide independent evidence of 
the age of the basalts from Site U1500 (Oligocene). Submarine ba-
salts of similar or possibly slightly older age (early Oligocene to late 
Eocene) were found on Ridge A (Site U1502). These observations 
rule out any significant time-lag between final plate rupture and the 
onset of magmatism. Postexpedition work on mantle melting his-
tory may detail the thickness of residual subcontinental lithosphere 
of lithospheric thinning during breakup. Excellent material for this 
type of work, and for age determination, is available from Site 
U1500, but modeling efforts will lack the constraints from Ridge C 
(Site U1503) representing a more advanced stage of spreading. Be-
cause of the highly altered nature of Site U1502 basalts, geochemi-
cal studies will unfortunately be challenging but very important 
because these rocks likely represent a stage in margin development 
where continental lithosphere had a stronger impact on magmatism 
(contamination and by lithospheric thickness). Expedition 367/368 
findings also rule out that the margin in this location was over-
printed by late-stage magmatism as recently proposed.

Although the failure to pursue Site U1503 did not seriously af-
fect our ability to constrain a possible time lag between plate rup-
ture and onset of magmatism, it left us without a well-defined 
reference frame for assessing mantle composition and mantle melt-
ing conditions during steady-state accretion of igneous crust. Reoc-
cupation of Site U1503 is therefore highly recommended to provide 
a benchmark against which the earlier breakup magmatism can be 
compared. Similarly, more and fresh basaltic material from Ridge A 
would greatly benefit the study of the SCS margin in terms of age 
determination of the earliest basaltic magmatism and its detailed 
geochemical elemental and isotopic composition evolution over 
time.
3. To constrain the rate of extension and vertical crustal move-

ments.
This objective was partly achieved, but postexpedition work is 

needed to further develop our findings. Important stratigraphic 
control on the synrift sediments related to breakup was achieved at 
Sites U1499, U1501, U1502, and U1505. The findings of highly syn-
tectonic deposits of Oligocene (and possibly older) age overlain by a 
very low sedimentation rate sequence of late Oligocene to early 
Miocene age at Ridge A (Site U1499) is strong evidence for an early 
Oligocene plate rupture that was completed by the latest Oligocene. 
This was further confirmed at Site U1501, located on the OMH. 
This site recovered the entire sequence of synrift sediments down to 
(presumed) Mesozoic basement. The sequence shows development 
from deltaic to shallow marine with terrigenous sedimentation (Eo-
cene) through deepening water, yet still predominantly clastic detri-
tal sediments (approximately early Oligocene), to deep-water
marine calcareous sediments (approximately late Oligocene to Mio-
cene). Biostratigraphic constraints on the Eocene deposits are lack-
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ing below the uppermost late Eocene sediments. A very similar 
evolution was documented at Site U1505 for the early Oligocene to 
Miocene interval. Site U1504, also at the OMH and slightly shal-
lower than at Sites U1501 and U1505, penetrated a 120 m thick 
postrift sedimentary sequence above crystalline basement. Deep-
water conditions were established by lowermost early Miocene 
time. The presence of a carbonate reef debris deposit (very shallow 
marine water) with an approximate age of late Eocene suggests that 
the ~3 km subsidence experienced by these sediments was initiated 
post-late Eocene. Site U1502, also located on Ridge A, shows (mi-
nor) deep-water deposits of early Oligocene to perhaps late Eocene 
age followed exclusively by deep-water deposits of Oligocene to 
Miocene age. Deep-water conditions therefore developed earlier 
(pre-Oligocene) on Ridge A than on the OMH (approximately late 
Oligocene).

The inability to pursue coring at Site U1503 unfortunately pre-
vented Expedition 368 from extending subsidence studies seaward 
of Ridge B (Site U1500), where the late Oligocene sediment package 
overlying the basalts is much better developed than at Site U1500 
on Ridge B. However, the most serious lack of data needed for con-
straining rate of extension is the lack of biostratigraphic control in
the deeper part of the Eocene section at Site U1501 and the older 
part of synrift or prerift deposits at Site U1499. Shallow water sedi-
ments of Eocene age similar to those at Site U1501 were found at 
Site U1435 (IODP Expedition 349), and, although the sediment is 
similarly barren of microfossils, detrital zircon is present. If also 
present in the Site U1501 samples, age determination on a popula-
tion of these might provide maximum ages. The amount of crustal 
extension will be determined through a detailed tectonic interpreta-
tion of the regional seismic data (courtesy of the CNOOC) that the 
entire Expedition 367/368 program is based on.
4. To improve the understanding of the Cenozoic regional tectonic 

and environmental development of the Southeast Asia margin 
and SCS by combining Expedition 367/368 results with existing 
ODP/IODP sediment records and regional seismic data.
This objective was achieved, but intensive multidisciplinary 

postexpedition work is needed to maximize our findings. An im-
portant achievement in this regard was the recovery of a nearly con-
tinuous sequence of the prerift, synrift, and postrift sediments since 
the Eocene and older sediments at Site U1501. This sequence pro-
vides the sedimentary records of the SCS evolving from land to 
deep sea for the first time and will greatly help us to understand the 
sedimentary processes associated with tectonic events and paleo-
environmental development at the SCS northern margin. Together 
with the deep-water sediment packages from Sites U1499, U1500, 
U1502, and U1505, Expedition 367/368 findings provide the possi-
ble tectonic links between the SCS and the western Pacific in the 
aspects of the SCS formation history.

Based on the coring/drilling results of Expedition 367/368, new 
time-depth constraints on some of the major seismic stratigraphic 
unconformities are available. These unconformities were mapped 
regionally throughout the basin by integrating microfossil ages, pet-
rophysics, and borehole logging data with the existing seismic re-
flection data. Among these seismic unconformities, the T60 
unconformity is the most prominent. It is easily recognized basin-
wide and is present at Sites U1500, U1501, U1502, U1503 (not sam-
pled), and U1505. Though not resolved by seismic data, its strati-
graphic position is also present at Site U1499 in an extremely 

condensed section. Exploring its nature (e.g., timing and duration, 
processes, and mechanisms) is very important for understanding 
the regional geological evolution, but this objective will need fur-
ther postexpedition work.

The postrift sediments cored during Expedition 367/368 will 
contribute to our understanding of the late Cenozoic tectonic and 
environmental history of the SCS. An early to middle Miocene suc-
cession of red claystone was found at Sites U1499, U1500, and 
U1502, all located deeper than 3500 mbsl. The red claystone depos-
its near the acoustic basement (e.g., basalt or altered basalt or 
gravel) extending over all of these sites indicates that the SCS basin 
was deep and the sedimentation rate was extremely low at that time. 
These conditions may correlate with a basin-wide event related to 
deep circulation of oxygenated water from the western Pacific prior 
to the closure of the Luzon Strait.

A late Miocene succession of hemipelagic and turbidite deposits 
was observed at deeper Sites U1499, U1500, and U1502 and likely 
recorded the processes that delivered sediment from the shallow 
shelf or slope of the northern SCS to the deeper parts of the basin. A 
high sedimentation rate at the deep-water sites during the late Mio-
cene and a nearly 10 Ma hiatus from the middle Miocene to Pleisto-
cene observed at Site U1504 on the OMH indicate strong erosion 
from source areas in the upper slope and shelf region and efficient 
transport into the deep basin during late Miocene time.

In addition to the Oligocene to Plio–Pleistocene APC/XCB re-
cord (~100 percent) at Site U1505, the Plio–Pleistocene sequence 
was recovered by double APC, high-recovery holes at Site U1505 to 
establish a complete record for high-resolution paleoceanographic 
and paleoclimatic studies. The hemipelagic deposits, rich in calcar-
eous microfossils, at this site above the modern CCD of the SCS 
should enable us to reconstruct the east Asian monsoonal climate 
and paleoceanographic changes in the SCS at orbital and millennial 
timescales.

Postexpedition research using samples from Expedition 367/368 
together with seismic stratigraphic correlations will continue to im-
prove the contributions to Objective 4. This research should be 
channeled into four general avenues:
1. To reconstruct the early stage history of the SCS, including 

paleoenvironmental changes from land to deep sea and new data 
(e.g., detrital zircon geochronology) to constrain the sedimen-
tary provenance,

2. To explore the paleoceanographic conditions favorable for early 
to middle Miocene pelagic red clay and late Miocene turbidite 
deposition through geochemical and geophysical techniques,

3. To correlate the chronostratigraphic records between all ODP 
(Leg 184) and IODP drill sites from Expedition 349 and Expedi-
tion 367/368 sites in the SCS, and

4. To conduct high-resolution paleoceanographic study of Plio-
cene- and Pleistocene-related monsoonal climate changes and 
deep-water exchange between the SCS and the Pacific.

Integration of drilling results with seismic data
The large regional set of high-quality seismic data provided by 

the CNOOC formed an essential basis for the planning, scheduling, 
and implementation of Expedition 367/368. The continued avail-
ability of these data to the scientific party will be pivotal for post-
expedition research on most of the scientific objectives discussed 
above.
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953 Pre
Australian-Antarctic Rift-Drift

The Antarctic Circumpolar Current (ACC) is Earths strongest current, connecting the three major ocean basins, allowing for
deep ventilation of these basins and thermally isolating Antarctica from warm water influence. Changes in the strength and
flow path have profound consequences for global deep-water formation and stability of the Antarctic ice sheet (AIS). Despite
many efforts, fundamental questions remain about the timing of onset, steps in development and attainment of present-day
vigour of the ACC. Tectonic Australian-Antarctic separation played a critical role in this development, but the true nature of
this tectonic opening remains elusive: timing of and mechanisms during the rift-drift transition, as well as post-rift subsidence
history, are poorly constrained by the available sedimentary archives. The development of the ACC during subsequent
seafloor spreading is poorly documented. Circumpolar flow is suspected from ~50 Ma onwards, during a time of major
tectonic reorganization, but whether throughflow was sustained throughout the Cenozoic and with what vigour is as yet
unknown, despite the recognized importance of the ACC for ocean circulation and Antarctic cryosphere.

This pre-proposal aims to develop new ocean drilling efforts between Australia and Antarctica. Uniquely, we combine Solid
Earth and Paleoclimate objectives to provide critical new rock and sediment archives reflecting the nature of continental
rifting and drifting of Australia and Antarctica, as well as a detailed documentation of its oceanographic consequences.
Existing sediment cores in the region already enable documentation of Antarctic paleoclimate deterioration leading to the
development of a continental-wide AIS, its behaviour during the Cenozoic, and detailed subsidence history of the
Tasmanian Gateway proper. Here, we propose to drill and collect the unique rock archive recording the onset and nature of
ocean crust formation, and sedimentary archives across the core of the flow path of the ACC, where it is unobstructed by
geographical boundaries. Through this, our drilling proposal innovatively connects structural geologic/geophysical objectives
with paleoclimate/paleoceanographic objectives. One site from the Australian continental rise/abyssal plain transition will
recover peridotite ridge/basement rocks and portray the overlying sedimentary conditions reflecting post-rift subsidence. A
site on the Antarctic continental rise will reveal the subsidence history conjugate to the Australian margin. Two sites on the
Australian-Antarctic abyssal plain will represent the Cenozoic evolution of the ACC flow. All four sites combined will
complete the latitudinal transect of sediments necessary to reconstruct the evolution of latitudinal sea surface temperature
gradients, a keystone feature of the present-day vigorous ACC.

Australian-Antarctic rift-drift transition and development of the Antarctic Circumpolar Current

Peter Bijl, Isabel Sauermilch, Anders McCarthy, Carlota Escutia, Joanne Whittaker, Howie Scher, Nicky
Wright, Alan Aitken, Morgane Gillard, Michael Nirrengarten, Katharina Hochmuth, Jacqueline Halpin, Steven
Phipps, Francesca Sangiorgi

rift, peridotite, ocean crust, paleoceanography offshore Wilkes Land
Margin and Australian Bight

Peter Bijl
Utrecht University
Netherlands

⃞✓
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Scientific Objectives

Non-standard measurements technology needed to achieve the proposed scientific objectives

-953 Pre

A. Characterize the properties of basement rocks at the transition between Australian-Antarctic lithosphere thinning and sea floor
spreading, including its magnetic properties. This will reveal the continent-ocean boundary and the nature and tectonic meaning of the
controversial, oldest magnetic anomalies recognized in the Australian-Antarctic spreading history.
B. Understand the subsidence history of the south Australian margin in the context of that of the conjugate Antarctic margin and of
spreading conditions. This will be used to reveal the poorly understood apparent symmetry of subsidence on both continental margins.
C. Identify key stages in the development of the ACC, including the attainment of its present-day vigour, and put these into an
absolute time frame. This will reveal the nature of development of ACC throughflow through Tasmanian Gateway.
D. Document the Cenozoic evolution of latitudinal sea surface temperature gradients and oceanographic conditions in the
Southern Ocean. This will provide crucial constraints on state-of-the-art ocean modelling simulations.
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Site Name Position
(Lat, Lon)

Water
Depth

(m)

Penetration (m)
Brief Site-specific Objectives

Sed Bsm Total

ATANT-01A
(Primary)

-61.3556
130.9659 4570 1000 0 1000

Characterize sediment properties of thick offshore early Oligocene
sediment package, full recovery of Oligocene-Neogene offshore
Antarctic sediments, latitudinal migration of Antarctic polar front, glacial
and terrestrial history of Wilkes Land Margin, Antarctica

ATANT-02A
(Primary)

-55.7540
131.0320 4384 350 0 350

Complete recovery of Neogene sediments on abyssal plain offshore
Wilkes Land Margin. Neogene development of the ACC, latitudinal
migration of subpolar and polar front.

ATANT-03A
(Alternate)

-62.4350
132.6504 4380 1000 0 1000

Alternate to ATANT01A. Characterize sediment properties of thick
offshore early Oligocene sediment package, full recovery of Oligocene-
Neogene offshore Antarctic sediments, latitudinal migration of Antarctic
polar front, glacial and terrestrial history of Wilkes Land Margin,
Antarctica

ATANT-04A
(Alternate)

-61.4654
127.6008 4372 1000 0 1000

Alternate to ATANT01A. Characterize sediment properties of thick
offshore early Oligocene sediment package, full recovery of Oligocene-
Neogene offshore Antarctic sediments, latitudinal migration of Antarctic
polar front, glacial and terrestrial history of Wilkes Land Margin,
Antarctica

ATANT-05A
(Alternate)

-55.6813
135.9454 3501 350 0 350

Alternate to ATANT02A.  Complete recovery of Neogene sediments on
abyssal plain offshore Wilkes Land Margin. Neogene development of the
ACC, latitudinal migration of subpolar and polar front.

ATAUS-01A
(Primary)

-35.8440
130.1296 4990 1000 150 1150

Recover Cretaceous-Cenozoic sedimentary history from off the south
Australian margin.  Cretaceous-Cenozoic climatic evolution of South
Australia. Cretaceous-Cenozoic development and evolution of the
(proto-) Leeuwin Current. Recover basement rocks of the ocean-
continent transition zone. Evaluate rock magnetic properties in
comparison to basement magnetic anomaly signals. 

ATAUS-02A
(Primary)

-37.2635
129.8425 5540 800 0 800

Offshore sedimentary characteristics of the Australian continental
margin. Sedimentary expression and lateral migration of the subtropical
front

ATAUS-03A
(Alternate)

-35.8317
127.4687 5425 500 150 650

Recover basement rocks of the ocean-continent transition zone.
Evaluate rock magnetic properties in comparison to basement magnetic
anomaly signals. 

ATAUS-04A
(Alternate)

-35.9591
128.2132 5610 800 150 950

Alternate to Site ATAUS1A. Recover Cretaceous-Cenozoic sedimentary
history from off the south Australian margin.  Cretaceous-Cenozoic
climatic evolution of South Australia. Cretaceous-Cenozoic development
and evolution of the (proto-) Leeuwin Current. Recover basement rocks
of the ocean-continent transition zone. Evaluate rock magnetic properties
in comparison to basement magnetic anomaly signals. 

ATAUS-05A
(Alternate)

-35.8139
129.5771 5370 650 150 800

Alternate to ATANT01A. Recover Cretaceous-Cenozoic sedimentary
history from off the south Australian margin.  Cretaceous-Cenozoic
climatic evolution of South Australia. Cretaceous-Cenozoic development
and evolution of the (proto-) Leeuwin Current. Recover basement rocks
of the ocean-continent transition zone. Evaluate rock magnetic properties
in comparison to basement magnetic anomaly signals. 

ATAUS-06A
(Alternate)

-37.2036
127.1737 5550 800 0 800

Alternate to ATANT02A. Offshore sedimentary characteristics of the
Australian continental margin. Sedimentary expression and lateral
migration of the subtropical front

ATAUS-07A
(Alternate)

-44.6338
129.1881 5464 350 0 350

Alternate to ATANT02A. Offshore sedimentary characteristics of the
Abyssal plain, in the heart of the ACC. Sedimentary expression and
lateral migration of the Neogene subtropical front.


