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Abstract
The South Atlantic Transect (SAT) is a multidisciplinary scien-

tific ocean drilling project that comprises two International Ocean 
Discovery Program (IODP) expeditions (390, October–December 
2020, and 393, April–June 2021). These expeditions will recover 
complete sedimentary sections and the upper ~250 m of the under-
lying oceanic crust along a slow/intermediate spreading rate Mid-
Atlantic Ridge crustal flow line at ~31°S. The sediments along this 
transect were originally spot cored more than 50 y ago during Deep 
Sea Drilling Project Leg 3 to help verify the theories of seafloor 
spreading and plate tectonics. Given dramatic advances in drilling 
technology and analytical capabilities since Leg 3, many high-prior-
ity scientific objectives can be addressed by revisiting the transect. 
The SAT expeditions will target six primary sites on 7, 15, 31, 49, 
and 61 Ma ocean crust, which will fill critical gaps in our sampling 
of intact in situ ocean crust with regards to crustal age, spreading 
rate, and sediment thickness. These sections are required to investi-
gate the history of the low-temperature hydrothermal interactions 
between the aging ocean crust and the evolving South Atlantic 
Ocean and quantify past hydrothermal contributions to global geo-
chemical cycles. The transect traverses the previously unexplored 
sediment- and basalt-hosted deep biosphere beneath the South At-
lantic Gyre from which samples are essential to refine global bio-
mass estimates and investigate microbial ecosystems’ responses to 
variable conditions in a low-energy gyre and aging ocean crust. The 
drilling operations will include installation of reentry cones and cas-
ing to establish legacy boreholes for future basement hydrothermal 
and microbiological experiments. The transect is also located near 
World Ocean Circulation Experiment Line A10, providing access to 
records of carbonate chemistry and deepwater mass properties 
across the western South Atlantic through key Cenozoic intervals of 
elevated atmospheric CO2 and rapid climate change. Reconstruc-
tion of the history of the deep western boundary current and deep-
water formation in the Atlantic basins will yield crucial data to test 
hypotheses regarding the role of evolving thermohaline circulation 
patterns in climate change and the effects of tectonic gateways and 
climate on ocean acidification. 

Schedule for IODP Expeditions 
390 and 393

International Ocean Discovery Program (IODP) Expeditions 390 
and 393 are based on IODP drilling Proposal 853-Full2 and 853-Add 
(available at http://iodp.tamu.edu/scienceops/expeditions/south-
_atlantic_transect.html). Following evaluation by the IODP Scien-
tific Advisory Structure, the expeditions were scheduled for the R/V 
JOIDES Resolution, operating under contract with the JOIDES Reso-
lution Science Operator (JRSO). At the time of publication of this 
Scientific Prospectus, Expedition 390 is scheduled to start in Rio de 
Janeiro, Brazil, on 5 October 2020 and end in Cape Town, South Af-
rica, on 5 December. Expedition 393 is scheduled to start in Cape 
Town on 6 April 2021 and to end in Rio de Janeiro on 6 June. A total 
of 61 days will be available for each expedition for the transit, drill-
ing, coring, and downhole measurements described in this report 
(for the current detailed schedule, see http://iodp.tamu.edu/scien-
ceops). Further details about the facilities aboard JOIDES Resolution
can be found at http://iodp.tamu.edu/labs/index.html.

Introduction
Despite more than 50 y of scientific ocean drilling, major gaps 

remain in our observations of the evolving Earth system, such as 
drill cores of ocean crust of different ages and formed at contrasting 
spreading rates, virtually unexplored biogeographic microbial prov-
inces, and continuous high–sedimentation rate samples of key 
times in Earth’s climate, changing ocean chemistry, or magnetic 
field history. Transects of drill holes that sample both the sediment 
cover and the uppermost oceanic crust in a particular ocean basin 
can provide essential knowledge of how interconnected processes 
have evolved over Earth’s history and responded to changes in ex-
ternal drivers such as atmospheric CO2 concentrations, oceanic 
gateways, or major ocean currents. Transects that sample tens of 
millions of years of ocean crust formed at the same mid-ocean ridge 
(MOR) can provide important information about the duration of 
hydrothermal exchange. However, sampling both the sediment and 
the underlying basaltic basement in a specific ocean region has 
rarely been undertaken in a systematic manner, and the few 
transects accomplished cover relatively short intervals of Earth his-
tory (e.g., Juan de Fuca Ridge, 0–3.5 Ma [Shipboard Scientific Party, 
1997; Expedition 301 Scientists, 2005; Expedition 327 Scientists, 
2011] and Costa Rica Rift, 0–7 Ma [Anderson, Honnorez, Becker, et 
al., 1985]).

On average, there is a discernible conductive heat flow deficit 
out to 65 Ma crust (e.g., Stein and Stein, 1994), indicating that there 
is significant advection of heat from the cooling of the oceanic lith-
osphere out to this age. However, basement hydrological flow can 
occur in crust of all ages if sufficient hydrologic heads can be estab-
lished because crustal age is only one of a suite of interlinked pa-
rameters that includes spreading rate; basement roughness; 
volcanic stratigraphy and flow morphology; and sediment type, 
thickness, and completeness of basement blanketing. These param-
eters influence the duration, depth, and intensity of off-axis hydro-
thermal fluid flow. Simple relationships may not exist between 
crustal age, fluid flow, thermal and chemical exchange, and biologi-
cal activity.

Development of the South Atlantic 
Transect drilling project

The South Atlantic Transect (SAT) drilling project was devel-
oped through IODP Proposal 853 (853-Pre, 853-Full1, IODP 853-
Full2, and 853-Add), which originated following discussions at two 
workshops. U.S. scientists met at the Building U.S. Strategies for 
2013–2023 Scientific Ocean Drilling workshop (Denver, Colorado, 
April 2012) with the purpose of prioritizing the 14 challenges of the 
IODP Science Plan for 2013–2023, “Illuminating Earth’s Past, Pres-
ent, and Future,” and identifying new approaches for more efficient 
planning of drilling expeditions. This workshop identified and 
adapted a key strategy described in Science Plan Challenge 10 to drill 
crustal age transects that provide opportunities to combine diverse 
scientific objectives (http://usoceandiscovery.org/wp-content/
uploads/2016/05/Workshop_BuildingUSStrategies_Report.pdf).
This concept was further developed during the Transect Drilling 
During Transits workshop (College Station, Texas; November 
2013), which convened to explore opportunities for multidisci-
plinary drilling transects exploiting likely drill ship transits to maxi-
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mize the scientific output in relation to cost and time 
(http://usoceandiscovery.org/wp-content/uploads/2016/05/
Workshop_TransectDrilling_Report.pdf). The South Atlantic 
was identified as a region where multiple Science Plan challenges 
could be addressed by drilling an age transect of sediment–base-
ment holes. 

IODP Expeditions 390 and 393, which are derived from IODP 
Proposals 853-Full2 and 853-Add, will drill a SAT along a crustal 
flow line across the western flank of the southern Mid-Atlantic 
Ridge (MAR) to investigate the hydrothermal evolution of the aging 
ocean crust, sediment- and basement-hosted microbial community 
variation with increasing substrate age, the paleoceanographic evo-
lution of the South Atlantic Ocean, and the deep-ocean and sub-
tropical gyre responses to changing global climate. The expeditions’ 
strategy exploits drilling targets that can simultaneously advance 
scientific objectives across all four themes of the Science Plan.

In 1968, Deep Sea Drilling Project (DSDP) Leg 3 accomplished 
one of the great achievements of scientific ocean drilling: recovering 
sediments from a transect of spot cored holes across the South At-
lantic between ~28° and 30°S (Figure F1) to demonstrate that basal 
sediment age increases with distance from the ridge axis. This pro-
vided definitive proof for the theory of seafloor spreading (Scientific 
Party, 1970). In celebration of the recent fiftieth anniversary of this 
achievement, we will return to the Leg 3 transect area to recover 
complete sedimentary sections and core the uppermost ~250 m of 
ocean crust produced between ~7 and 61 Ma at the slow/intermedi-
ate-spreading MAR. 

The SAT expeditions will target six primary sites on 7, 15, 31, 49, 
and 61 Ma ocean crust (Figure F1), filling critical gaps in our sam-
pling of intact in situ ocean crust with regards to crustal age, 
spreading rate, and sediment thickness (Figures F2, F3). These sec-
tions of upper ocean crust along a crustal flow line will enable us to 
quantify the magnitude and duration of low chemical exchange with 
the overlying oceans; investigate the impact of changing ocean con-
ditions on hydrothermal exchange; determine the critical thermal, 
hydrogeologic, chemical, and microbial transitions across the ridge 
flank; and evaluate hydrothermal contributions to global bio-
geochemical cycles (Science Plan Challenge 10). Sampling the sedi-
mentary and upper crustal deep biosphere along the transect will 
allow exploration of the microbial ecosystems’ responses to varia-
tions in habitat conditions in a low-energy gyre and aging ocean 
crust (Challenges 5 and 7). Recovered sediments will include Ceno-
zoic stratigraphic sections required to investigate the Earth system’s 
past responses to high atmospheric CO2 and temperatures and bet-
ter predict the impacts of projected future anthropogenic increases 
in atmospheric CO2 (Challenges 1, 2, and 4). The transect will also 
provide a paleoceanographic record near World Ocean Circulation 
Experiment (WOCE) Line A10, enabling reconstruction of the his-
tory of the deep western boundary current and the sources of deep 
water formation in the Atlantic basins (Challenge 1). In addition, 
knowledge of the controls on the extent, rate, and duration of natu-
ral CO2 sequestration along the SAT will assist in assessing the 
properties and processes that govern the flow and storage of carbon 
in the subseafloor (Challenge 13). Expeditions 390 and 393 will re-
cover complete sediment sections and the uppermost basaltic ocean 
crust along the SAT to achieve the following objectives: 

1. Quantify the timing, duration, and extent of ridge flank hydro-
thermal fluid-rock exchange; 

2. Investigate sediment- and basement-hosted microbial commu-
nity variation with substrate composition and age; and

3. Investigate the responses of Atlantic Ocean circulation patterns 
and the Earth’s climate system to rapid climate change, includ-
ing elevated atmospheric CO2 during the Cenozoic. 

Background
Geological setting

Scientific ocean drilling provides the only means to sample igne-
ous basement across the sedimented western flank of the southern 
MAR and recover the high-quality stratigraphic sections required 
to achieve our scientific objectives. Expeditions 390 and 393 will op-
erate near the Leg 3 transect (~31°S), but a new transect will be 
drilled with sites that have been selected to (1) target basement 
formed along the same crustal flow line at similar rates (~13–25 
mm/y half rate; Table T1) and (2) recover sections of slow-spread-
ing crust of comparable ages to the ocean crust reference sections in 
Ocean Drilling Program (ODP) Holes 504B (7 Ma; Shipboard Scien-
tific Party, 1993) and 1256D (15 Ma; Expedition 309/312 Scientists, 
2006; Expedition 335 Scientists, 2012), which are hosted by inter-
mediate- and superfast-spreading crust, respectively.

The locations of the six sites to be drilled during Expeditions 
390 and 393 are targeted to optimize the recovery of material re-
quired to achieve our multidisciplinary objectives. Thick sediment 
cover is often targeted by scientific ocean drilling to maximize the 
resolution of paleoceanographic records. Also, such thick se-
quences are often required to install the seafloor infrastructure re-
quired for deep-ocean drilling. This has led to a bias in 
DSDP/ODP/IODP sampling of in situ upper ocean crust (for depths 
>100 m into basement) toward regions with anomalously thick sed-
iment (Figure F3). Rapid deposition of sediment in such areas seals 
the crust from the oceans, results in anomalously hot basement 
temperatures, and may result in premature cessation of hydrother-
mal circulation. Consequently, most sites on the SAT target loca-
tions where the sediment cover is close to the global average for 
each crustal age (Spinelli et al., 2004), and we accept that this will 
reduce the resolution of the paleoceanographic records. However, 
because seafloor roughness is greater in slow-spreading ocean ba-
sins than in fast-spreading basins (Spinelli et al., 2004), there are sig-
nificant variations in sediment thickness and the continuity of 
coverage along the SAT. Basement crops out at all ages along our 
transect (Estep et al., 2019), and these topographic variations likely 
impact the crustal hydrogeology. A second 61 Ma site (Proposed 
Site SATL-54A) would lie ~2.5 km west of 61 Ma Proposed Site 
SATL-53B (Figure F4) in a more thickly sedimented portion of the 
same basin to investigate the variability in duration and extent of 
hydrothermal alteration due to basement topography. Proposed Site 
SATL-54A will also provide a higher resolution paleoceanographic 
record at this age, the oldest among our drill sites. 

The sediment sections cored at the 61 Ma sites are expected to 
capture key Paleogene hyperthermals, including the Paleocene/Eo-
cene Thermal Maximum (PETM), and the underlying basement will 
record the cumulative hydrothermal alteration of the uppermost 
crust across the entire SAT. The 7 Ma site provides the young end-
member for investigating the evolution of hydrothermal and micro-
biological systems with crustal age and allows comparison with sim-
ilar-aged intermediate spreading rate crust from Hole 504B 
(Shipboard Scientific Party, 1993). The 31 and 49 Ma sites fill criti-
cal gaps in our ocean crust and deep biosphere sampling with re-
spect to basement age and major changes in ocean chemistry 
(Coggon et al., 2010). The 15 Ma site was chosen for comparison to 
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Hole 1256D (Expedition 309/312 Scientists, 2006; Expedition 335 
Scientists, 2012). 

Leg 3 drilling results provide an indication of what to expect in 
the sedimentary columns of the SAT sites (Scientific Party, 1970). 
Leg 3 drilled ten sites in the equatorial and South Atlantic Ocean 
between Senegal and Brazil, including seven sites along a transect 
across the MAR that penetrated to basement (Sites 14–20). The 
basal sediment ages were within a few million years of the inferred 
magnetic anomaly ages, which is consistent with a half spreading 
rate of ~20 mm/y since 76 Ma. Recovery in the cored intervals was 
typically high (>98%), but the sediments were only spot cored, and 
there are significant gaps between cored intervals. The recovered 
cores make up an almost continuous Lower Cretaceous to Pleisto-
cene composite stratigraphic section. All sites yielded calcareous 
sediments with calcareous nannoplankton and planktic foramini-
fers. Chert occurred only in association with siliceous microfossils, 
which were recovered only from the eastern MAR flank (Sites 17 
and 18) in lower Tertiary and Quaternary sediments. There was no 
evidence of turbidity currents or mass slide debris. Basalts (0.05–2 
m penetration) were recovered from each site, and they comprise 
variably altered extrusive rocks with common glass and some cal-
cium carbonate veins. 

Depth of basement drilling 
Expeditions 390 and 393 will establish legacy basement bore-

holes with reentry cones and casing to near basement. Our target is 
to core ~250 m into the uppermost basaltic ocean crust at each site. 
To fully quantify the extent and duration of hydrothermal exchange, 
we need our sampling to be as representative as possible of the en-
tire extrusive crust. A systematic downward decrease in the extent 
of oxidative hydrothermal alteration is not observed through all 
previously drilled upper crustal sections (Wilson et al., 2003), and 
the permeability of the extrusive crust is highly heterogeneous and 
not always greatest at the top of the basement (Becker et al., 2013). 
Commonly, fluid flow in the upper crust is channeled along specific 
horizons of enhanced permeability (Harris et al., 2015; Neira et al., 
2016). At many drill sites globally, the fluid temperature–depth dis-
tribution recorded by hydrothermal carbonate veins, typically one 
of the last hydrothermal phases to form, indicates the circulation of 
cool (<70°C) ridge flank fluids through at least the upper 300 m 
(Coggon et al., 2010). If there is a depth limit to off-axis fluid circu-
lation, sufficient basement drilling is required to establish what it is 
and how it varies across the ridge flanks; therefore, we need to 
achieve the maximum possible basement penetration. Conse-
quently, we will establish legacy holes that can be deepened during 
subsequent operations if drilling on these combined expeditions is 
insufficient to describe the hydrothermal alteration in the upper-
most crust at each age.

Seismic studies/site survey data
The supporting site survey data for Expeditions 390 and 393 

are archived at the IODP Site Survey Data Bank (https://ssdb.iodp.
org/SSDBquery/SSDBquery.php; select 853 for proposal num-
ber).

The SAT is located where fracture zones are far apart, mag-
netic lineations are clear, and there is little disruption in seafloor 
bathymetry (Figure F1). In January–February 2016, the Crustal 

Reflectivity Experiment Southern Transect (CREST) cruise
(http://dx.doi.org/10.1594/IEDA/500255) aboard the R/V Mar-
cus G. Langseth conducted a detailed geophysical survey across the 
western MAR flank along a crustal flow line at ~31°S (Figure F1) 
that included a 1500 km multichannel seismic reflection profile 
from the ridge crest to the Rio Grande Rise (RGR) spanning 0–70 
Ma crust, two shorter ridge-crossing profiles spanning 0–7 Ma 
crust, and five ridge-parallel profiles. Ocean bottom seismometer 
profiles were acquired coincident with the ridge-parallel profiles. 
Gravity, magnetics, multibeam bathymetry, and backscatter data 
were also acquired.

The present-day MAR axis at 30°–32°S has a well-defined axial 
valley with two inferred active vents (Schmid et al., 2019). The 
CREST seismic survey crossed a ridge segment that is ~100 km long 
and bounded to the north and south by ridge offsets ~16–22 km in 
width. The absence of domal structures near the ridge axis that rep-
resent oceanic core complexes (OCCs) formed by detachment fault-
ing and the well-defined marine magnetic anomalies on the ridge 
flanks (Cande and Kent, 1995) are consistent with the accretion of 
Penrose-type layered magmatic crust.

Kardell et al. (2019) calculated ages and spreading rates from 
magnetic data acquired during the CREST cruise (Figure F5). Ages 
of the primary sites are estimated at 6.6, 15.2, 30.6, 49.2, and 61.2 
Ma with half spreading rates of 17.0, 25.5, 24.0, 19.5, and 13.5 mm/y, 
respectively (Table T1). If 20 mm/y is used to separate slow and in-
termediate spreading rates (Perfit and Chadwick, 1998), then the 
primary sites were emplaced at both slow and intermediate spread-
ing rates.

Seismic imaging along the CREST transect shows, at all ages 
from 0–65 Ma, an abundance of unsedimented, exposed basement 
outcrops that may allow the ingress and egress of seawater and ridge 
flank hydrothermal fluids. This suggests that the crust is never fully 
sealed by sediment at these ages (Estep et al., 2019) and that there 
may be long-lived and ongoing connection between the oceans and 
uppermost basaltic crust with implications for biogeochemical ex-
changes and subsurface microbial activity. Seismic Layer 2A is im-
aged in 0–48 Ma crust but not in older crust (Estep et al., 2019). 
Velocities at the top of basement increase rapidly from 2.4 km/s at 0 
Ma to 4.2 km/s at 6 Ma and then continue to increase gradually to 
4.9 km/s at 58 Ma (Kardell et al., 2019). The presence of unsedi-
mented basement outcrops, persistent imaging of Layer 2A, and 
continued velocity increase at the top of basement are consistent 
with fluid circulation within the upper crust that continues to at 
least 48–58 Ma (Estep et al., 2019; Kardell et al., 2019). The seismic 
transect ends just east of the eastern margin of the RGR, which may 
have affected the thermal history of the lithosphere and the struc-
ture of the crust some distance to the east. Careful reconstruction of 
the Tristan de Cunha hotspot history (O’Connor and Duncan, 1990) 
indicates that ~70 My ago the spreading axis migrated westward, 
terminating formation of the RGR, and normal spreading resumed 
directly to the east of the RGR between 30° and 34°S.

All primary and alternate sites are positioned in localized sedi-
mentary basins that are imaged on seismic reflection profiles. 
Unsedimented basement ridges are within 1–2 km of most primary 
sites (Figure F4). Sediment thicknesses are calculated using a con-
stant sediment velocity of 1800 m/s and vary from 50 m at Proposed 
Site SATL-13A to 639 m at Proposed Site SATL-54A (Table T1). 
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Scientific objectives
1. Objective 1 (primary): quantify the timing, duration, and extent 

of ridge flank hydrothermal fluid-rock exchange.

Scientific justification
Hydrothermal circulation at MORs and across their vast ridge 

flanks influences tectonic, magmatic, and microbial processes on a 
global scale; is a fundamental component of global biogeochemical 
cycles of key elements and isotopes (e.g., O, S, Mg, Fe, Li, B, Tl, and 
87Sr); and facilitates geological CO2 sequestration within the ocean 
crust. The chemical and isotopic composition of seawater reflects 
the dynamic balance between riverine inputs from the continents, 
burial of marine sediments, and hydrothermal exchanges with the 
ocean crust (e.g., Palmer and Edmond, 1989). Ocean crust is young 
and chemically relatively homogeneous compared to continental 
crust, and its chemical exchanges with seawater are limited to a few 
relatively well known reactions. Consequently, hydrothermal con-
tributions to ocean chemistry are simpler to reconstruct than river-
ine inputs (Coggon and Teagle, 2011; Davis et al., 2003; Vance et al., 
2009). Knowledge of the rates and magnitudes of hydrothermal ex-
changes will help us to decipher the changing global conditions re-
sponsible for past variations in seawater chemistry, such as 
mountain building, changes in seafloor spreading rate, large igne-
ous province emplacement, changing climate, and evolution of bio-
logical systems. Science Plan Challenge 10 (Earth Connections 
theme) therefore asks, “What are the mechanisms, magnitude, and 
history of chemical exchanges between the oceanic crust and sea-
water?” and recognizes the answer requires ocean basin–wide 
transects across ridge flanks with different hydrogeologic histories.

Conductive heat flow deficits indicate that, on average, hydro-
thermal exchange persists at low temperatures (<<100°C) to 65 Ma 
on the ridge flanks (Stein and Stein, 1994). Given the vast extent of 
the ridge flanks, the hydrothermal fluid flux through them is many 
orders of magnitude greater than that through high-temperature 
(≤400°C) axial systems (Mottl, 2003) and is likely important for ele-
ments for which fluid-rock exchange occurs at low temperatures 
(e.g., Mg, K, S, Li, B, C, and H2O). Hydrothermally altered ocean 
crust provides a time-integrated record of geochemical exchange 
with seawater manifested through changes in its chemical and iso-
topic composition, mineral assemblages, and physical properties 
(e.g., porosity, permeability, and seismic properties). The intensity 
of seawater-basalt exchange depends on the crustal age, architec-
tural and thermal history, and spreading rate. Consequently, hydro-
thermal contributions to global geochemical cycles depend on the 
global length of slow-, intermediate-, and fast-spreading ridges and 
the age-area distribution of the ridge flanks, which have varied sig-
nificantly throughout the Phanerozoic (Müller et al., 2008). How-
ever, the impact of these variations on geochemical cycles is 
uncertain because the magnitude and spatial and temporal distribu-
tion of crust-seawater hydrothermal exchanges are poorly quanti-
fied. For example, the role of MOR spreading in controlling past 
atmospheric CO2 and hence climate remains controversial (Alt and 
Teagle, 1999; Berner et al., 1983; Gillis and Coogan, 2011; Staudigel 
et al., 1989) because of uncertainties regarding the rate, extent, and 
duration of hydrothermal CaCO3 precipitation due to our sparse 
sampling of intermediate age ocean crust (Figure F2). The hydro-
thermal carbonates that sequester CO2 in the ocean crust also re-
cord the composition of the fluids from which they precipitate 
(Coggon et al., 2004) and provide an exciting opportunity to develop 
medium-resolution records of past ocean chemistry (e.g., Mg/Ca 

and Sr/Ca) (Coggon and Teagle, 2011; Coggon et al., 2010; Rausch et 
al., 2013), which integrates past changes in major Earth system pro-
cesses such as plate tectonics, mountain building, and climate. 
However, this approach is limited by the poor sampling of ocean 
crust of a variety of ages.

Drilling experiments on the Juan de Fuca Ridge flank were a key 
investigation of hydrothermal evolution across a ridge flank but 
were restricted to young (<3.6 Ma), intermediate-spreading (29 
mm/y half spreading rate) crust (Davis et al., 1997; Expedition 301 
Scientists, 2005; Expedition 327 Scientists, 2011). There is a dearth 
of holes in 20–100 Ma intact in situ MOR crust and no significant 
penetrations (>100 m) of 46–120 Ma crust (Figure F2) (Expedition 
335 Scientists, 2012). Consequently, the critical thermal, hydro-
geologic, chemical, and microbial transitions across the ridge flanks 
remain unknown (Figure F6). Our current sampling of in situ upper 
ocean crust (>100 m) is biased toward areas with anomalously thick 
sediment for their crustal ages (Figure F3), and the majority of holes 
in ocean crust >35 Ma penetrate intermediate- or fast-spreading 
crust. The recovery of uppermost basement sections along the SAT 
across slow/intermediate-spreading MAR crust will address these 
sampling gaps with respect to age, spreading rate, and sediment 
thickness.

Crustal accretion along the northern MAR is complex, with sig-
nificant regions where spreading is accommodated by amagmatic 
extension by detachment faults that exhume sections of deep litho-
sphere to form OCCs (Mallows and Searle, 2012). However, a recent 
survey of the modern southern MAR during Cruise MSM25 of the 
R/V Maria S. Merian (2013) found no OCCs between 25° and 33°S 
(Devey, 2014). This, combined with the relatively well defined ma-
rine magnetic anomalies on the southern MAR flanks (Maus et al., 
2009), is consistent with accretion of intact magmatic crust. Be-
cause the ~31°S SAT follows a crustal flow line through a relatively 
long spreading segment (~100 km) away from major transform 
faults, we expect a Penrose-type stratigraphy of lavas overlying 
dikes and gabbros to have been accreted along the transect (Penrose 
Conference Participants, 1972). 

Expected outcomes
Hydrothermal alteration of basement cores will be investigated 

using a combination of petrological and geochemical analyses, ra-
diometric dating, and detailed quantitative core logging of rock 
types, alteration features, and veins. The recovery of thinly sedi-
mented slow/intermediate-spreading ocean crust along the pro-
posed SAT will provide the following opportunities: 

• To determine the nature, rates, magnitudes, distribution, and 
duration of hydrothermal alteration across the ridge flank;

• To investigate the effect of titanomagnetite/titanomaghemite al-
teration on the magnetic anomaly signal to elucidate its origin; 

• To compare hydrothermal alteration of the uppermost slow/in-
termediate-spreading crust with crust of similar ages produced 
at faster spreading ridges (e.g., Holes 504B and 1256D);

• To evaluate the effect of changes in global spreading rates and 
the age-area distribution of the seafloor on hydrothermal contri-
butions to global biogeochemical cycles; and 

• To investigate signatures of changing ocean chemistry in the hy-
drothermal record and develop medium-resolution records of 
past ocean chemistry using hydrothermal minerals (following 
Coggon et al., 2010).

It will also allow us to test the following hypotheses:
6
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• Hydrothermal chemical exchange ceases within 20 My of crustal 
formation.

• Basement topography and sedimentation history affect the rate 
and duration of hydrothermal alteration.

Relationship to the IODP Science Plan
Challenge 10: What are the mechanisms, magnitude, and history of 
chemical exchanges between the oceanic crust and seawater?

Recently there has been a dramatic shift in appreciation of the 
value and application of studies of hydrothermally altered ocean 
crust, which can be used to both reconstruct records of past ocean 
chemistry and decipher the changes to global conditions responsi-
ble for variations in these records. The ultimate goal, as stated in 
Challenge 10, is to drill a series of ocean-wide transects along plate 
tectonic flow lines, from zero-age MOR crust to >100 Ma, with 
transects required across a range of spreading rates and tectonic 
styles. Drilling the SAT during Expeditions 390 and 393 will consti-
tute a major contribution to this effort and significantly advance our 
understanding of how the ocean crust ages and the influence of this 
process on ocean chemistry through time. It will also provide better 
age resolution for investigations of past seawater chemistry based 
on crustal alteration.

Challenge 13: What properties and processes govern the flow and 
storage of carbon in the subseafloor? 

A key goal of Challenge 13 is to investigate opportunities for 
geoengineered carbon sequestration in the deep sea to mitigate fu-
ture climate change. The permeable upper ocean crust is of particu-
lar interest because it constitutes a vast potential reservoir for CO2
trapping in areas where the crust is isolated from the oceans by low-
permeability sediments (Marieni et al., 2013) or permanent storage 
through carbonate mineralization (Matter et al., 2016). Hydrother-
mal carbonate precipitation provides a natural analogue for poten-
tial industrial-scale CO2 sequestration through carbonate 
mineralization of basalt. Knowledge of the controls on the extent, 
rate, and duration (Coogan et al., 2016; Harris et al., 2014) of natural 
CO2 sequestration along the SAT will assist efforts to assess the fea-
sibility of geoengineered CO2 sequestration within the ocean crust 
(Marieni et al., 2013).

2. Objective 2 (primary): investigate sediment- and basement-
hosted microbial community variation with substrate composi-
tion and age 

Scientific justification
Scientific ocean drilling has revealed that microorganisms, Ar-

chaea, Bacteria, and eukaryotic fungi and protists are present, in-
tact, and metabolically active in uncontaminated deep subsurface 
sediment and basalt. Knowledge about subseafloor microbial com-
munities has grown exponentially since the initial microbial investi-
gations by DSDP in the 1980s, but <4% of ODP/Integrated Ocean 
Drilling Program/IODP sites sampled have been sampled, docu-
mented, or archived for microbiological purposes (Figure F7) (Kall-
meyer et al., 2012; Orcutt et al., 2014). Determining microbial 
community composition and physiological capabilities along the 
SAT will provide insights into the role of microbes in mineral alter-
ation, hydrocarbon formation, and global biogeochemical cycles. 
The Science Plan Biosphere Frontiers theme therefore asks, “What 
are the origin, composition, and global significance of subseafloor 
communities?” (Challenge 5) and “How sensitive are ecosystems 
and biodiversity to environmental change?” (Challenge 7). 

In sediments, the number of microbial cells present is estimated 
to equal that in the entire oceanic water column (Kallmeyer et al., 
2012). However, the amount of biomass stored in the deep subsur-
face remains contentious because microbial cell abundance in sub-
seafloor sediment varies by approximately five orders of magnitude 
(Figure F7) with significant geographic variation in the structure of 
subseafloor communities (Inagaki et al., 2006). The majority of 
studies have focused on relatively high biomass continental shelf 
systems. Recent efforts, including IODP Expeditions 329 (South Pa-
cific Gyre; Expedition 329 Scientists, 2011) and 336 (North Pond; 
Expedition 336 Scientists, 2012), investigated lower biomass sedi-
mentary systems underlying oceanic gyres. Crucially, no data have 
been collected from the South Atlantic Gyre (SAG). Such data 
would refine the global biomass census and improve our under-
standing of the global carbon cycle. 

The presence or absence of oxygen in marine sediments has 
profound implications for the quantity, diversity, and function of 
microbial communities. Oxygen penetration depth varies between 
oceanic regions and settings, ranging from only a few millimeters in 
areas with high rates of microbial respiration, such as on continen-
tal shelves, to the entire sediment column in extremely low biomass 
sediments, such as those beneath the South Pacific Gyre (D’Hondt 
et al., 2015). Extrapolation of an observed global relationship be-
tween oxygen penetration and sedimentation rate and thickness in-
dicates SAG sediment may be oxic to basement (D’Hondt et al., 
2015). During Leg 3, oxygen was not measured, but sulfate was de-
tected near the basement. However, sediment organic carbon con-
centrations along the SAT are intermediate to those of North Pond, 
where oxygen penetrated tens of meters below seafloor (mbsf) and 
nitrate was present to basement, and Nankai Trough, where oxygen 
was depleted by 3 mbsf and sulfate depleted by 19 mbsf (Figure F8) 
(Expedition 336 Scientists, 2012; Tobin et al., 2009; Orcutt et al., 
2013; Reese et al., 2018). This indicates that oxygen is unlikely to ex-
tend to the basement at sites along the SAT, contrary to model pre-
dictions (D’Hondt et al., 2015), and that the classical redox 
succession of oxygen respiration followed by nitrate reduction, and 
potentially followed by metal reduction, may be present. However, 
we hypothesize that oxygen will be reintroduced at the bottom of 
the sediment column as a result of oxygenated fluid fluxing from the 
basement, which is the case at North Pond (Expedition 336 Scien-
tists, 2012). The recovery of the sediment package will allow us to 
address this conundrum regarding oxygen penetration, biomass, 
and carbon limitation of microbial activity. 

We will compare the phylogenetic diversity, functional struc-
ture, and metabolic activity of SAG communities with results from 
previously studied regions. By exploiting the variations in sediment 
carbon composition expected across the subsiding MOR flank, we 
can examine the response of autotrophy versus heterotrophy to car-
bonate chemistry. Additionally, previous studies of the sedimentary 
deep biosphere have explored community diversity based on site-
to-site or downhole (age) comparisons, often implicitly assuming a 
similar “starter community” that colonized the seafloor and whose 
structure and function subsequently changed in response to evolv-
ing geochemical conditions or burial depth. However, recent work 
suggests energy limitation may preclude replication (Lever et al., 
2015; Lomstein et al., 2012) and thus limit community changes. The 
proposed age-transect approach will allow us to test this assump-
tion directly by investigating the impact of burial depth and chemi-
cal zonation on sediment of the same age and hence the same 
starter community.
7
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Given the dearth of basement holes in ocean crust of intermedi-
ate age, there are no microbiological samples across the critical 
ridge–flank transitions in basement properties that may affect mi-
crobial communities (Figure F6). The majority of biological alter-
ation of subseafloor basalts is thought to occur within 20 My of 
crustal formation (Bach and Edwards, 2003). However, microbio-
logical investigations of oceanic basement have focused on young 
(<10 Ma) crust (Jungbluth et al., 2013; Lever et al., 2013; Mason et 
al., 2010; Orcutt et al., 2011) or older (>65 Ma) lava associated with 
hotspot volcanism along the Louisville seamount trail (Expedition 
330 Scientists, 2012; Sylvan et al., 2015). Basement outcrops that 
penetrate the relatively impermeable sediment provide permeable 
conduits that facilitate subseafloor fluid circulation in older base-
ment (Wheat and Fisher, 2008). Fluid flow across the basement–
sediment interface can produce redox gradients that provide re-
charge of depleted electron acceptors (e.g., oxygen and nitrate) to 
basal sediments, as observed above 3.5 and 8 Ma ocean crust on the 
Juan de Fuca Ridge flank (Engelen et al., 2008) and at North Pond 
(Orcutt et al., 2013), respectively. However, the extent and duration 
of fluid flow through this interface across the ridge flanks remains 
unknown (Figure F6). The recovery of the uppermost basaltic base-
ment from 7 to 61 Ma along the SAT will allow us to determine 
whether microbial populations are indeed present in basement 
older than 20 Ma and to investigate the nature, extent, and duration 
of communication between the sedimentary and crustal biosphere 
for the first time. 

Expected outcomes
We will sample subseafloor populations of Bacteria, Archaea, 

and microbial eukaryotes in both the sedimentary and upper crustal 
ecosystems along the proposed transect, quantify their biomass by 
cell enumeration, identify them using molecular biology methods, 
measure the stable isotopic composition (C, N, and S) of sediment 
and basement to relate processes to geochemistry, measure their 
metabolic activities using a variety of incubation assays, and resolve 
their physiological adaptations with omics-based approaches with 
the following aims:

• To evaluate cell abundance and community activity in the low-
energy subseafloor biosphere of the SAG and refine estimates of 
global subseafloor sedimentary microbial abundance;

• To resolve model predictions about the depth of oxygen pene-
tration into sediment from overlying seawater and into the bot-
tom of the sediment package from oxygenated fluid in base-
ment;

• To evaluate the role of subseafloor microbes in sediment bio-
geochemistry and basement alteration and hence global bio-
geochemical cycles; and

• To investigate how aging of the ocean crust influences the com-
position of the crustal biosphere, in particular the effects of 
changing oxidation state and permeability on microbial abun-
dance, diversity, and function.

Our samples will also allow us to test the following hypotheses:

• SAG microbial communities share membership and function 
with both oligotrophic sediments, like those found at North 
Pond, and open ocean systems with higher organic matter input, 
such as Nankai Trough, given the intermediate organic carbon 
content of the SAT sites. 

• Microbial community structure and diversity depends on the 
starter community (and hence sediment age) rather than subse-
quent selection driven by burial or chemical zonation. 

• Crustal biomass decreases with increasing basement age, and 
communication between the sedimentary and crustal biosphere 
ceases within 20 My.

• Microbial diversity increases within subseafloor basalts with 
basement age as previously demonstrated in basalts exposed on 
the seafloor (Lee et al., 2015; Santelli et al., 2009).

Relationship to the IODP Science Plan
Challenge 5: What are the origin, composition, and global 
significance of subseafloor communities? 

Using modern molecular biology tools, we will be able to deter-
mine the phylogenetic and functional composition of the subsea-
floor communities across an age transect beneath the SAG. 
Crucially, we will be able to detect overlaps in community member-
ship, if they occur, between basement and sediment communities 
and between younger and older sites. The SAT will fill critical gaps 
in our global sampling of the deep biosphere with respect to geo-
graphic location and basement age. Quantification of the biomass 
and rates of microbial activity in these samples will significantly ad-
vance our understanding of the global significance of the deep bio-
sphere.

Challenge 7: How sensitive are ecosystems and biodiversity to 
environmental change? 

We will investigate this question for both sediment- and base-
ment-hosted ecosystems. Through the sediment sections, we will 
correlate paleoceanographic records with microbiological composi-
tion and activity to investigate how past environmental events have 
influenced current communities. This has been demonstrated for 
very shallow sediment communities (Hamdan et al., 2013) but never 
investigated in deeper sediments. Using recovered basement cores, 
we will investigate microbial diversity as a function of the changing 
hydrological, physical, and chemical conditions across the aging 
ridge flank. We predict an increase in diversity with distance from 
the MAR due to increased niche creation as basalts age.

3. Objective 3 (secondary): investigate the responses of Atlantic 
Ocean circulation patterns and the Earth’s climate system to 
rapid climate change including elevated atmospheric CO2 during 
the Cenozoic

Scientific justification
Climate change due to increased atmospheric CO2 poses signif-

icant and imminent threats to global society and the environment. 
Knowledge of past ocean circulation patterns and temperatures are 
required to assess the skill of numerical models in simulating inter-
vals of high pCO2. The Science Plan Climate and Ocean Change 
theme therefore asks, “How does Earth’s climate system respond to 
elevated levels of atmospheric CO2?” (Challenge 1).

High pCO2 intervals are often characterized by relatively shal-
low lysocline and calcite compensation depths (CCDs) resulting in 
poor preservation of CaCO3 microfossils used to reconstruct pale-
oceanographic records. This problem can be overcome by coring 
sediment deposited on basement slightly older than the targeted 
sediment age that accumulated prior to thermal subsidence of the 
seafloor below the CCD. More continuous composite stratigraphic 
8
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sequences are obtained by drilling multiple sites along a crustal-age 
transect, a strategy successfully employed during ODP Leg 199 
(Shipboard Scientific Party, 2002) and Integrated Ocean Drilling 
Program Expedition 320/321 (Pälike et al., 2012). The Walvis Ridge 
depth transect sampled during ODP Leg 208 demonstrated the dy-
namic nature of the Cenozoic CCD and lysocline in the southeast-
ern Atlantic (Shipboard Scientific Party, 2004) and the value of 
redrilling previous transects to collect more complete records of 
Earth history. Although spot cored, Leg 3 sites demonstrate moder-
ate to excellent carbonate preservation along the SAT (Scientific 
Party, 1970) and its suitability for high-resolution paleoclimatic and 
paleoceanographic reconstructions through key intervals of rapid 
climate change (Figure F9) (Cramer et al., 2009; Zachos et al., 2001, 
2008), including the PETM and other short-lived hyperthermals, 
early and middle Eocene climatic optima, onset of Antarctic glacia-
tion across the Eocene/Oligocene boundary (Oi1 event), multiple 
Oligocene and Miocene glaciation events (Oi and Mi events), Mio-
cene climatic optimum and Monterey Carbon Excursion, Pliocene 
warmth, and the onset of Northern Hemisphere glaciation. 

Global ocean circulation transfers heat and nutrients around the 
globe, both influencing and responding to changes in Earth’s cli-
mate system (Broecker, 1991; Stommel, 1961; Wunsch, 2002). For-
tuitously, the western intensification of ocean currents means we 
can substantially reconstruct deepwater mass properties and thus 
thermohaline circulation history by characterizing western por-
tions of major ocean basins using drilling transects. The western 
South Atlantic is the main northward flow path of Antarctic Bottom 
Water (AABW) and southward flow path of North Atlantic Deep 
Water (NADW) and their precursor water masses. Consequently, 
the SAT cores will provide complementary data needed to constrain 
the evolution of thermohaline circulation patterns and climate 
change as the Drake Passage and Southern Ocean opened, the 
northern North Atlantic deepwater gateway opened, and the Tethys 
Ocean became restricted to thermohaline circulation. In particular, 
these cores will assist in establishing how high-latitude sea surface 
(and hence deep ocean) temperatures and the CCD varied in re-
sponse to pCO2 changes and ocean acidification (Barker and 
Thomas, 2004; Barrera et al., 1997; Billups, 2002; Bohaty et al., 2009; 
Cramer et al., 2009; Frank and Arthur, 1999; Kennett and Stott, 
1991; Scher and Martin, 2006; Thomas et al., 2003; Wright et al., 
1991, 1992). The SAT will yield a complementary record to western 
North Atlantic sediments (Expedition 342; Norris et al., 2014), and 
together these data will provide an exceptional record of the evolu-
tion of Atlantic overturning circulation through the Cenozoic.

A novel, direct way to compare paleoceanographic reconstruc-
tions of past high pCO2 to modern conditions is to recover sedi-
ments along transects of water column data collected by the 
WOCE. The SAT constitutes a “paleo-WOCE” line following the 
western portion of WOCE Line A10 (Figure F10), providing access 
to paleoceanographic records of southern and northern-sourced 
deep and bottom waters. We will test models of bipolar deepwater 
evolution (e.g., Borelli et al., 2014; Cramer et al., 2009; Katz et al., 
2011; Tripati et al., 2005) using stable and radiogenic isotope analy-
ses of sediments recovered from these key western South Atlantic 
sites.

The Walvis Ridge depth transect (Shipboard Scientific Party, 
2004) revealed a dramatic 2 km CCD shoaling during the PETM due 
to the acidification of the ocean from massive carbon addition fol-
lowed by a gradual recovery (Figure F11) (Zachos et al., 2005; Zeebe 
et al., 2008). Given chemical weathering feedbacks, the recovery of 
the CCD should have resulted in a transient over-deepening of the 

CCD (Dickens et al., 1997). Collectively, the SAT sites will provide 
additional data for reconstructing changes in the position of the 
lysocline and CCD in the western South Atlantic that are essential 
for constraining the timing of gateway events and the history of 
Northern Component Water (NCW) and Southern Component 
Water (SCW), which were the precursors to NADW and AABW, 
and the nature of Atlantic basin responses to climate change relative 
to the Pacific. 

Expected outcomes
Microfossils provide a critical archive of ocean and climate his-

tory including long-term changes (e.g., early Eocene warmth, Ceno-
zoic cooling, and Pliocene warmth) and abrupt events (e.g., early 
Paleogene hyperthermals and multiple glaciation events). Complete 
sedimentary sections recovered along paleo-WOCE Line A10 will 
exploit thermal subsidence of the ocean crust along the transect to 
provide material for high-resolution proxy records including ben-
thic and planktic foraminiferal geochemistry, micropaleontological 
assemblages, orbitally tuned age models, neodymium isotopes, and 
alkenone δ13C and boron isotope pCO2 reconstructions with the fol-
lowing aims: 

• To reconstruct the evolution of deepwater masses over the past 
61 My to assess contributions of NCW and SCW in the early 
Paleogene western South Atlantic (Kennett and Stott, 1990) and 
to document the influence of the openings of the Drake and Tas-
man Passages on South Atlantic deepwater circulation;

• To provide high-resolution constraints on CCD and carbonate 
chemistry changes of the deep western Atlantic, particularly 
during transient hyperthermals and other intervals of global 
warmth;

• To reconstruct the Cenozoic history of the South Atlantic sub-
tropical gyre by monitoring proxies of productivity and paleo-
biogeography of oceanic plankton, rates of speciation/extinction 
relative to the equatorial zone and higher latitudes, and changes 
in biodiversity and subtropical ecosystem dynamics; and 

• To evaluate the response of subtropical planktic and benthic bi-
ota to changing environmental conditions such as global warm-
ing, ocean acidification, or fertility patterns during intervals of 
rapid climate change through the Cenozoic.

They will also allow us to test the following hypotheses:

• Low latitude sites were potential sources of deep water forma-
tion at times of global warmth and high atmospheric pCO2.

• The strength of the coupling between the climate and the car-
bon cycle varied through the Cenozoic.

• The lysocline and CCD responded differently on the western 
side of the MAR compared to the Walvis Ridge record due to 
changing deep/bottom water sources, gateway configurations, 
and flow paths.

• The subtropical gyre cut off the delivery of heat to Antarctica as 
the Antarctic Circumpolar Current developed through the late 
Eocene–Oligocene.

Relationship to the IODP Science Plan 
Challenge 1: How does Earth’s climate respond to elevated levels of 
atmospheric CO2? 

The SAT will focus on the rates and consequences of Cenozoic 
global warming. We will improve estimates of global climate sensi-
tivity to higher levels of greenhouse gases and transient perturba-
tions to the carbon cycle such as hyperthermals. SAT sites can help 
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us understand how tropical–subtropical temperatures and produc-
tivity responded to a high-CO2 world and how the planktic and ben-
thic biosphere responded to global warming and ocean 
acidification.

Challenge 2: How do ice sheets and sea level respond to a warming 
climate? 

The deep Atlantic record will shed new light on where and when 
deep/bottom water masses formed and how these sites responded 
to a warming climate. The SAT will sample the primary flow paths 
of NCW and SCW through the South Atlantic, providing new con-
straints on reconstructions of ocean circulation and its response to 
gateway changes and abrupt cooling and warming events. 

Challenge 4: How resilient is the ocean to chemical perturbations? 
The SAT is uniquely situated to assess both the Atlantic basin 

response to global warming and changes in thermohaline circula-
tion in the main axis of deep ocean circulation west of the MAR and 
document changes in the lysocline and CCD in response to ocean 
acidification associated with hyperthermals. The SAT will be com-
pared with records from Walvis Ridge, which indicate very dynamic 
deep-sea carbonate chemistry during the Cenozoic (Figure F11) 
and other basins to investigate their variable responses. The re-
sponse of planktic organisms of the biologically diverse subtropical 
gyre will be compared with emerging trends of ocean acidification 
today.

Operations plan/coring strategy
To fully achieve the SAT objectives and establish legacy bore-

holes for future basement experiments, we plan the following oper-
ations for each site: (1) recover a complete sediment section, 
(2) install a drill-in reentry cone and casing to near the sedi-
ment/basalt boundary, (3) core to ~250 m subbasement, and (4) col-
lect wireline geophysical logging data through the basement 
sections.

Sedimentary intervals of particular interest include geochemical 
zones (e.g., oxic, nitrate reducing, Fe-reducing, and sulfate–meth-
ane transition zones) within the deep biosphere and records 
through key Paleogene and Neogene paleoceanographic events 
(Figure F9). The sediment–basement interface is an important tar-
get, especially because it has not previously been well studied for 
microbiological investigations. The sediments are expected to be 
predominantly calcareous ooze (Scientific Party, 1970). To recover 
complete stratigraphic sections, we will therefore use the advanced 
piston corer (APC) system when drilling conditions permit. We ex-
pect to transition to the extended core barrel (XCB) system at ~250 
m in thick sediment at Proposed Site SATL-54A. The rotary core 
barrel (RCB) system will be used in basaltic basement. RCB coring 
recovery rates in basaltic basement are highly variable because they 
depend on the drilling conditions and the extent of breccia-
tion/fracturing and typically average <30% (Figure F2). In combina-
tion with wireline logging, using detailed core-log integration 
following Tominaga et al. (2009), these recovery rates should be suf-
ficient to accomplish our basement objectives. 

The operations plans for Expeditions 390 and 393 are summa-
rized in Tables T2 and T3, and the time required for operations at 
alternate sites are summarized in Table T4. The time required to 
complete these operations was estimated assuming (1) APC/XCB 
recovery of sediments at ~10 m/h, which is consistent with previous 
drilling in similar rock types (e.g. Shipboard Scientific Party, 2004), 

and (2) decreasing rates of basalt penetration during RCB opera-
tions of 4.5 m/h in the uppermost 50 m, 3 m/h through the subse-
quent 100 m, and 2 m/h thereafter based on previous drilling results 
in basaltic basement. The time allocated for wireline logging in-
cludes deployment of the advanced piston corer temperature tool 
(APCT-3), the triple combo tool with the Ultrasonic Borehole Im-
ager (UBI), and at least two passes of the Formation MicroScanner 
(FMS) at each site. 

Sediment coring strategy
The SAT comprises six sites located at five different crustal ages 

(~7, 15, 31, 49, and 61 Ma), and two of the sites are located in the 
same localized sedimentary basin on 61 Ma crust where significant 
basement topography results in variable sediment thickness (~180 
and 640 m thick at Proposed Sites SATL-53B and SATL-54A, re-
spectively). At each of the five crustal ages, we will drill three sedi-
ment holes. This will allow compilation of complete 
paleoceanographic records across core breaks using stratigraphic 
correlation and provide sufficient material for whole-round micro-
biological and pore water sampling. At crustal ages of 7, 15, 31, and 
49 Ma, this will be achieved by triple APC coring at a single site 
(SATL-13A, SATL-25A, SATL-33B, and SATL-43A, respectively). 
The triple coring of the sediment section on 61 Ma crust will com-
prise (1) an APC hole to refusal (estimated to occur at 250 mbsf de-
pending on drilling conditions) at Proposed Site SATL-54A 
followed by XCB coring to basement (~639 mbsf ) and (2) two APC 
holes to basement at Proposed Site SATL-53B (180 mbsf ). This sed-
iment coring strategy was designed to (1) ensure we recover three 
APC sections of the uppermost sedimentary section at a basement 
age of 61 Ma and (2) optimize the drilling operations that can be 
achieved during Expeditions 390 and 393 because it allows sedi-
mentary coring to be completed at Proposed Sites SATL-53B and 
SATL-54A using a single pipe trip because they are only 1.2 nmi 
apart. Given the efficiency of this strategy, all sediment coring at 
Proposed Sites SATL-53B and SATL-54A will be conducted during 
Expedition 390. The basement operations at Proposed Site SATL-
54A will be conducted during Expedition 393 to achieve the re-
quired balance of operations across the two expeditions and ensure 
that our highest priority basement coring is achieved first. Given 
our uncertainty regarding the sediment thickness and to ensure that 
the sediment–basement interface is well sampled at all crustal ages, 
we plan to use XCB coring to sample the uppermost basement in all 
sediment holes. All sediment cores will be oriented except for those 
from Proposed Site SATL-13A, where the sediment is only expected 
to be ~50 m thick. Temperature measurements will be made during 
sediment coring using the APCT-3 with the number of measure-
ments taken dependent on the sediment thickness (typically three 
or four; Tables T2, T3, T4).

Basement coring strategy
At each of the six primary sites, we will install a standard “drill-

in” reentry cone system with 13⅜ inch casing. Given that the sedi-
ment–basement interface is a key target for both our hydrothermal 
and microbiological primary objectives, we will extend the casing to 
just above this interface to allow us to recover the uppermost base-
ment during RCB operations. If, however, this interface has already 
been successfully sampled during XCB operations, a decision may 
be taken to extend the casing into the basement to improve hole sta-
bility. The reentry cone systems have been designed with 13⅜ inch 
casing to allow for future installation of a narrower 10¾ inch casing 
string across the sediment–basement interface (and deeper into 
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basement) to stabilize this region of the holes if they are reoccupied 
during any future drilling investigations. Following installation of 
the reentry cone system, we will deploy two RCB bits in each hole. 
Given the expected basement penetration rates and 40–50 h rota-
tion on each RCB bit, the expected basement penetration is 250 m 
using two RCB bits at each site. To ensure that the holes are left 
clean for any future operations, the second RCB bit will be dropped 
on the seafloor rather than in the hole prior to wireline logging op-
erations.

Microbiological operations
Shipboard microbiological sampling will follow standard proto-

cols (Lever et al., 2006; Smith et al., 2000). Perfluorocarbon tracers 
will be used to monitor potential contamination, and drilling fluid 
samples will be taken for cross-reference during postexpedition re-
search. 

Proposed drill sites
The SAT comprises six primary drill sites located at five differ-

ent crustal ages. For each primary site, we have identified one or two 
alternate sites (Table T1). It was not possible to exactly match sedi-
ment thickness between primary and alternate sites. Multiple alter-
nate sites for each primary site with varying sediment thickness 
were therefore chosen to provide a range of options dependent on 
the desired scientific outcomes and/or operational requirements 
that necessitate operations at an alternate site. 

1. Proposed Site SATL-13A (primary) is located nearest to the 
MAR on 6.6 Ma crust formed at a half spreading rate of 17 mm/y 
and overlain by ~50 m of sediment. This site provides a compar-
ison to young ocean crust drilled at reference Hole 504B (6.9 
Ma; spreading rate of 36 mm/y; 275 m of sediment). Alternate 
Proposed Sites SATL-11B (~4 km north) and SATL-12A (~17 
km north) formed at the same age and spreading rate but have 
sediment thicknesses of 104 and 96 m, respectively. 

2. Proposed Site SATL-25A (primary) is located on 15.2 Ma crust 
formed at 25.5 mm/y and overlain by ~104 m of sediment. This 
site provides a comparison to reference ocean crust at Site 1256 
(15 Ma; spreading rate of 220 mm/y; 250 m of sediment). Alter-
nate Proposed Site SATL-24A is located ~1 km to the west and 
has a similar sediment thickness (~94 m). Alternate Proposed 
Site SATL-23A is located ~5 km to the east and has a sediment 
thickness of ~162 m.

3. Proposed Site SATL-33B (primary) is located on 30.6 Ma crust 
formed at 24 mm/y and overlain by ~138 m of sediment. Alter-
nate Proposed Sites SATL-31A (~5.5 km south) and SATL-35A 
(~8 km north) formed at the same age and spreading rate and 
have sediment thicknesses of 183 and 93 m, respectively.

4. Proposed Site SATL-43A (primary) is located on 49.2 Ma crust 
formed at 19.5 mm/y and overlain by ~148 m of sediment. Alter-
nate proposed sites are SATL-41A (~11 km south; ~203 m sedi-
ment) and SATL-44A (~3 km west; ~176 m sediment). 

5. Proposed Site SATL-53B (primary) is located on 61.2 Ma crust 
formed at 13.5 mm/y and overlain by ~180 m of sediment. Alter-
nate Proposed Site SATL-55A is ~22 km to the north and has a 
sediment thickness of ~126 m.

6. Proposed Site SATL-54A (primary) is located on 61 Ma crust 
formed at 13.5 mm/y and overlain by ~639 m of sediment. Alter-
nate Proposed Site SATL-56A is ~10 km to the east and has a 
sediment thickness of ~510 m.

Wireline logging/downhole 
measurements strategy

Wireline logging is planned with two tool strings at all six of the 
SAT sites principally to characterize features of the basaltic ocean 
crust such as lava morphology, structure, fractures, veins, porosity, 
and sonic velocity. Logging data provide in situ formation charac-
terization that are unaffected by core expansion. These will be com-
plementary to descriptions and analyses of the core itself and will 
provide continuous observations throughout the basement inter-
vals as well as the only information on the unrecovered intervals 
across core gaps. The tools will be deployed in the rotary-drilled 
basement hole at each site. Because these holes will be cased down 
to close to the basement/sediment contact, only natural gamma ra-
diation logs will be useful for the sediment section. The possible ex-
ception to this is the 639 m deep sediment hole at Proposed Site 
SATL-54A, drilled early in Expedition 390, which could be logged as 
a contingency operation during Expedition 393. 

The operational plans (Tables T2, T3) include deployment of 
two tool strings during logging operations. The triple combo tool 
string provides formation resistivity, density, porosity, natural (spec-
tral) gamma radiation, and borehole diameter data. We plan to add 
the UBI tool to this tool string for an oriented 360° image of the 
sonic reflection amplitude and radius of the borehole wall. The 
FMS-sonic tool string will provide oriented resistivity images of the 
borehole wall as well as formation acoustic velocity, natural gamma 
radiation, and borehole diameter data. We will run two passes of this 
tool so that the coverage of FMS images can be increased. Details of 
the logging tools are available at http://iodp.tamu.edu/tools/log-
ging. 

Proposed Sites SATL-53B and SATL-54A are situated in ~5 km 
deep water where the longer variants of the tool strings (e.g., quad 
combo) are too heavy to deploy safely. We do not plan to run check 
shot surveys because the basement contact will be clear in the core 
and drilling data, and this depth can be correlated to the basement 
reflection in the seismic profiles. 

Directly after each logging operation, the downhole logging data 
will be sent to the Lamont-Doherty Earth Observatory Borehole Re-
search Group at Columbia University (New York, USA) for data re-
duction, which includes depth correlation between logging runs 
and speed adjustments to the downhole images. The data will then 
be returned to the shipboard downhole logging scientists for inter-
pretation within days (http://iodp.tamu.edu/tools/logging). 

Temperature measurements are planned at all six sites to recon-
struct the thermal gradient and heat flow at each site. Typically, ~3–
5 measurements will be made in one hole per site using the APCT-
3. Fewer APCT-3 measurements will be made at Proposed Site 
SATL-13A because the sediment there is only 50 m thick. 

The temperature of the fluid in the borehole is measured in the 
cable head section in both downhole tool strings, although the fluid 
temperature is not usually equilibrated to the formation tempera-
ture. However, we note the possibility of taking downhole tempera-
ture profiles during Expedition 393 at a site or sites already drilled 
during Expedition 390 when the temperature will have had time to 
equilibrate. Similarly, it may be possible to sample formation fluids 
that have entered the borehole during the ~6 months between expe-
ditions using either the JRSO water sampling temperature probe 
(WSTP) or the third-party Kuster Flow Through Sampler. However, 
these operations would take time, and they are not included in the 
operations schedule presented here. 
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Risks and contingency
Our priority is to achieve the greatest possible basement pene-

tration at each site following the recovery of complete sedimentary
sections and sampling of the sediment–basement transition. This
will require flexibility in our operational plans to counter any unex-
pected eventualities. Stable weather is expected in the subtropical
SAT region, and the piracy risk is low. The greatest risk to the SAT
project is therefore the loss of time, for example as a result of per-
sonal, medical, or mechanical incidents. Other risks to the comple-
tion of the planned operations include (1) operational problems, for
example difficulties installing casing into basement or stuck pipe,
(2) lower than predicted penetration rates, which would affect the
penetration that could be achieved in the allotted time, and (3) hia-
tuses in the sediments that would result in incomplete recovery of
paleoceanographic records. The latter is considered a low risk be-
cause hiatuses were only encountered at RGR sites during Leg 3 and
would not affect our operational plans. 

The two-expedition nature of the SAT project, with both expe-
ditions transiting along the same transect, allows for additional op-
erational flexibility compared to normal single-expedition IODP
projects. This gives us the option to adapt the operational plan of
Expedition 393 in response to the operations completed during Ex-
pedition 390. The highest priority sites are deliberately scheduled
during Expedition 390 to give us an opportunity to revisit these sites
during Expedition 393 if key operational objectives have not been
met. The Co-Chief Scientists will therefore work with the Opera-
tions Superintendent to review Expedition 390 and revise the oper-
ations plan for Expedition 393 as needed.

In the event of a loss of operational time, the operation plans
(Tables T2, T3, T4) will have to be adjusted. The nature of any
changes would depend on the circumstances, amount of time lost,
and operations already completed. Possible changes we could make
to the operation plans include

• Reducing the number of APC holes at selected sites,
• Reducing the number of RCB bits used at selected sites,
• Reducing the basement penetration depth at selected sites,
• Deploying free-fall rather than drill-in reentry cones,
• Adjusting the frequency of additional operations (e.g., core ori-

entation measurements),
• Adjusting the wireline logging schedule,
• Reallocating the basement drilling time from the lower priority 

site (SATL-25A), and 
• Reallocating the sediment and basement drilling time from the 

lower priority site (SATL-25A).

In the event that we have additional time available, for example
through failure of a hole, that time would be reallocated. Additional
operations could include

• Deeper RCB basement coring at priority sites;
• APC coring of sediments at alternate sites with thicker (higher 

resolution) sediment sections (Table T1);
• Revisiting Expedition 390 sites during Expedition 393 to mea-

sure basement temperatures, in particular at Proposed Site 
SATL-53B, where operations could be conducted in combina-
tion with the scheduled Expedition 393 operations at nearby 
Proposed Site SATL-54A without requiring an additional pipe 
trip; and

• Logging of the sediment section at Proposed Site SATL-54A.

In addition to the above contingency plans, we will further in-
crease our operational flexibility as follows:
• We will carry sufficient spare hardware, including an extra reen-

try cone system, additional casing, and free-fall reentry cones.
• We will carry a spare, lighter reentry cone system with 10¾ inch 

casing for use at Proposed Site SATL-54A where deployment of 
the weight of 600 m of 13⅜ inch casing would be prohibited by 
heave in excess of 0.5 m. In other words, very calm sea condi-
tions will be required. A further fallback plan for this deep site in 
the case that heave conditions exceed the limit for 10¾ inch cas-
ing would be to core without casing through a free-fall reentry 
cone.

• The half-length APC (HLAPC) coring system will be available.

Sampling and data sharing strategy
Shipboard and shore-based researchers should refer to the

IODP Sample, Data, and Obligations Policy and Implementation
Guidelines at http://www.iodp.org/top-resources/program-doc-
uments/policies-and-guidelines. This document outlines the pol-
icy for distributing IODP samples and data to research scientists,
curators, and educators. The document also defines the obligations
that sample and data recipients incur. The Sample Allocation Com-
mittee (SAC; composed of the Co-Chief Scientists and Expedition
Project Managers/Staff Scientists from both expeditions, the IODP
Curator on shore, and curatorial representatives on board) will
work with the entire scientific party to formulate a formal expedi-
tion-specific sampling plan for shipboard and postcruise sampling.

Every member of the science party is obligated to carry out sci-
entific research for the expedition and publish their results. Ship-
board scientists are expected to submit sample requests (at
http://iodp.tamu.edu/curation/samples.html) ~6 months before
the beginning of the expedition. Based on sample requests (shore
based and shipboard) submitted by this deadline, the SAC will pre-
pare a tentative sampling plan, which will be revised on the ship as
dictated by core recovery and expedition objectives. The sampling
plan will be subject to modification depending upon the actual ma-
terial recovered and collaborations that may evolve between scien-
tists during the expedition. Modification of the strategy during the
expedition must be approved by the Co-Chief Scientists, Staff Sci-
entists, and curatorial representative on board ship.

Great care will be taken to maximize shared sampling to pro-
mote integration of data sets and enhance scientific collaboration
among members of the scientific party so that our scientific objec-
tives are met and each scientist has the opportunity to contribute.
The minimum permanent archive will be the standard archive half
of each core. All sample frequencies and sizes must be justified on a
scientific basis and will depend on core recovery, the full spectrum
of other requests, and the expedition objectives. Some redundancy
of measurement is unavoidable, but minimizing the duplication of
measurements among the shipboard party and identified shore-
based collaborators will be a factor in evaluating sample requests.

Personal shipboard sampling will be restricted to acquiring
ephemeral data types (e.g., microbial samples and pore water geo-
chemistry) needed for shipboard measurements and personal, post-
cruise research. Whole-round samples may be taken for interstitial
water, microbiology, geochemistry, and physical property measure-
ments as dictated by the shipboard sampling plan that will be for-
mulated before the expedition and finalized during the first few
days on board. At the discretion of the SAC, limited low-resolution
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sampling for pilot studies that are required to define plans for the 
postcruise sampling meeting may be approved.

During both expeditions, all archive halves will become perma-
nent archives and will not be sampled. Following both expeditions, 
the IODP Curator will determine the archive halves designated as 
permanent over any intervals recovered from multiple holes at a site 
and those that are outside of the working splice. The archive halves 
of single holes will become permanent archives.

If some critical intervals are recovered, there may be consider-
able demand for samples from a limited amount of cored material. 
These intervals may require special handling, a higher sampling 
density, reduced sample size, or continuous core sampling by a sin-
gle investigator. A sampling plan coordinated by the SAC may be 
required before critical intervals are sampled.

All shipboard microbiological sampling will follow standard 
protocols (Lever et al., 2006; Smith et al., 2000) using perfluorocar-
bon tracers to monitor potential contamination and taking drilling 
fluid samples for cross-reference during postcruise research. Sedi-
ments will be sampled on the catwalk prior to core splitting or han-
dling by other scientists. Basement samples will be selected through 
the core liner when possible or after the core is poured onto cleaned 
(with ethanol) half-core liners in the core splitting room. Microbio-
logical samples will be taken prior to any other sampling for base-
ment objectives but only under the guidance of the Co-Chiefs or a 
delegated shipboard scientist knowledgeable enough to help select 
samples that are not unique and critical for other basement objec-
tives while still being of high value for biosphere objectives. All sci-
entists participating in the basement sample selection will wear 
surgical masks and gloves so that they do not contaminate the sam-
ples. Once a sample is chosen, with preference toward samples at 
least 10 cm long and with visible veins and/or alteration, the sample 
will immediately be transferred into a sterile Whirl-Pak bag or sim-
ilar sample bag and transported to the microbiology laboratory. 
Shipboard microbiology sample processing will occur using one or 
both of the KOACH tabletop clean zone systems and a purpose-
built clean room area for handling microbiological samples similar 
to that provided for IODP Expedition 360 (Dick et al., 2017). Fol-
lowing microbiological sample processing, any remaining core ma-
terial will be returned to allow detailed petrographic description 
and sampling as appropriate.

We plan to postpone nearly all personal sampling for postcruise 
research until a shore-based sampling meeting. Following Expedi-
tions 390 and 393, cores will be delivered to the IODP Bremen Core 
Repository at MARUM/University of Bremen in Bremen, Germany, 
for the postcruise sampling meeting and permanent storage. One 
combined sampling meeting will be held for both expeditions and 
will take place ~3–5 months after the end of Expedition 393. All of 
the data and samples collected will be protected by a 1 y morato-
rium period following the completion of the postcruise sampling 
meeting. During this moratorium, all Expeditions 390 and 393 data 
and samples will be available only to the expedition shipboard and 
approved shore-based scientists. Selected cores (mostly archive 
halves) may be shipped at the end of each expedition to the IODP 
Gulf Coast Repository in College Station, Texas (USA), for pro-
grammatic X-ray fluorescence measurements if the SAC considers 
this a scientific priority.

Expedition scientists and scientific 
participants

The current list of participants for Expedition 390 and 393 can 
be found at http://iodp.tamu.edu/scienceops/expeditions/south-
_atlantic_transect.html.
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Table T1. Primary and alternate site details, Expeditions 390 and 393. CDP = common depth point. 

Site Primary/Alternate
Latitude

(°)
Longitude

(°)
Water depth 

(m)

Sediment 
thickness 

(m) Age (Ma)

Half 
spreading 

rate (mm/y) Profile CDP

11B Alternate –30.22233 –15.03817 3057 104 6.6 17.0 CREST01 12603
12A Alternate –30.10376 –15.04832 3373 96 6.6 17.0 CREST01 14712
13A Primary –30.26056 –15.0349 3047 50 6.6 17.0 CREST01 11923
23A Alternate –30.39535 –16.87974 3819 162 15.2 25.5 CREST1E 8724
24A Alternate –30.40021 –16.93053 3676 94 15.2 25.5 CREST1DE 3434
25A Primary –30.40344 –16.92282 3691 104 15.2 25.5 CREST02 12770
31A Alternate –30.76406 –20.43255 4188 183 30.6 24.0 CREST03 11346
33B Primary –30.71029 –20.4339 4193 138 30.6 24.0 CREST03 12300
35A Alternate –30.63251 –20.43586 4157 93 30.6 24.0 CREST03 13680
41A Alternate –31.00332 –24.81913 4408 203 49.2 19.5 CREST04 10926
43A Primary –30.89618 –24.84162 4323 148 49.2 19.5 CREST1BC 3252
44A Alternate –30.89703 –24.86951 4283 176 49.2 19.5 CREST1BC 2825
53B Primary –30.94207 –26.69912 4985 180 61.2 13.5 CREST1AB 3410
54A Primary –30.94242 –26.72188 4991 639 61.2 13.5 CREST1AB 3062
55A Alternate –30.72151 –26.69525 4857 126 61.2 13.5 CREST05 16750
56A Alternate –30.94091 –26.62983 4998 510 61.2 13.5 CREST1AB 4470
17



Coggon et al. Expedition 390/393 Scientific Prospectus
Table T2. Operations and time estimates for primary sites, Expedition 390. 
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Table T3. Operations and time estimates for primary sites, Expedition 393.
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Table T4. Time estimates for alternate sites, Expeditions 390 and 393.
20
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Figure F1. South Atlantic study region. Top: topography (Ryan et al., 2009). Bottom: magnetic anomalies (Maus et al., 2009). Inset shows regional setting. Black 
lines indicate locations of CREST seismic reflection profiles, and proposed drill sites are displayed with black (primary) and gray (alternate) circles. White dashed 
line = WOCE Line A10, white circles = DSDP Leg 3 sites.
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Figure F2. A. Compilation of all scientific ocean drilling holes that penetrate >100 m into the basement of intact oceanic crust and tectonically exposed lower 
crust/upper mantle, excluding drill holes that penetrated seamounts, oceanic plateaus, back-arc basement, hydrothermal mounds, or passive continental mar-
gins (after Michibayashi et al., 2019). Colored portions of each hole indicate the average core recovery. B. Compilation of all scientific ocean drilling holes that 
penetrate >100 m into intact upper (basaltic) ocean crust versus crustal age. The spreading rates at which the drilled sections formed are shown, and the 
colored portions of each hole indicate the average core recovery. 
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Figure F3. Sediment cover versus crustal age for Expedition 390 and 393 primary (yellow) and alternate (orange) sites. The sediment thicknesses at all 
DSDP/ODP/Integrated Ocean Drilling Program/IODP drill holes that cored more than 100 m into basement of intact oceanic crust and tectonically exposed 
lower crust/upper mantle are shown for comparison (blue diamonds). The red line indicates the global average sediment thickness versus age (red dashed line 
= ±1σ variation) (after Spinelli et al., 2004).
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Figure F4. Seismic reflection profiles for all primary sites. Green line = interpreted basement.
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Figure F5. Ages and spreading rates along the CREST transect. Blue line = cubic interpolation of rates calculated from Table S1 of Kardell et al. (2019), orange
squares = estimated values at primary drill sites.
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Figure F6. A. Schematic architecture of a mid-ocean ridge flank (not to scale) illustrating parameters that may influence the intensity and style of hydrothermal 
alteration and the hypothetical trajectory of the 120°C isotherm with crustal age. Arrows indicate heat (red) and fluid (blue) flow. B. Calculated global hydro-
thermal heat flow anomaly, which decreases to 0 by 65 Ma on average, and hypothetical variations in fluid flow and chemical exchange and crustal properties 
that could be measured to investigate the intensity and style of ridge flank hydrothermal circulation (e.g., porosity, permeability, and two possible scenarios 
for alteration intensity). (After Coggon and Teagle, 2011; Expedition 335 Scientists, 2012; and an original figure by K. Nakamura, AIST.)
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Figure F7. Left: global distribution of ODP (green circles) and IODP (red circles) drill sites. Sites where microbiological samples were taken are indicated by 
larger circles. Right: microbial cell abundance versus depth (meters below seafloor) at sampled sites, which reveal over five orders of magnitude of variation in 
biomass-depth trends, depending on the geographic origin of samples (after Kallmeyer et al., 2012; Orcutt et al., 2014). The South Atlantic represents a crucial 
gap in knowledge, and the sampling proposed here will be used to groundtruth models predicted from the current biomass database. Note that the symbol 
colors in (A) and (B) are not related because these diagrams are derived from different sources.
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Figure F8. A. Weight percent total organic carbon (TOC) in surface sediments in the southern Atlantic Ocean (adapted from Mollenhauer et al., 2004). B. Com-
parison of the predicted range of weight percent TOC for the proposed SAT study area with other areas where scientific ocean drilling has conducted microbi-
ological investigations (expedition numbers in brackets; data following Andrén et al., 2015; Shipboard Scientific Party, 2003; Expedition 329 Scientists, 2011; 
Expedition 336 Scientists, 2012; Expedition 308 Scientists, 2006; Tobin et al., 2009; Expedition 313 Scientists, 2010; Expedition 325 Scientists, 2011). The pro-
posed drill sites have higher TOC concentrations than North Pond, where oxygen penetrates tens of meters into the seafloor in Holes U1383D, U1383E, and 
U1384A, but lower than the Nankai Trough, where pore-water oxygen is consumed less than 3 meters below seafloor.
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Figure F9. Composite deep-sea benthic foraminiferal δ13C and δ18O records showing both gradual and abrupt changes in global climate during the Cenozoic
(modified from Cramer et al., 2009). A rich paleoceanographic record will be accessed by drilling the SAT sites, as demonstrated by DSDP Leg 3 spot coring on
the western flank of the Mid-Atlantic Ridge. The bars to the right show the five primary SAT sites, present water depth, and key ocean history objectives. The
deepest sites will generally contain carbonate-rich sediments in the older part (blue), deposited when a site was closer to the ridge crest and shallower than
the CCD, transitioning up to carbonate-poor sediment (red) in the younger part as each site subsided below the CCD.
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Figure F10. WOCE temperature, salinity, and phosphorus profiles along south–north Transect A-16 through the western South Atlantic Basin and west–east 
Transect A-10 at 30°S near the location of the SAT (data from World Ocean Circulation Experiment; http://www.ewoce.org). White rectangles show the 
approximate coverage of the SAT.
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Figure F11. Top: percent carbonate in depth transect of drill sites recovered during ODP Leg 208 on the Walvis Ridge, eastern South Atlantic (Shipboard Scien-
tific Party, 2004). The position of the lysocline and CCD were dynamic during the Cenozoic related to changing deepwater circulation, productivity, and ocean 
acidification associated with the PETM. Bottom: modeled relative water mass age during mid-Miocene climatic optimum (Coggon et al., 2016). Red oval = 
correlative changes in carbonate chemistry on Walvis Ridge. Colors represent benthic “age,” which is a δ13C-like tracer; red = old water, blue = young water. 
Left: mode with Northern Component Water (NCW) “on.” Right: NCW “off.” The SAT, near 31°S, would capture changes in these two modes of deepwater forma-
tion. SCW = Southern Component Water.
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Site summaries
Site SATL-13A
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Site SATL-25A
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Site SATL-33B
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Site SATL-43A
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Site SATL-53B
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Site SATL-54A
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Site SATL-11B
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Site SATL-12A
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Site SATL-23A
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Site SATL-24A
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Site SATL-31A
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Site SATL-35A
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Site SATL-41A
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Site SATL-44A
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Site SATL-55A
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Site SATL-56A
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