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Abstract
International Ocean Discovery Program (IODP) Expedition 357 

successfully cored an east–west transect across the southern wall of 
Atlantis Massif on the western flank of the Mid-Atlantic Ridge to 
study the links between serpentinization processes and microbial 
activity in the shallow subsurface of highly altered ultramafic and 
mafic sequences that have been uplifted to the seafloor along a ma-
jor detachment fault zone. The primary goals of this expedition 
were to (1) examine the role of serpentinization in driving hydro-
thermal systems, sustaining microbial communities, and sequester-
ing carbon; (2) characterize the tectonomagmatic processes that 
lead to lithospheric heterogeneities and detachment faulting; and 
(3) assess how abiotic and biotic processes change with variations in 
rock type and progressive exposure on the seafloor. To accomplish 
these objectives, we developed a coring and sampling strategy based 
around the use of seabed rock drills—the first time that such sys-
tems have been used in the scientific ocean drilling programs. This 
technology was chosen in hopes of achieving high recovery of the 
carbonate cap sequences and intact contact and deformation rela-
tionships. The expedition plans also included several engineering 
developments to assess geochemical parameters during drilling; 
sample bottom water before and after drilling; supply synthetic trac-
ers during drilling for contamination assessment; gather downhole 
electrical resistivity and magnetic susceptibility logs for assessing 
fractures, fluid flow, and extent of serpentinization; and seal bore-
holes to provide opportunities for future experiments.

Seventeen holes were drilled at nine sites across Atlantis Massif, 
with two sites on the eastern end of the southern wall (Sites M0068 
and M0075), three sites in the central section of the southern wall 
north of the Lost City hydrothermal field (Sites M0069, M0072, and 
M0076), two sites on the western end (Sites M0071 and M0073), 
and two sites north of the southern wall in the direction of the cen-
tral dome of the massif and Integrated Ocean Drilling Program Site 
U1309 (Sites M0070 and M0074). Use of seabed rock drills enabled 
collection of more than 57 m of core, with borehole penetration 
ranging from 1.3 to 16.44 meters below seafloor and core recoveries 
as high as 75% of total penetration. This high level of recovery of 
shallow mantle sequences is unprecedented in the history of ocean 
drilling. The cores recovered along the southern wall of Atlantis 
Massif have highly heterogeneous lithologies, types of alteration, 
and degrees of deformation. The ultramafic rocks are dominated by 
harzburgites with intervals of dunite and minor pyroxenite veins, as 
well as gabbroic rocks occurring as melt impregnations and veins, 
all of which provide information about early magmatic processes 
and the magmatic evolution in the southernmost portion of Atlantis 
Massif. Dolerite dikes and basaltic rocks represent the latest stage of 
magmatic activity. Overall, the ultramafic rocks recovered during 
Expedition 357 revealed a high degree of serpentinization, as well as 
metasomatic talc-amphibole-chlorite overprinting and local rodin-
gitization. Metasomatism postdates an early phase of serpentiniza-
tion but predates late-stage intrusion and alteration of dolerite dikes 
and the extrusion of basalt. The intensity of alteration is generally 
lower in the gabbroic and doleritic rocks. Chilled margins in doler-
ite intruded into talc-amphibole-chlorite schists are observed at the 
most eastern Site M0075. Deformation in Expedition 357 cores is 
variable and dominated by brecciation and formation of localized 
shear zones; the degree of carbonate veining was lower than antici-
pated. All types of variably altered and deformed ultramafic and 

mafic rocks occur as components in sedimentary breccias and as 
fault scarp rubble. The sedimentary cap rocks include basaltic brec-
cias with a carbonate sand matrix and/or fossiliferous carbonate. 
Fresh glass on basaltic components was observed in some of the 
breccias.

The expedition also successfully applied new technologies, 
namely (1) extensively using an in situ sensor package and water 
sampling system on the seabed drills for evaluating real-time dis-
solved oxygen and methane, pH, oxidation-reduction potential, 
temperature, and conductivity during drilling; (2) deploying a bore-
hole plug system for sealing seabed drill boreholes at four sites to 
allow access for future sampling; and (3) proving that tracers can be 
delivered into drilling fluids when using seabed drills. The rock drill 
sensor packages and water sampling enabled detection of elevated 
dissolved methane and hydrogen concentrations during and/or af-
ter drilling, with “hot spots” of hydrogen observed over Sites 
M0068–M0072 and methane over Sites M0070–M0072. Shipboard 
determination of contamination tracer delivery confirmed appro-
priate sample handling procedures for microbiological and geo-
chemical analyses, which will aid all subsequent microbiological 
investigations that are part of the science party sampling plans, as 
well as verify this new tracer delivery technology for seabed drill 
rigs. Shipboard investigation of biomass density in select samples 
revealed relatively low and variable cell densities, and enrichment 
experiments set up shipboard reveal growth. Thus, we anticipate 
achieving many of the deep biosphere–related objectives of the ex-
pedition through continued scientific investigation in the coming 
years.

Finally, although not an objective of the expedition, we were ser-
endipitously able to generate a high-resolution (20 m per pixel) 
multibeam bathymetry map across the entire Atlantis Massif and 
the nearby fracture zone, Mid-Atlantic Ridge, and eastern conju-
gate, taking advantage of weather and operational downtime. This 
will assist science party members in evaluating and interpreting tec-
tonic and mass-wasting processes at Atlantis Massif.

Introduction
Drilling at Atlantis Massif focuses on two relatively recent dis-

coveries in marine geosciences: off-axis serpentinite-hosted fluid 
circulation as exemplified by the Lost City hydrothermal field 
(LCHF) and oceanic core complexes (OCCs) as major components 
of slow-spreading ridges. An estimated 40% or more of the Atlantic 
Ocean floor was formed by interlinked processes of asymmetric ex-
tension, magmatism, and detachment faulting resulting in the expo-
sure of mantle and lower crustal rocks in OCCs (Dick et al., 2008; 
Cannat et al., 2006; Smith et al., 2006, 2008; Ildefonse et al., 2007; 
Escartín et al., 2008; Tucholke et al., 2008). OCCs incorporate highly 
reactive olivine-rich rocks that interact with seawater over a range 
of temperatures to produce both high- and low-temperature hydro-
thermal systems (Douville et al., 1997, 2002; Charlou et al., 1998, 
2002; Sagalevich et al., 2000; Kelley et al., 2005; McCaig et al., 2007). 
Chemical exchange between the mantle and the hydrosphere sup-
ports abundant microbial communities in regions of focused fluid 
discharge in both types of systems (Schrenk et al., 2004; Takai et al., 
2004; Nercessian et al., 2005; Brazelton et al., 2006; Campbell et al., 
2006; Perner et al., 2007). However, it is unknown whether active 
microbial communities are also sustained by fluid–rock interaction 
in mantle-derived host rocks or in diffusely venting areas that sur-
7
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round focused-flow sites. At Atlantis Massif, we can study biogeo-
chemical and tectonomagmatic processes related to three phases in 
the evolution of an OCC:

1. Serpentinization processes associated with active fluid discharge 
at the LCHF and the influence of serpentinization on microbial 
communities in a range of environments, including carbonate 
sediments, alteration in both ultramafic and mafic rocks, and 
zones of subsurface fluid flow of various intensities.

2. Evolution of the massif and the effects of alteration processes on 
microbial activity as it was progressively denuded to the seafloor 
and rapidly cooled from around 1 Ma onward. This includes un-
derstanding the longevity of and possible precursors to the 
LCHF, determining the evolution of serpentinization with pro-
gressive denudation, and evaluating variations in microbial 
communities with seafloor age and as the dominant lithology 
changes from ultramafic to mafic in composition.

3. Early history of the detachment fault, which localized high strain 
deformation and fluid flow at 300°–400°C (Schroeder and John, 
2004; Boschi et al., 2006; Karson et al., 2006; Escartín et al., 
2003), possibly as deep as several kilometers below the seafloor.

Background
Active serpentinite-hosted hydrothermal 

systems and chemical exchange between the 
mantle, biosphere, and hydrosphere

Approximately 30,000 km or roughly 50% of the global mid-
ocean ridges are spreading at rates <40 mm/y and extend from the 
Arctic Ocean, along the entire Mid-Atlantic Ridge (MAR), and into 
the southwest Indian Ocean. The recognition that ultramafic rocks 
are tectonically emplaced along major normal faults at these slow-
spreading ridge environments has led to new considerations of the 
geophysical, geochemical, and biological consequences of ser-
pentinization for the global marine system (Figure F1) (Cannat, 
1993; Dick et al., 2003, 2008; Smith et al., 2006; Escartín et al., 2003). 
Serpentinization is associated with the uptake or release of many 
major and minor components, such as H2O, Mg, Ca, Si, Cl, Li, B, C, 
and S, with important consequences for long-term global geochem-
ical fluxes and biogeochemical cycles (Alt and Shanks, 1998, 2003, 
2006; Früh-Green et al., 2004; Boschi et al., 2008; Delacour et al., 
2008a, 2008b, 2008c). In addition, serpentinization reactions lead to 
the production of highly reduced fluids and result in high concen-
trations of H2 and reduced C-species including methane, ethane, 
propane, and straight-chain hydrocarbons (Proskurowski et al., 
2006, 2008; Konn et al., 2009; Holm and Charlou, 2001; Foustoukos 
and Seyfriend, 2004). These reduced species are believed to form 
through Sabatier or Fischer-Tropsch type (FTT) reactions catalyzed 
by Fe-, Ni-, and Cr-bearing minerals and have important conse-
quences for biological activity on and within the seafloor and for 
global carbon cycling (Kelley et al., 2005; Takai et al., 2004; Bra-
zelton et al., 2006; Perner et al., 2007; Proskurowski et al., 2008; 
Kohn et al., 2009; Holm and Charlou, 2001).

To date, six sites along the MAR—the high-temperature Rain-
bow, Logatchev, Ashadze, and Nibelungen fields and the lower tem-
perature Lost City and Saldanha hydrothermal fields—are known to 
be hosted in mafic and ultramafic basement rocks, and more are 
likely to be found. Studies of the Lost City system suggest that low- 
to moderate-temperature ultramafic-hosted hydrothermal systems 
are long lived and occur in the seafloor to 2 Ma (Ludwig et al., 2011; 
Früh-Green et al., 2003). Serpentinization reactions at less than 

~200°C play a key role in the production of high-pH fluids, which 
control carbonate precipitation and have important consequences 
for the sequestration of CO2 from seawater. Diffuse high-pH fluids 
also directly promote lithification of overlying sedimentary deposits 
(Früh-Green et al., 2003), which in turn affect heat flow and fluid 
circulation pathways. In contrast to basalt-hosted hydrothermal 
systems, where conceptual models of the fluid pathways, alteration 
reactions, and element uptake are relatively well constrained 
(Wheat and Fisher, 2008; Wheat et al., 2003; Fisher, 1998; Fisher and 
Becker, 2000), little is known of the fluid pathways and degree of 
heat and mass transfer that can support a subsurface biosphere in 
such moderate-temperature, serpentinite-hosted hydrothermal sys-
tems.

Impact of serpentinization on the subsurface 
biosphere

One goal of our planned drilling was to explore the subsurface 
environment and the potential for a hydrogen-based deep biosphere 
in an area undergoing active serpentinization. Lost City is charac-
terized by extreme conditions never before seen in the deep marine 
environment. Carbonate-brucite structures are venting warm (tem-
peratures up to 91°C), high-pH (9–11) hydrothermal fluids that are 
metal and CO2 poor and have high concentrations of H2 (up to 15 
mmol/kg), CH4 (1–2 mmol/kg), organic acids, and low molecular 
weight hydrocarbons (Kelley et al., 2005; Proskurowski et al., 2006, 
2008; Konn et al., 2009). Formate and low molecular weight hydro-
carbons are believed to be formed abiologically during serpentini-
zation reactions at depth (Lang et al., 2010, 2012). Foustoukos and 
Seyfried (2004) indicate that even small amounts of Cr-bearing 
phases typical of ultramafic rock types can enhance the synthesis of 
short-chain alkanes, providing an abiotic mechanism for hydrocar-
bon production in ultramafic-hosted hydrothermal systems (McCo-
llom and Seewald, 2001, 2003, 2006; McCollom, 2007). The 
production of H2, abiotic hydrocarbons, and possibly formate 
during serpentinization reactions, along with mixing with oxidized 
seawater, provide metabolic energy for chemolithoautotrophic and 
heterotrophic organisms (McCollom, 2007; McCollom and Shock, 
1997). Development of an ecosystem depends on the availability 
and renewal of a carbon source, electron donors (such as H2, CH4, 
H2S, and Fe2+), and electron acceptors (particularly O2, NO3

–, and 
SO4

2–). In ultramafic environments, electron donors are generally 
unlimited in the form of H2 and CH4, whereas electron acceptors 
depend greatly on the fate of sulfate (which is 1–4 mM in Lost City 
fluids) (Kelley et al., 2005) and on seawater recharge and mixing 
with serpentinizing fluids. Numerical models show that ultramafic-
hosted systems may be capable of supplying about twice the meta-
bolic energy as analogous deep-sea hydrothermal systems hosted in 
basaltic rocks (McCollom, 2007).

Considering the extent of ultramafic environments on the sea-
floor and the longevity of seawater circulation during serpentiniza-
tion, the total biomass of the ultramafic-hosted subsurface 
biosphere may be substantial. Some researchers also propose that 
organic compounds produced abiotically in serpentinites may con-
tribute to certain oil and gas reservoirs (Gold, 1979, 1999; Szatmari, 
1989) and that similar reactions may have been the source of prebi-
otic organic compounds on early Earth (Holm and Andersson, 
1998; Shock and Schulte, 1998; Sleep et al., 2004). Conditions of 
early Earth were likely similar to the hydrogen-rich anaerobic envi-
ronment within the subsurface of Lost City, and the alkaline condi-
tions are favorable for some aspects of prebiotic chemistry, such as 
formation of RNA-bearing vesicles (Russell, 2003). Despite the po-
8
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tential importance of a subsurface hydrogen-based biosphere, it has 
not been well studied. Previous studies of ultramafic-hosted hydro-
thermal systems concentrated on active vent areas and their hydro-
thermal deposits (Schrenk et al., 2004; Takai et al., 2004; Nercessian 
et al., 2005; Brazelton et al., 2006, 2009, 2010; Perner et al., 2007; 
Brazelton and Baross, 2009). Because of the significant difference in 
volatile compositions and limited CO2 stability at high pH, one can 
expect that biotopes hosted in serpentinizing environments will dif-
fer significantly from axial basaltic-hosted vent systems in which 
CO2 is a dominant volatile species (Perner et al., 2007; Proskurowski 
et al., 2004, 2006, 2008; McCollom and Seewald, 2006; McCollom, 
2007). In addition, the mixing of oxidized seawater with highly re-
duced fluids leads to complex 3-D gradients in fluid chemistry and 
temperature that may influence microbial distribution and activity. 
Substantially different habitats harboring various types of aerobic 
and anaerobic metabolisms may thus occur over a narrow spatial 
scale. However, essentially nothing is known from in situ studies of 
the nature and importance of microbial communities in ser-
pentinizing basement rocks and in areas of diffuse flow or how 
these vary with lithology and seafloor age. In addition, little is 
known about the role microbes play in controlling fluid composi-
tions and carbonate precipitation (Dupraz et al., 2009; Ehrlich, 
2009).

Carbon budget of hydrothermal circulation
Large-amplitude anomalies exhibiting very low total dissolved 

manganese/methane ratios in the water column above fault-
bounded peridotite bodies confirm that seawater-peridotite inter-
actions generate extensive CH4 plumes (Charlou et al., 1991, 1998; 
German et al., 2009; Bougault et al., 1993; Rona et al., 1992). Addi-
tional evidence that considerable volumes of hydrocarbons may be 
generated during serpentinization processes is provided by pore 
waters sampled during Ocean Drilling Program (ODP) Leg 125 at a 
serpentinized seamount in the Mariana fore arc, where high con-
centrations of CH4 and C2H6 were measured (Haggerty, 1991; Mottl 
and Haggerty, 1989). These studies imply that a significant amount 
of carbon is transferred from the upper mantle to the hydrosphere 
through serpentinization processes.

Stable isotope and radiocarbon measurements on methane 
venting at Lost City demonstrate that methane is ultimately derived 
abiotically from mantle CO2 as opposed to seawater bicarbonate 
(Proskurowski et al., 2008) and imply that seawater bicarbonate car-
ried with recharge fluids is largely removed, presumably in carbon-
ate minerals, before the abiotic reactions that form methane occur. 
This process is consistent with similar studies of CO2 in high-tem-
perature fluids from the Endeavour segment of the Juan de Fuca 
Ridge (Proskurowski et al., 2004) that indicate a magmatic source of 
carbon in hydrothermal fluids that were venting after a 1999 earth-
quake and require that a large fraction of seawater bicarbonate orig-
inally present in downwelling fluids is removed during 
hydrothermal circulation. Extraction of seawater bicarbonate 
during recharge processes at the LCHF is substantiated by stable 
isotope compositions of calcite veins in the basement rocks (Früh-
Green et al., 2003) that point to a dominant seawater component in 
the fluids at the time of calcite precipitation. Thus, the calcite vein 
networks in the Atlantis Massif footwall indicate seawater recharge 
pathways during the lifetime of the system that provide local do-
mains for mixing of oxidizing seawater and reduced hydrothermal 
fluids with important consequences for the existence of a deep bio-
sphere. Because of the unique relationship between CO2 and CH4 in 
serpentinizing systems, understanding the controls on the produc-

tion and consumption of CO2 and CH4 is fundamental to under-
standing carbon biogeochemical cycles in these systems. At Lost 
City, significant quantities of CO2 are also removed from seawater 
in forming the chimneys themselves. In addition, oceanic ser-
pentinites may be a previously unrecognized reservoir of organic 
carbon, possibly originating from dissolved organic carbon in sea-
water (Delacour et al., 2008c). However, it is still uncertain whether 
there is net fixation of carbon from the hydrosphere into the solid 
Earth during these processes.

When considering global carbon budgets and the potential for 
CO2 sequestration through carbonate precipitation in peridotites 
(Kelemen and Matter, 2008; Andreani et al., 2009; Boschi et al., 
2009), it is important to constrain the source of carbon, the volume 
of carbonate, and the rate of precipitation in ultramafic-hosted hy-
drothermal systems and the longevity of hydrothermal circulation. 
In this system, there may be positive feedback in which high reac-
tion rates are enhanced by exothermic heating during serpentiniza-
tion where permeability and reactive surface area are maintained or 
enhanced by cracking in response to volume expansion (Kelemen 
and Matter, 2008). If so, quantifying carbonate precipitation during 
serpentinization has direct implications for evaluating the potential 
of in situ peridotites for CO2 capture and storage. In the case of the 
LCHF, although we can constrain the current focused output of the 
system, we do not know the large-scale patterns of recharge and 
more diffuse discharge or the volume of carbonate veining in the 
footwall and have only a minimum estimate of the longevity of the 
system (Früh-Green et al., 2003; Ludwig et al., 2011). To evaluate 
how widespread Lost City–type intermediate-temperature systems 
are in slow-spreading environments and to what distance from the 
ridge axis seawater circulation and serpentinization persist, we 
need a better understanding of the controls on the location of the 
LCHF as well as spatial and temporal constraints on serpentiniza-
tion and carbonate precipitation. Much remains to be understood 
about the necessary conditions (pressure, temperature, mineral re-
actions, and fluid fluxes) to form carbonate deposits and the con-
trols on fluid circulation and its role in supporting a subsurface 
biosphere.

The evolution of hydrothermal circulation 
associated with detachment faulting

Another important question to address through drilling con-
cerned the links between detachment faults, deformation, and hy-
drothermal circulation that feed high-temperature mid-ocean-ridge 
vent fields. Research on detachment faulting and OCCs indicates 
that this style of oceanic spreading is intimately linked to hydrother-
mal circulation and encompasses a wide variety of fluid flow and hy-
drothermal regimes (McCaig et al., 2007). High-temperature fluid 
circulation is well documented mineralogically and geochemically 
(Schroeder and John, 2004; Boschi et al., 2006; McCaig et al., 2010), 
and uplift along detachments may promote circulation and alter-
ation within the footwall (Andreani et al., 2007). McCaig et al. 
(2007) propose temporal evolution in the style of hydrothermal cir-
culation associated with the development of OCCs: from high-tem-
perature systems hosted in the basaltic hanging wall within the rift 
valley (e.g., Trans-Atlantic Geotraverse [TAG]-type), to high-tem-
perature ultramafic-hosted systems within the footwall (Rainbow-
type), and ultimately to off-axis ultramafic-hosted systems within 
the footwall (Lost City–type). At Atlantis Massif we can study the 
first and third of these circulation types.

Recent estimates suggest that focused flow in large high-tem-
perature hydrothermal fields may dominate the transfer of much of 
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the total heat from the ridges to the oceans in slow-spreading envi-
ronments (German et al., 2009) and are therefore fundamental in 
the thermal evolution of our planet. Sampling at different locations 
along the former detachment fault will allow us to evaluate records 
of fluid-rock interaction and metasomatism and test the hypothesis 
that exhumation faults serve as long-lived permeable pathways for 
hydrothermal flow that can feed moderate- to high-temperature hy-
drothermal vents (McCaig et al., 2007). In ultramafic/mafic systems, 
assemblages of talc-tremolite-chlorite form at >350°C (Boschi et al., 
2006, 2008; McCaig et al., 2010), typical of black smoker discharge 
zones, whereas serpentine-prehnite-hydrogarnet assemblages form 
at lower temperature vents (Frost et al., 2008; Bach and Klein, 2009). 
Spatially constrained sampling of the Atlantis Massif detachment 
system gives us an opportunity to map these variations in metamor-
phic assemblages, which in combination with geochemical and iso-
topic studies will help constrain temperatures and fluid-rock ratios 
(Delacour et al., 2008d).

Tectonomagmatic processes at asymmetric 
slow spreading ridges

OCCs are exposed in volcanic-poor areas where detachment 
faults remain active over periods of 1 to 3 My. These faults accom-
modate slip of up to 125 km (e.g., the Godzilla Mullion [Ohara et al., 
2001, 2002]), implying that an extremely weak zone of localized 
strain is maintained for significant periods of time. The envisaged 
mechanisms controlling long-lived stretching of the lithosphere 
along oceanic detachment faults call for feedback with hydrother-
mal fluid flow along the fault and the growth of weak hydrous min-
erals (notably serpentine and talc) that favor localization of ongoing 
deformation (Escartín et al., 2008). This process involves a crack-
seal mechanism associated with fluid circulation and mineral pre-
cipitation and could be a candidate for the generation of low-magni-
tude microseismicity.

Numerous recent geophysical and geological studies, as well as 
drilling at ODP and Integrated Ocean Drilling Program Sites 735B, 
1275, and U1309 (Ildefonse et al., 2007; Dick et al., 2000; Kelemen et 
al., 2007; Expedition 304/305 Scientists, 2006) have changed our 
view of how slow-spreading ridges operate. Magmatic activity is lo-
cally relatively high, as evidenced by an abundance of gabbros/dia-
base exposed and drilled in these regions. (e.g., at Integrated Ocean 
Drilling Program Site U1309; Blackman, Ildefonse, John, Ohara, 
Miller, MacLeod, and the Expedition 304/305 Scientists, 2006). The 
unexpected abundance of gabbro hosted by mantle peridotite sug-
gests that significant quantities of melt are generated beneath these 
volcanic-poor ridge segments, but much is trapped in the mantle as 
it turns into lithosphere beneath the ridge axis, rather than migrat-
ing upward to form a continuous magmatic crust (Figure F1). On-
going magmatic activity associated with asymmetric normal 
faulting results in a heterogeneous mafic and ultramafic lithosphere 
with diabase intrusions exposed in the denuded footwall, whereas 
accretion of volcanic seafloor persists in the hanging wall (Cannat et 
al., 2006; Smith et al., 2006; Ildefonse et al., 2007; Karson et al., 
2006). These results are consistent with recent numerical models 
that suggest about 50% of ridge extension must be accommodated 
by magmatic accretion to allow low-angle detachment faults to de-
velop (Tucholke et al., 2008). This magmatic activity is probably es-
sential to initiate and maintain large high-temperature 
hydrothermal systems (McCaig et al., 2007; Rona et al., 1993; Lalou 
et al., 1995; deMartin et al., 2007; Humphris and Cann, 2000; Can-
nat et al., 2004) and provides crucial feedback mechanisms between 
hydration-promoted melting, hydration, detachment faulting, and 

mass transfer (Jöns et al., 2009; Escartín et al., 2008; Reinen et al., 
1991; Moore and Rymer, 2007; Scruggs, 1997).

Understanding the links between faults in the brittle axial do-
main and deformation of the deeper ductile lithosphere is a key pa-
rameter for determining the mechanisms accommodating plate 
separation at mid-ocean ridges characterized by roughly equal par-
titioning of tectonic and magmatic spreading. Detachment faults 
are thought to initiate as high-angle normal faults extending ~8–10 
km; hence, the exhumed footwall provides a cross section through 
the upper part of the lithosphere (Figure F1). We proposed to sam-
ple the exposed, and therefore inactive, section of the Atlantis Mas-
sif fault system. Rocks recovered from near the breakaway (western 
side of the massif ) originated from shallow depths, and rocks from 
the easternmost side originated from depths of several kilometers. 
We did not plan to drill deep into the footwall, as this was achieved 
during Integrated Ocean Drilling Program Expedition 304/305.

Proposed drill sites
Southern wall of Atlantis Massif

The southern wall of Atlantis Massif is cut by steep normal 
faults that, together with mass wasting, expose a cross section of the 
lithosphere along a near-vertical, 3800 m high scarp north of the At-
lantis Fracture Zone (Figure F2). Extensive submersible and dredge 
sampling along this scarp recovered primarily serpentinized ultra-
mafic rocks (~70%) with interspersed lenses of gabbroic rocks 
(~30%) (Kelley et al., 2005; Schroeder and John, 2004; Boschi et al., 
2006; Karson et al., 2006; Blackman et al., 2002). These samples of 
peridotites are primarily depleted spinel harzburgites and are af-
fected by variable but high degrees of serpentinization (in general 
70%–100%). An approximately 100 m thick zone of heterogeneous 
deformation and metamorphic assemblages considered to repre-
sent the zone of detachment faulting (Karson et al., 2006) was previ-
ously mapped for at least 3 km along the crest of the Atlantis Massif 
southern wall in the vicinity of the LCHF. Within this zone, strain 
localization and focused fluid flow is marked by the presence of 
centimeter- to decimeter-thick domains of mylonitic serpentinized 
peridotites and metasomatic talc-rich and/or amphibole-chlorite–
rich rocks that form shear zones with anastomosing to laminated 
foliations surrounding less deformed peridotites and gabbro 
(Schroeder and John, 2004; Boschi et al., 2006; Karson et al., 2006). 
Fresh high-temperature peridotite mylonites locally preserve unal-
tered olivine relics, which suggests an early high-temperature his-
tory of the fault zone (Schroeder and John, 2004; Boschi et al., 2006, 
2008). These observations indicate that the detachment cannot be 
considered a single fault boundary between deformed and unde-
formed rocks but is rather a broad “damage” zone with localized 
high-strain deformation within a heterogeneous upper mantle sec-
tion. Pelagic limestones and sedimentary breccias with basaltic and 
serpentinite clasts cover the zone of detachment faulting and form a 
nearly flat-lying sedimentary cap (Figure F3) believed to act as a 
barrier for heat and hydrothermal fluids (Kelley et al., 2005; Karson 
et al., 2006; Früh-Green et al., 2003; Schroeder et al., 2002).

Lost City hydrothermal field
The LCHF extends more than 400 m in length, with numerous 

active and inactive carbonate-brucite structures up to 60 m in 
height hosting dense microbial communities with limited phyloge-
netic diversity (Schrenk et al., 2004; Brazelton et al., 2006; Mehta 
and Baross, 2006). The high-temperature anoxic interior zones of 
the chimneys harbor biofilms dominated by a single phylotype of 
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archaea, referred to as Lost City Methanosarcinales, whereas bacte-
ria phylogenetically related to CH4- and S-oxidizers are mostly 
found in the oxygenated outer walls of carbonate chimneys, where 
fluid chemistry is influenced by the ingress and mixing of seawater 
(Kelley et al., 2005; Schrenk et al., 2004; Brazelton et al., 2006; Lang 
et al., 2012).

Older nonventing sites are dominated by a single phylotype be-
longing to the ANME-1 clade of anaerobic methane–oxidizing ar-
chaea (Brazelton et al., 2006). Organic geochemical studies 
identified archaeal biomarkers in the chimneys that include iso-
prenoid hydrocarbons, glycerol diphytanyl diethers, and glycerol 
dibiphytanyl glycerol tetraethers (Bradley et al., 2009a, 2009b; 
Méhay et al., 2009, 2013) and bacterial biomarkers that include fatty 
acids, alcohols, hopanoids, and nonisoprenoidal diethers. The inte-
gration of genomic data (Brazelton et al., 2006, 2009, 2010; Brazle-
ton and Baross, 2009) and compound-specific isotope 
characterization of the lipid biomarkers indicate variations in me-
tabolism involving methanogenesis, methane and sulfur oxidation, 
and sulfate reduction over small scales during biofilm growth. Anal-
yses of organic carbon in the hydrothermal deposits show that up to 
50% of the microbial biomass is synthesized from this mantle car-
bon in areas where sulfate reduction is important (Lang et al., 2012). 
These studies imply that a significant amount of abiogenic carbon 
can be transferred from upper mantle domains to the biosphere and 
hydrosphere through serpentinization processes. A study utilizing 
next-generation sequencing technology shows that the archaeal and 
bacterial biofilm communities undergo dramatic changes as envi-
ronmental conditions in Lost City chimneys change over time (Bra-
zelton et al., 2010). Microorganisms that comprise a small fraction 
of the community in the hottest, youngest chimneys may be the 
dominant species in older chimneys with different mineralogy and 
fluid chemistry. This observation indicates that these species can 
remain in the rare biosphere for at least hundreds of years before 
they find themselves in conditions for which they were optimally 
adapted. Sampling the proposed Atlantis Massif transect may reveal 
dynamics of the rare biosphere operating on even longer timescales.

Fracture and fault networks in the basement below Lost City 
provide pathways for the fluids both vertically, forming the spire 
structures, and horizontally, forming carbonate growths parallel to 
the foliation in the serpentinites (Kelley et al., 2001, 2005; Ludwig et 
al., 2006). The nearly horizontal sheet-like style of flow is very dif-
ferent to the vertical conduits that typify black smoker environ-
ments (Kelley et al., 2005). Field mapping and observations indicate 
that fluid expulsion also occurs along steep fractures that extend 
into the carbonate cap sediments (Figure F3).

Central dome of Atlantis Massif
Expedition 304/305 targeted the central dome of Atlantis Mas-

sif. Drilling into the footwall was exceptionally successful in Hole 
U1309D (1656 m water depth), resulting in a stable 1415.5 m deep 
hole with very high average recovery (75%) (Expedition 304/305 
Scientists, 2006; Expedition Scientific Party, 2005a, 2005b). How-
ever, the recovered lithology was unexpected: extremely limited 
proportions (<0.3%) of mantle peridotite but a predominance of 
gabbro (91.4%; mostly very primitive), ultramafic intrusive se-
quences (including troctolites; 5.7%), and diabase (3%). Drilling re-
sults suggest that the gabbro body is a discrete body hosted within a 
mantle protolith (Ildefonse et al., 2007; Expedition 304/305 Scien-
tists, 2006). Drilling at Site U1309 was instrumental in overturning 
many predrilling hypotheses and has led to a need for revised para-

digms regarding processes of crustal accretion in these environ-
ments, particularly magma generation and distribution.

In general, Hole U1309D gabbros are remarkably undeformed. 
Evidence for talc-tremolite-chlorite schists, which mark the detach-
ment fault on the southern wall, is confined to around 5 cm of intact 
core, clasts in fault breccia, and loose cobbles in several holes. The 
thickness of fault rocks cannot be more than 15 m, as gabbros occur 
within 20 m of the seafloor, suggesting significant thinning com-
pared with the south wall. However, the fault zone may also be ex-
pressed by several zones of breccia within the upper 120 m of Holes 
U1309B and U1309D and by a deeper zone at around 700 meters 
below seafloor (mbsf) (Expedition 304/305 Scientists, 2006; Expedi-
tion Scientific Party 2005a, 2005b; Michibayashi et al., 2008). De-
tailed paleomagnetic studies on cores from Hole U1309D 
reoriented using borehole wall imagery demonstrate that the Atlan-
tis Massif footwall has undergone a bulk tectonic rotation of at least 
46° ± 6° around a ridge-parallel (011°-trending) axis, consistent with 
a “rolling hinge” flexural unloading model for the detachment fault 
system (Morris et al., 2009). Together, these results challenge the 
commonly held hypothesis that the bulk rheology of slow-spreading 
lithosphere is primarily controlled by cooling of a simple thermal 
structure and instead suggest that strain localization favored by lith-
ologic contrasts and hydrous alteration are also important, as well 
as perhaps highly heterogeneous cooling around large hydrother-
mal systems (Boschi et al., 2006; Karson et al., 2006; Escartín et al., 
2003; McCaig et al., 2010).

Scientific objectives
The need for shallow drilling 

across Atlantis Massif
Our drilling strategy focused on obtaining good recovery of 

continuous sequences in the upper 50–80 mbsf, both along an east–
west profile at the top of the Atlantis Massif southern wall (in the 
vicinity of the LCHF) and in a north–south profile toward the cen-
tral dome (where the substrate is gabbroic). Currently, almost noth-
ing is known about the existence of a serpentinite-hosted 
subsurface biosphere (in any setting, marine or terrestrial), let alone 
its variation. Drilling the east–west profile would allow a better un-
derstanding of the evolution of the detachment fault and how mi-
crobial communities evolve as ultramafic rocks are emplaced on the 
seafloor. Drilling the north–south profile would allow assessment of 
the role of gabbros versus serpentinized ultramafic rocks in sup-
porting ecosystems and in localizing detachment faults.

Specific hypotheses that we proposed to test by drilling were as 
follows:

• An extensive subsurface hydrogen-based biosphere persists in 
serpentinizing lithosphere. These communities evolve and 
adapt to variations in diffuse fluid flow, fluid chemistry, heat 
flow distribution, and age of exposure on seafloor aging.

• Serpentinizing environments sustain higher biomass than gab-
broic-dominated domains.

• Progressive denudation and seawater interaction with ultra-
mafic- and mafic-dominated lithosphere lead to ultramafic-
hosted hydrothermal systems that change from high-tempera-
ture, magmatically driven sulfide deposits to low-temperature 
hydrothermal carbonate deposits. Moderate- to low-tempera-
ture hydrothermal activity may last for hundreds of thousands 
of years, and the change to carbonate-dominated systems occurs 
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as soon as ultramafic rocks are exposed on the seafloor in the 
absence of active volcanism.

• The transition from sulfide- to carbonate-dominated environ-
ments can be detected by changes in the rare biosphere of the 
associated microbial communities.

• Zones of intense carbonate veining underlie sites of diffuse vent-
ing and represent seawater recharge and net sequestration of 
CO2 from the hydrosphere into the lithosphere. These zones are 
biological hot spots where microbial communities are supported 
by the high fluxes of H2 mixing with CO2.

• Strain localization on detachments results from weak serpen-
tine-, talc-, amphibole-, and chlorite-bearing assemblages con-
centrated into ultramafic rather than gabbroic rocks.

Constraining the deep biosphere 
in a serpentinizing environment

A major question to be addressed is whether serpentinization 
supports microbial communities in the basement rocks similar to 
those in the carbonate chimneys and fluids at the LCHF. The warm-
est, highest pH domains of carbonate chimneys are dominated by a 
single clade of Lost City Methanosarcinales archaea (Schrenk et al., 
2004). Other organisms are apparently unable to succeed in the ex-
treme (low ∑CO2, high pH, and highly reducing) conditions of the 
serpentinizing fluids at temperatures approaching 100°C. Zones 
where CO2 and electron acceptors such as oxygen, nitrate, and sul-
fate are provided by mixing ambient seawater with hydrothermal 
fluid harbor diverse bacteria including methane- and sulfur-oxidiz-
ing organisms.

Because fluid flow in the basement rocks is likely to be much 
more diffuse than the focused flow creating the Lost City chimneys, 
it is likely that these fluids will contain more CO2 and electron ac-
ceptors mixed in from seawater and/or not yet reduced by ser-
pentinization reactions. Therefore, we hypothesized that microbial 
communities in the underlying peridotites would show greater di-
versity than those in the main chimney complex. Also, because of 
the immense volume of Atlantis Massif expected to host hydrother-
mal circulation, the biomass of this subsurface community could 
potentially dwarf that of the Lost City chimneys. In particular, pri-
mary producers utilizing CO2 from seawater and reduced species, 
such as H2 from serpentinizing fluids, should flourish. Sulfate is 
likely to be an important electron acceptor in subsurface communi-
ties because sulfate concentrations remain high in Lost City fluids 
(1–4 mM) (Kelley et al., 2005). We expected that domains with suf-
ficient concentrations of sulfate will host consortia of anaerobic 
methane oxidizing archaea and sulfate-reducing bacteria, as ob-
served in gas hydrates and mud volcanoes (Orphan et al., 2001). 
Therefore, Atlantis Massif could potentially host extensive commu-
nities dominated by both methanogens and methanotrophs. Con-
straining the distribution and activity of these organisms is essential 
for understanding biological carbon cycling through slow-spread-
ing ocean crust.

In addition to chemolithoautotrophs, heterotrophic organisms 
are expected to be present in the ultramafic subsurface, where they 
could be supported by organic compounds generated by serpentini-
zation. Environmental DNA sequencing of Lost City fluids (Bra-
zelton et al., 2006, 2009, 2010; Brazelton and Baross, 2009) and lipid 
biomarker analyses (Bradley et al., 2009a, 2009b; Méhay et al., 2009, 
2013) reveal the presence of archaeal species that are absent in the 
carbonate chimneys. These include 16S rRNA gene sequences be-
longing to Thermococcales (Euryarchaeota phylum) and uncul-
tured Crenarchaeota, which are surprisingly similar to those in 

diffuse hydrothermal fluids of basalt-hosted hydrothermal systems 
(Brazleton et al., 2006). In such systems, the presence of these ther-
mophilic archaea is indicative of an organic-rich, high-temperature 
subseafloor biotope (Summit and Baross, 2001). Although their 
physiology is unknown, the Thermococcales representatives are 
most closely related to heterotrophs, implying a source of organics 
in the subsurface. The proposed drill cores would allow us to di-
rectly test whether heterotrophic communities are abundant within 
Atlantis Massif and whether their distribution is consistent with a 
community supported by serpentinization-derived organic com-
pounds.

The proposed east–west transect would also provide an excel-
lent opportunity to explore the rare biosphere (Brazelton et al., 
2010) of subsurface communities inhabiting rocks differing in age 
by ~1 Ma. Virtually nothing is known about the biogeography of 
subsurface communities in oceanic crust. Our sampling scheme will 
shed light on important questions of whether microbial communi-
ties potentially adapted to magmatically driven, sulfide-dominated 
environments and are able to transition to serpentinizing, carbon-
ate-dominated environments over a ~1 My timescale. Is there any 
overlap between the communities? At what point are the sulfide-
adapted organisms succeeded by carbonate-adapted organisms? 
Are species in the westernmost, oldest rocks already present at very 
rare levels in the easternmost, youngest rocks, indicating that spe-
cies can remain rare for up to 1 My before “blooming”?

Some microbiological results are available from Expedition 305 
at Atlantis Massif to guide our efforts (Mason et al., 2010). Rocks 
were collected for molecular analyses from 400 to 1400 mbsf, and 
aerobic bacteria were cultured in variable lithologies (gabbro and 
olivine-bearing gabbro) with variable (10%–50%) alteration deeper 
than 1300 mbsf (temperature > 75°C). Mason et al. (2010) had no 
success culturing bacteria from the troctolites, and no archaea were 
found. The microorganisms cultured from the central dome are 
most similar to organisms known to degrade hydrocarbons and are 
distinct from those cultured from LCHF carbonates (Schrenk et al., 
2004; Brazelton et al., 2006).

Importance of recovering carbonate 
cap sequences

Polymictic sedimentary breccias overlain by pelagic limestones 
or chalks form the 1–2 m thick, flat-lying carbonate cap that was 
previously mapped over a large portion of the top of Atlantis Massif 
(Figure F3) (Kelley et al., 2001, 2005; Blackman et al., 2002). The dif-
fusely percolating high-pH fluids emanating from the underlying 
serpentinites locally promoted rapid sediment lithification and may 
provide an important niche for microbial activity kilometers away 
from areas of focused flow. Recovery of intact sedimentary se-
quences was not possible during Expedition 304/305, and this re-
mained a priority attainable with our proposed drilling strategy.

At present, we have no constraints on the presence, diversity, 
and abundance of microbial communities in the sediments. The 
carbonate cap was thus an important target for drilling to evaluate 
its role in microbial activity in a carbonate-dominated environment, 
one in which the chemistry (with precursor sedimentary organic 
and inorganic carbon sources), porosity, and temperature structure 
is different than those of hydrothermal carbonate towers or in base-
ment peridotites. This environment likely supports a more diverse 
microbial community that may be distinct from those in the base-
ment, carbonate chimneys, and fissure fillings. The wide lateral ex-
tent of the carbonate cap has implications for the quantification of 
total chemical fluxes and the diversity of ecosystems that may be 
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supported by peridotite-hosted hydrothermal systems. If alkaline, 
CH4-, and H2-rich fluids are emitted diffusely over a broad region, 
the sedimentary cap rocks represent an important biological niche 
for communities living in diffuse fluid flow and expands the amount 
of biomass that may be supported by these systems. Drilling in the 
sedimentary cap rocks also offers an important opportunity to con-
strain the depositional, diagenetic, and alteration history of these 
sediments. Determination of the mineralogies and fossil and lithic 
assemblages, combined with O-isotope stratigraphy and radiocar-
bon age dating, can provide important information on the timing of 
microbial community shifts in relation to the evolution of detach-
ment faulting, exhumation, and the initiation and episodicity of hy-
drothermal activity.

Detachment faulting and the evolution
of oceanic core complexes

Our planned drilling aimed at obtaining good, continuous re-
covery of the talc-amphibole-chlorite schists, serpentinite mylo-
nites, and variably altered peridotites and gabbros that comprise the 
zone of detachment faulting across and along isochrons. Drilling 
profiles into the damage zone would constrain thickness variations 
of the detachment fault zone, help us better understand how strain 
is localized at this tectonic boundary, and document discontinuities 
that may reflect removal by later faulting. By drilling east–west pro-
files along the southern wall and north–south profiles toward the 
central dome and using Integrated Ocean Drilling Program Hole 
U1309D as a tie point, we would be able to document spatial and 
temporal heterogeneity in rock type and therefore magmatic and 
tectonic accommodation to plate spreading and to assess the role of 
rheological contrasts between competent gabbro and weaker ser-
pentinized ultramafic rocks in localizing detachment faults. Drilling 
would ultimately allow a better understanding of the evolution of 
the massif as it was progressively uplifted to the seafloor and cooled. 
Although there are other OCCs where similar studies could be en-
visaged, Atlantis Massif is the only one currently known that also 
hosts a low/moderate-temperature hydrothermal system, allowing 
multiple objectives to be achieved within a single expedition. Thus, 
our study provides a unique opportunity to evaluate the extent and 
activity of the subsurface biosphere within a well-defined geological 
and geochemical context that is representative of processes that 
form a large proportion of the seafloor in slow-spreading ridge envi-
ronments.

Alignment with the IODP Science Plan
Expedition 357 set out to drill a series of shallow (~50–80 m) 

holes across Atlantis Massif (30°N; MAR) in an effort to (1) recover 
in situ sequences of sediments, hydrothermal deposits/veins, and 
variably deformed metasomatic talc-amphibole-chlorite–rich rocks 
and serpentinized peridotites along a spreading-parallel (east–west) 
profile at the top of the southern wall of Atlantis Massif and (2) ob-
tain comparable in situ sequences along a ridge-parallel (north–
south) profile on the Atlantis Massif central dome, where rock types 
are known to change from dominantly ultramafic to dominantly 
mafic.

Major scientific questions that we planned to address by drilling 
include the following:

• What is the nature of microbial communities hosted by ser-
pentinizing rocks, and to what depth is microbial activity sus-
tained? How do these vary with aging of the lithosphere? How 

do they differ from or interact with communities in sediments 
and mafic substrates in the same age crust?

• What are the consequences of serpentinization processes for 
global (bio)geochemical cycles?

• What are the spatial scales of lithologic and hydrothermal vari-
ability in slow-spreading lithosphere and the implications for 
heat and fluid fluxes and microbial life?

• How are carbon-bearing phases distributed locally and region-
ally? What are the rates of carbon fixation, as biomass or solid 
carbonate, in ultramafic rocks during low-temperature hydro-
thermal activity? What is the role of serpentinization in carbon 
sequestration?

• How do oceanic detachment faults develop and facilitate hydro-
thermal circulation? How do they affect the development of al-
teration patterns and the evolution of the deep biosphere in 
these environments?

Drilling Atlantis Massif provides an important opportunity to 
evaluate the extent and activity of the subsurface biosphere within a 
well-defined geological and geochemical context that is representa-
tive of processes that form a large proportion of the seafloor in slow-
spreading ridge environments. The planned drilling specifically ad-
dresses fundamental questions identified in the IODP Science Plan 
(https://www.iodp.org/science-plan-for-2013-2023) regarding 
Biosphere Frontiers, Earth Connections, and Earth in Motion:

• What are the origin, composition, and global significance of 
deep subseafloor communities?

• What are the limits of life in the subseafloor?
• How are seafloor spreading and mantle melting linked to ocean 

crustal architecture?
• What are the mechanisms, magnitude, and history of chemical 

exchanges between the oceanic crust and seawater?
• How do fluids link subseafloor tectonic, thermal, and biogeo-

chemical processes?

The processes controlling fluid flow and a deep biosphere are in-
timately linked, and over the past years many studies have concen-
trated on understanding sedimentary or volcanic systems with high-
temperature discharge or on areas of diffuse flow in volcanic units 
(D’Hondt et al., 2002, 2004; Shipboard Scientific Party, 2003; Expe-
dition 301 Scientists, 2005; Nakagawa et al., 2006; Lipp et al., 2008; 
Parkes et al., 2005; Biddle et al., 2006; Hinrichs et al., 2006; Inagaki 
et al., 2006; Huber et al., 2002, 2003). In contrast, the spatial scale of 
lithologic variability between mafic and ultramafic seafloor at slow-
spreading ridges, the implications for fluid flow paths and fluxes, 
and the subsurface ecosystems supported by these systems remain 
almost completely unconstrained. A major aim of drilling Atlantis 
Massif was to investigate the nature and distribution of microbial 
communities and their links with seawater infiltration and alter-
ation processes in two distinct, lithologically heterogeneous do-
mains of an OCC: (1) the serpentinizing basement at varying 
distances both from the ridge axis and from the active, low-tem-
perature hydrothermal field, the LCHF, and (2) a mafic, plutonic 
domain sampled from Hole U1309D that is less influenced by pres-
ent-day hydrothermal activity and serpentinization. Our objectives 
open new opportunities for the study of abiogenic production of or-
ganic compounds and their implications for prebiotic synthesis 
(Holm and Andersson, 1998; Shock and Schulte, 1998; Sleep et al., 
2004) and will help constrain the subsurface scale and longevity of 
hydrothermal circulation and hence rates of carbon fixation. This 
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study has implications both for past climate change (Kelemen and 
Matter, 2008; Andreani et al., 2009; Boschi et al., 2009) and possible 
active sequestration of CO2 in ultramafic rocks.

Operational strategy
Overview of offshore operational logistics
To achieve the expedition scientific objectives, seabed rock drill 

technology was chosen as the ideal method to recover high-quality 
shallow (50–70 m total length) cores from Atlantis Massif. To en-
able continuous operations, two seabed rock drills were chosen for 
this purpose: the Meeresboden-Bohrgerät (MeBo) 70 rock drill 
from the Center for Marine Environmental Sciences (MARUM; 
University of Bremen, Germany) and the British Geological Survey 
(BGS) RockDrill2 (RD2) (Figure F4). The RRS James Cook (Natural 
Environment Research Council [NERC], UK) was provided as an in-
kind contribution as the drilling platform in support of the seabed 
rock drill operations.

This was the first time that seabed drill technology was used in 
the ocean drilling programs. Both drills are remotely operated sys-
tems that are lowered onto the seabed, with power and control 
maintained from the surface via an umbilical. The systems use mul-
tiple rods and core barrels to progressively penetrate into the sea-
bed. They are both loosely based on an HQ-size coring system, 
producing between 61 and 62 mm diameter cores, similar in size to 
the standard IODP core diameter, while cutting a smaller diameter 
hole. By sitting on the seabed, they do not require heave compensa-
tion and consequently have good control on bit weight, analogous 
to land-based mining coring. Each system has the capacity to oper-
ate with either clear polycarbonate liners or stainless steel splits.

In support of the expedition’s scientific objectives, several other 
tools were utilized in addition to the seabed drills:

• A drill-mounted water sensor + sampling package
• A drill-mounted tracer delivery system
• Drill rig–deployed borehole plugs
• Cableless logging tools
• A conductivity, temperature, and depth (CTD) rosette system 

on the RRS James Cook

Several of these tools were custom designed for this expedition. 
Details of these systems will be provided in more detail in the Expe-
dition 357 methods chapter.

Mobilization of the vessel began on 16 October 2015 in South-
ampton, UK. The offshore science party joined the vessel on 24 Oc-
tober, and the RRS James Cook sailed on 26 October. The offshore 
phase ran for 47 days from 26 October to 11 December when the 
offshore science party disembarked the vessel and demobilization 
began. All European Consortium for Ocean Research Drilling 
(ECORD) Science Operator (ESO), BGS RD2, and MARUM MeBo 
staff cleared the vessel by 15 December.

In total, 16.4 days of Expedition 357 were spent operational on 
station, 19.5 days in transit, 4.7 days on standby because of weather, 
and 5.4 days on equipment-related downtime. See Table T1 for a 
summary of offshore operations and recovery. Shipboard-generated 
recovery plots are available on the ECORD Atlantis Massif Ser-
pentinization and Life Expedition website under weekly summaries 
(http://www.eso.ecord.org/expeditions/357/daily.php).

Offshore operations
Based on seismic and bathymetric data acquired during previ-

ous research in the Atlantis Massif area, 11 drill sites were proposed 

for investigation, encompassing an east–west transect and a north–
south transect. All holes were sited within an area approved by the 
Environmental Protection and Safety Panel. The general locations 
of the sites cored are shown in Figure F2. Table T2 details the dis-
tances between the various holes and sites.

Prior to coring operations, a multibeam survey was conducted 
to accurately place the break of slope against two preexisting bathy-
metric data sets and the proponent-provided site locations. The 
RRS James Cook operates a Kongsberg Simrad EM120 deep-sea 
multibeam echo sounder. To improve resolution and analysis of 
slope angles at each drill site, the beam angle on the EM120 was de-
creased to 45°. A 50 m resolution surface was generated within Ca-
ris HIPS and SIPS to assess each location for slope prior to landing 
each rock drill. This was later supplemented by further multibeam 
surveys over Atlantis Massif, the Atlantis Fracture Zone, the MAR, 
and some of the conjugate margin when coring operations were sus-
pended because of weather. The same swath settings were used as in 
the initial site survey.

Operations at each site followed a similar pattern. Before com-
mencing drilling operations, a cast of the ship’s CTD was run to 
capture a water column profile, in particular the bottom water char-
acter, prior to coring and any associated disturbance. Three Niskin 
bottles were fired at the bottom of the cast, two in the midwater col-
umn, and one near the surface. During drilling operations, real-time 
data streams from the drill-mounted sensors were monitored to 
track ephemeral events during penetration and operations. When 
suitable conditions enabled them, deployments of the cableless log-
ging tools and/or borehole plug systems were attempted after drill-
ing concluded. After recovery of the rock drills, water and core 
samples were immediately removed from the drills and brought into 
the laboratory for processing.

As with all mission-specific platform expeditions, no cores were 
split during the offshore phase; therefore, a comprehensive onshore 
phase complemented the offshore phase. Table T3 summarizes the 
descriptions and measurements made during Expedition 357 and 
indicates whether these were taken offshore or onshore. To prevent 
degradation of ephemeral samples during the offshore phase, se-
lected whole-round cores were acquired for microbiology (see Mi-
crobiology), and core material and water samples were obtained for 
analyses of gases and geochemistry (see Bulk rock geochemistry). 
Offshore analyses for contamination were conducted on drill fluid 
samples taken during operations (see Fluid chemistry and micro-
biology). All microbiology and geochemistry samples acquired off-
shore for postexpedition research were shipped either directly back 
to the requestor’s home laboratory or, for the pooled microbiology 
samples, directly to the Kochi Core Center (Japan) for later process-
ing by members of the science party. All samples were shipped un-
der controlled temperature conditions.

Onshore Science Party
The cores and geochemistry splits collected offshore were trans-

ported under refrigeration to the IODP Bremen Core Repository 
(BCR) at MARUM. Further analytical laboratories were accessed at 
MARUM (nondestructive core logging, marine geotechnics, and in-
organic geochemistry) and the Department of Geosciences at the 
University of Bremen (paleomagnetism and the carbon/sulfur anal-
ysis system).

Prior to the Onshore Science Party (OSP), natural gamma radia-
tion (NGR) measurements were conducted on all cores. In addition, 
continuous digital line scanning was conducted on each core 
through the liner, with four passes per core. After each pass, the 
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core was rotated 90°, resulting in a composite whole-core image (see 
Physical properties).

During the OSP (20 January–4 February 2016), the cores were 
described in detail and the IODP minimum and some standard 
measurements were made (Table T3). In addition, sampling for 
postexpedition scientific research was undertaken.

Summary of achievements
Expedition 357 was the first IODP expedition to utilize seabed 

rock drills to acquire subsurface core material. Although there were 
some technical challenges, as is to be expected when using subsea 
systems involving hydraulics, the method worked well, with recov-
ery of coherent material from a wide range of lithologies and de-
grees of deformation. The total core recovered by the two seabed 
drills was 57 m after 109 m of total penetration, with an overall re-
covery of 53% at nine different sites. Two holes north of the LCHF 
were drilled to nearly 16.5 mbsf, with an average core recovery of 
71%–75%. Such high recovery in shallow mantle sequences is nearly 
unprecedented in the history of ocean drilling. The cored sections 
were highly heterogeneous, ranging from moderately to highly al-
tered and deformed serpentinized peridotites with varying compo-
sitions and occurrences of talc-amphibole-schist zones and 
dolerites. Less abundant lithologies included lithified basalt brec-
cias, rodingites, and metagabbros with cataclastic to (ultra)mylo-
nitic deformation fabrics.

In addition to recovering lower crustal and upper mantle se-
quences of the Atlantis Massif detachment fault zone, advance-
ments in seabed drill rig technology funded by the ECORD were 
achieved during Expedition 357. For the first time, four borehole 
plug systems were installed by the RD2 drill, two of which we con-
sider to be well seated, whereas the condition of the other two bore-
hole plugs are uncertain. These borehole plugs will enable future 
sampling of formation fluid from the boreholes to understand geo-
chemical and microbiological processes in an actively serpentiniz-
ing system. New sensor packages designed for the expedition were 
highly successful and consistently delivered real-time chemical in-
formation while drilling, allowing in situ confirmation of ephemeral 
events such as gas release during penetration. Finally, a new pump 
system was proven to deliver a geochemical tracer during drilling 
for reliable contamination tracer testing.

The European Petrophysics Consortium worked with both drill 
teams and the ANTARES company (ANTARES Datensysteme 
GmbH, Stuhr, Germany) to develop a suite of battery-powered log-
ging tools that could be deployed cable-free downhole and stored in 
the tool rack of either drill system. Although we were unable to de-
ploy these systems in the open hole during the expedition because 
of unsuitable hole conditions, this was another key technological 
development that enhances the operational capability of seabed 
rock drills for future expeditions.

Principal expedition results
Multibeam bathymetry

During Expedition 357, a multibeam bathymetry survey was 
conducted over Atlantis Massif, portions of the conjugate margin 
across the MAR, and along the Atlantis Fracture Zone to the south. 
The new bathymetry, after processing, provides a grid with a resolu-
tion of 20–50 m per pixel (Figures F5, F6), which is two to five times 
higher resolution than previously available bathymetry for this area 

(100 m per pixel) (Blackman et al., 2002). The survey covers the en-
tire striated detachment fault surface and surrounding terrain, in-
cluding the ridge axis to the east, the Atlantis Fracture Zone to the 
south, the tectonized terrain off-axis and west of the detachment, 
and its gradual narrowing transition to the adjacent seafloor to the 
north (Figures F6, F7).

The striated detachment surface shows variations in geometry 
along-axis from south to north. Near the transform wall (south), the 
detachment fault surface summits near the LCHF at <800 meters 
below sea level (mbsl); from there it dips ~8° east toward the ridge 
axis, ~6° west (Figure F7), and ~8°–10° north toward the central 
dome. The detachment deepens to the north to >1500 mbsl. This 
deepening is associated with a change in shape; the detachment 
shows curvature along the spreading direction with slopes of up to 
15° at its termination toward the ridge axis, becomes subhorizontal, 
and dips up to 10° away from the axis. Across-axis profiles at differ-
ent locations along Atlantis Massif in Figure F8 show the position of 
the holes from Expedition 357 and the cored depth at Hole U1309D 
drilled during Expedition 304/305.

The hanging wall cutoff (termination) is well preserved toward 
the northern, deeper part of Atlantis Massif, corresponding to a 
sharp contact between the ridgeward-dipping striated fault plane 
and the adjacent seafloor volcanic terrain. This volcanic terrain has 
an ~5° to <10° tilt westward, away from the ridge axis, and hosts vol-
canic cones and a bathymetric texture typical of volcanic terrain 
along the rift valley floor (Figure F7). This portion of volcanic sea-
floor is bound further east by a fault scarp and corresponds to the 
top of a back tilted tectonic block, as previously identified (Black-
man et al., 2002; Cann et al., 1997).

The termination is not preserved to the south, ridgeward of the 
elevated portion of the detachment. Instead, the striated surface is 
dissected by a major scarp, with a relief of up to 3000 m from the rift 
valley floor and the top of the scarp (Figures F6, F7). This scarp 
shows a lobate structure indicating mass-wasting processes (slump-
ing). Laterally, it links north with the fault scarp bounding the tec-
tonically uplifted volcanic seafloor.

The striated surface is also affected by extensive mass wasting 
along its southern boundary toward the transform valley (Figures 
F6, F7). The mass wasting produces scarps that are concave at their 
subvertical headwall. The transform wall south of Atlantis Massif 
has an average slope of ~20° and numerous channels bound by high 
ridges channeling debris that deposits at the base of the transform 
valley. Smaller scale mass wasting is also observed on steeper slopes 
of the detachment fault surface, defining the extension-parallel stri-
ations.

Late small-slip faults (centimeters to tens of meters) cut the stri-
ated detachment surface. Faults are subparallel to oblique to the 
ridge axis (Figure F7). Most have scarps facing away from the ridge 
axis, with scarps up to ~10–20 m in vertical relief. The scarps have 
gentle slopes (<20°), likely due to the limited resolution of the multi-
beam bathymetry that cannot resolve these small-size scarps.

Lithology, alteration, and structure
Mantle to lithospheric processes

Cores from six sites across the southern wall of Atlantis Massif 
recovered a variety of ultramafic, mafic, and sedimentary rocks that 
exhibit a range of alteration styles and extent of alteration and de-
formation. Of the core recovered, serpentinized harzburgites and 
serpentinized dunites are predominant (44% by length); other major 
rock types include metadolerites and basaltic rocks (together 24%) 
15



Früh-Green et al. Expedition 357 Preliminary Report
and schistose metasomatic rocks containing talc, amphibole, and/or 
chlorite (11%). Minor calcareous sedimentary units (8%) and gab-
broic rocks (4%) were also recovered (Figure F9).

Serpentinized harzburgites and subordinate serpentinized dun-
ites are typically undeformed and commonly exhibit protogranular 
textures but are extensively serpentinized. Serpentinized dunites 
are found exclusively as limited intervals alternating with harzburg-
ite and likely represent relict mantle melt channels. Mantle melt-
rock reaction textures including vermicular spinels, and orthopy-
roxene veins were also observed. Minor intervals of ultramafic 
rocks infiltrated by gabbroic melts are also present. A small volume 
of gabbroic plutonic rocks was recovered, but no long coherent sec-
tions of gabbroic core were observed. Dolerites intrude amphibole-
rich fault rocks, locally with fractured chilled margins adjacent to 
these contacts. Poorly vesicular aphanitic to microcrystalline ba-
salts are also present, typically within sedimentary breccias and 
commonly with glassy margins. Calcareous sands rich in foramini-
fers and with rare rounded lithic fragments of basalt are common in 
shallow cores.

The southern wall is characterized by distinctly heterogeneous, 
both laterally and vertically, distribution of ultramafic and mafic 
rocks and a strong degree of alteration (Figure F10). The rock types 
and proportion of gabbroic rocks recovered during Expedition 357 
are distinctly different from the 1400 m long core of gabbroic rocks 
recovered during Expedition 304/305 at the central dome of the At-
lantis Massif.

Lithostratigraphy
The lithostratigraphy is described in an east–west transect 

across the southern wall of Atlantis Massif, followed by the sites 
north of the southern wall, as illustrated in Figure F10.

Eastern sites
Site M0075. The upper sections of both holes at Site M0075 re-

covered surficial deposits of angular sedimentary basaltic breccias 
underlying carbonate sand, with Hole M0075B recovering underly-
ing rubble and drilled fragments of metadolerite in addition to talc-
amphibole-chlorite-rich intervals.

Site M0068. Site M0068 is structurally more complex than 
what was observed at other sites, and a variety of lithologies were 
recovered, including intervals of intact rock commonly bounded by 
deformed talc-amphibole schists and breccias. Intervals of ser-
pentinized harzburgite are locally found with small gabbroic veins, 
and one interval appears to have been extensively impregnated by 
gabbroic melt. Some fresh olivine was also observed in the ser-
pentinized harzburgite from this site. Metagabbro and gabbronorite 
are present in small intervals. Metagabbro and talc-tremolite schists 
were both observed to contain rare zircon in thin section. Most of 
the lower cores are composed of loose rubble of mixed composition. 
Structurally, this site is interpreted as a mass-wasting deposit with 
large boulders in places separated by intervals of finer rubble.

Central sites
Site M0069. Hole M0069A consisted of 10 cores that recovered 

serpentinized harzburgites, lesser serpentinized dunites, metagab-
bros, and metadolerites. The upper four cores of the hole contain 
carbonate sand, transitioning into a loose rubble unit dominated by 
angular fragments of serpentinized harzburgite (Section 5R-1, Unit 
1; fragments to 4 cm). Coherent sections of serpentinized harzburg-
ites (5% bastite after orthopyroxene) with observable mesh textures 
were observed below (Section 5R-1, Unit 2). A large portion of the 

remaining cores is dominated by metadolerite (Sections 5R-1, Unit 
3, through 9R-1, Unit 2) and rubble sections. Metadolerite is gener-
ally aphyric and microcrystalline to fine grained (typically 0.2–0.5 
mm); some sections exhibit larger clinopyroxene (up to 1 mm) and 
disseminated sulfides (<1 mm). The lower sections of the hole (9R-
1, Unit 3, through 10R-3) contain alternating serpentinized harz-
burgites and serpentinized dunites; harzburgites exhibit relict or-
thopyroxene (bastites; up to 10 mm and typically with a modal 
abundance of 10%–15%), and dunites typically contain chromian-
spinel.

Site M0072. In contrast to many other sites, Site M0072 con-
tains abundant mafic and metasomatic domains within the ser-
pentinized peridotites. The upper sections of both holes consist of 
surficial features including carbonate sands (with centimeter-scale 
subrounded basaltic lithic fragments), sedimentary basaltic brec-
cias, and basaltic rubble (with rare oxide gabbro fragments ob-
served in Hole M0072B). Deeper intervals of the basement were 
drilled in Hole M0072B; below surficial units, rubble sections of 
mixed composition (metabasalt, metagabbro, and serpentinized 
harzburgite; Sections 3R-1 through 5R-1, Unit 1) overlie a princi-
pally continuous interval of alternating talc-amphibole schists, 
rodingites, and serpentinized harzburgites (Sections 5R-1, Unit 3, to 
bottom of hole in 8R-2).

Site M0076. The predominant igneous lithology of Site M0076 
is serpentinized porphyroclastic harzburgite with lesser mafic li-
thologies. The upper sections of both holes are sedimentary basaltic 
breccias, which are stratigraphically better preserved in Hole 
M0076A (including the overlying fossiliferous carbonate sediment; 
Section 357-M0076B-1R-1 contains mostly rubble). Below this up-
permost interval is a principally coherent sequence dominated by 
oxidized serpentinized harzburgites. The upper contact of this zone 
consists of talc-amphibole schists that enclose small sections of 
metagabbro and oxidized serpentinized harzburgite. This transition 
into coherent intervals of metagabbro and oxidized serpentinized 
harzburgite (bastite after orthopyroxene to 10 mm, typically at a 
modal abundance of 10%–15%; Section 357-M0076A-2R-1, Unit 3). 
Below sections of mixed rubble (including fragments of ser-
pentinized harzburgite, serpentinized dunite, metagabbro, and talc-
amphibole schists) with intervals of coherent serpentinites (Sec-
tions 3R-1 and 4R-1, Unit 1) are continuous sections of veined and 
altered alternating serpentinized harzburgites and serpentinized 
dunites (Section 4R-1, Unit 2 and below).

Western and northern sites
Site M0071. Site M0071 cores consist principally of ser-

pentinized harzburgites and serpentinized dunites, with intervals of 
metagabbro and evidence for metagabbroic infiltration into ultra-
mafic rocks. Rubble sections are common throughout, and the 
ultramafic lithologies stratigraphically overlie a drilled interval of 
metadolerite. Overall, the site appears to have been drilled through 
a large ultramafic-dominated boulder on top of the surface of Atlan-
tis Massif.

Site M0070. The recovered lithologies are dominated by apha-
nitic to microcrystalline basalts that are typically poorly to sparsely 
vesicular and variably altered. Basaltic and doleritic fragments were 
exclusively observed within a variably cemented carbonate-matrix 
breccia. The material cored from this site is interpreted to be surfi-
cial sedimentary material (although this is likely to be locally de-
rived); no coherent sequences of intact igneous rock were drilled. 
Occasional plagioclase-phyric basalt fragments and minor metado-
lerite were observed.
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Site M0074. A single short core of fossiliferous carbonate sand 
was recovered.

Hydrothermal alteration of mantle-dominated lithosphere at 
Atlantis Massif
Alteration types

Within the recovered cores, five types of alteration were distin-
guished: serpentinization, talc-amphibole-chlorite metasomatism, 
rodingitization, oxidation, and one type classified as “other.” This 
“other” classification refers to hydration of gabbros, dolerites, and 
basaltic lithologies. Serpentinization is present throughout the sites 
and predominantly manifests as pervasive alteration with extensive 
to complete replacement of the primary mineralogy. Serpentiniza-
tion is characterized by mesh textures after olivine, bastites after or-
thopyroxene, and serpentine veins. Talc-amphibole-chlorite 
metasomatism is evidenced by pale greenish white alteration with 
assemblages of variable proportions of talc, amphibole, and chlorite. 
It develops both as pervasive and localized alteration and encloses 
serpentinized harzburgite intervals on centimeter to decimeter 
scales. Talc-amphibole-chlorite metasomatism is found at the con-
tacts with gabbros. Rodingitization is primarily restricted to Site 
M0072, where approximately five centimeter-sized intervals with 
pale brown to pinkish color occur adjacent to dark green regions of 
chlorite black walls and are repeatedly present over a few meters. 
Oxidation is characterized by reddish to brown serpentinized harz-
burgites and dunites. It occurs as both pervasive and localized alter-
ation and is also associated with calcium carbonate veining. 
Hydration of dolerites and basalts manifests as pervasive back-
ground alteration with slight to moderate intensity accompanied by 
alteration halos that flank veins. Secondary minerals vary depend-
ing on the temperature of alteration, with dolerites dominated by 
greenschist facies minerals (chlorite and amphibole) and basalts by 
low-temperature oxidation to iron oxyhydroxides and clays. Hydra-
tion of gabbros is generally associated with chlorite-amphibole as-
semblages.

Alteration history
Serpentinization, talc-amphibole-chlorite metasomatism, and 

oxidation alteration types are always present at sites that recovered 
ultramafic lithologies. Of these three types, serpentinization is the 
most dominant and pervasive. Overprinting relationships are fre-
quently observed and demonstrate an overall progression from ser-
pentinization to talc-amphibole-chlorite metasomatism and later 
oxidation. Rodingites show exceptional relationships between 
rodingite, talc ± amphibole-rich zones, and serpentinized harzburg-
ites and form at the contacts between gabbroic veins/lenses and ser-
pentinized harzburgites.

Hydrothermal veins are present within all lithologies, and com-
positions include serpentine, talc, chlorite, amphibole, epidote, 
quartz, and calcium carbonate. The veins are often complex, with 
multiple infillings and internal textures. Crosscutting relationships 
are complicated, with the same veins observed both crosscutting 
and being crosscut by a second vein. These observations indicate 
that the hydrothermal system does not show a simple evolution of 
the fluids. Calcium carbonate veins are not abundant across the 
massif and are surprisingly low in the sites around the LCHF.

Based on these observations, it is clear that hydrothermal alter-
ation at Atlantis Massif is a highly dynamic system with complex re-
lationships between the three dominant alteration types. The 
heterogeneity of the alteration and the hydrothermal veins provide 

insight into the scales of the hydrothermal processes operating 
within the detachment fault zone.

Structures and deformation history
The drilled sites are located along a roughly spreading-parallel 

transect (west–east) in various positions (trough or wall/flank) rela-
tive to individual corrugations of the detachment fault over the 
southern wall of Atlantis Massif. Despite the fact that a number of 
the holes recovered rocks considered not to be in situ, generaliza-
tions can be made about the structural history recorded.

Rare magmatic fabrics characterized by diffuse but planar centi-
meter-scale banding/layering of igneous minerals in gabbroic rocks 
were recovered in Hole M0068. Where characterized, the majority 
of the recovered harzburgite preserves protogranular textures; only 
rare, low intensity, localized protoclastic serpentinized peridotites 
were recovered.

As in Hole U1309D, a minimal amount of recovered core has 
strongly deformed microstructures formed at high temperatures. 
The majority of the recovered cores show only greenschist-grade 
semibrittle and brittle deformation, commonly associated with dol-
eritic intrusions. Fault rocks in shear zones are dominated by anas-
tomosing intervals of variable intensity, with schistose amphibole ± 
talc ± chlorite zones up to tens of centimeters thick. Locally, schis-
tose shear zones contain undeformed dolerite intrusions with pre-
served chilled margins; elsewhere, dolerite sheets record brittle and 
semibrittle deformation textures indicating repeated magmatism 
and faulting. Thin intervals of the schistose shear zones locally dis-
play intense cataclasis of other rock types reworked in the fault 
zone, with rare fine-grained intervals of cataclasis (possible fault 
gouge) recovered.

Bulk rock geochemistry
Rock samples were collected during the offshore and onshore 

phases for whole-rock geochemical measurements. Because of the 
decision to delay processing of these samples until work could be 
undertaken in a shore-based laboratory with appropriate equip-
ment for ultramafic materials, these data were not available by the 
end of the onshore phase. Results will be reported in the Proceed-
ings volume.

Fluid chemistry and microbiology
Inorganic, organic, and volatile fluid chemistry

An extensive water sampling program was conducted as part of 
the expedition to assess geochemical processes in the subsurface 
and connectivity to bottom water in the form of hydrothermal 
plumes. Sensor package Niskins were used to collect fluids flushed 
from the borehole (Table T4), and interstitial fluids in sediments 
were collected where available. An extensive CTD program col-
lected near-bottom water (<3 m above seafloor) from each drill site 
prior to drilling to identify the undisturbed predrilling characteris-
tics of the area (Table T5). Two casts collected background seawater 
for comparison in the Atlantis Fracture Zone and the MAR (de-
scribed as Holes M0075X and M0075Z, respectively, in Table T5). A 
final cast collected samples from the middle of the hydrothermal 
plume above the western end of the LCHF by using the methane 
sensor to identify the appropriate water column depth (described as 
Hole M0072X in Table T5).

A total of 41 fluid samples were analyzed for shipboard salinity 
and ammonium, and 38 samples were analyzed for dissolved inor-
ganic chemistry. These samples originated from the sensor package 
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Niskin bottles collected after drilling (N = 14), the CTD rosette Ni-
skin bottles collected from bottom water prior to drilling (N = 17), 
and interstitial fluids from a few sediment cores collected during 
drilling (N = 9). With few exceptions, the chemical composition of 
these fluids is identical to seawater composition in terms of salinity, 
major cations and anions, trace elements (when above limits of de-
tection), alkalinity, and pH, with the noted exception of a slight cor-
related deviation in sediment alkalinity, dissolved calcium, and the 
stable carbon isotopic composition of dissolved inorganic carbon in 
interstitial fluids from Hole M0069A sediments. There was no de-
tectable sulfide or ammonia in any sample. A total of 56 and 70 wa-
ter samples for hydrogen and methane analyses were collected from 
the shipboard CTD/rosette system and the drill rig sensor packages, 
respectively. Both methane and hydrogen range from below detec-
tion limit to nanomolar quantities. Typically, samples collected in 
the sensor package Niskins have significantly higher hydrogen con-
centrations than the bottom water collected prior to drilling. Hot 
spots of hydrogen were observed over Sites M0068–M0072; meth-
ane concentrations were highest over Site M0072 and were elevated 
at Sites M0069–M0071.

Microbiology
To accomplish the microbiology-related objectives of the expe-

dition, an extensive program was carried out offshore to collect 
whole-round core samples immediately after core retrieval, cura-
tion, and scanning with the multisensor core logger to enable pres-
ervation of ephemeral microbiological properties. This included 
(1) frozen preservation of core material for DNA- and lipid-based 
analyses in shore-based laboratories, (2) establishment of enrich-
ment incubations on the ship to assess the potential for various mi-
crobial metabolisms, (3) collection of samples to evaluate the 
performance of the tracer delivery, (4) preservation of samples for 
biomass determination via cell counting, and (5) collection of paral-
lel samples for spatial and isotopic geochemical determination, par-
ticularly focused on carbon and minerals. In addition to whole-
round core samples, the liner fluids bathing the cores and core bar-
rels were also collected to assess for potential contamination of the 
samples. Bottom water samples prior to and before drilling were 
also collected for this purpose, as well as to examine the flux of sub-
surface components to the water column.

The execution of the sampling plan for microbiology and other 
ephemeral properties was highly successful, even given the techno-
logical constraints of adapting this methodology to the particulars 
of seabed drilling. Because of the nature of seabed drilling, individ-
ual cores wait on the seabed until all cores from a hole are recovered 
at once. During Expedition 357, cores remained on the seabed from 
1.5–54 h prior to recovery on deck, with time on the seabed depen-
dent on drilling speed, total depth of penetration, and position of 
the core within the hole. The offshore core flow plan was optimized 
for collecting whole-round cores for ephemeral properties as soon 
as possible, resulting in total handling times once cores were recov-
ered on deck from 8 min (for the deepest core sections) to 7 h (for 
the shallower sections). In total, 42 whole-round core samples were 
taken from the 17 holes drilled during the expedition, totaling 
nearly 8 m in combined length and representing roughly 14% of the 
entire core recovered. From these samples, 29 different enrichment 
experiments were established on the ship, with initial indications of 
some positive activity in some of the treatments based on elevated 
cell counts.

Subsamples from these whole-round cores were immediately 
frozen at –80°C and then shipped to the Kochi Core Center, Japan. 
Exteriors of whole-round cores were then cut under sterile condi-
tions with a band saw system equipped in a clean booth and subsa-
mpled for perfluoromethylcyclohexane (PFC) tracer checks 
(exterior), concentration and isotopic composition of total inor-
ganic and total organic carbon, vein analysis, in situ organic carbon 
and Fe mineral analysis, and trapped-gas analysis. The interior por-
tions of frozen samples were subsampled and distributed for shore-
based DNA and RNA analyses, interior PFC tracers, and amino acid 
and lipid analyses.

To create initial assessments of microbial biomass in the core 
samples, cell abundance was determined offshore by direct count-
ing with an epifluorescence microscope following cell separation 
from the sample matrix. Cell abundance was variable and relatively 
low, ranging from 102–104 cells per cubic centimeter in rock sam-
ples and higher abundances in sediment samples. To enable such 
low levels of cell detection, great care was taken on the ship to min-
imize dust contamination of samples during processing, resulting in 
minimum quantification limit of 48 cells/cm3. 

A major technical development for this expedition was estab-
lishing a delivery system for adding a synthetic tracer (PFC) into the 
drilling fluids to monitor for the possibility of drilling-induced con-
tamination. Samples of core barrel liner fluids, sensor package Ni-
skin bottles, and exterior and interior pieces of whole-round core 
were collected to quantify the concentration of PFC tracer added 
during drilling operations and track its potential distribution into 
samples. After overcoming some technical difficulties with the me-
tering pump in the delivery system, we established that PFC was de-
livered at saturating (>1 mg/L) concentrations into the drilling 
fluids. Moreover, appropriate handling conditions combined with 
coherent core samples resulted in the absence of tracer from the in-
terior of core samples (whereas less coherent materials suffered po-
tential contamination from intrusion of tracer). Tracer delivery was 
most successful while coring Holes M0068B, M0070A–M0070C, 
M0071C, M0075A, and M0075B.

Sensor package
There were 17 full deployments of the custom sensor package 

on the rock drills during Expedition 357. As described in Offshore 
operations, each deployment included sensors for dissolved meth-
ane, dissolved oxygen, oxidation-reduction potential, conductivity, 
temperature, and pressure; deployments shallower than 1200 m wa-
ter depth also contained a pH sensor. Data from these sensors were 
observable in real time during drilling operations. Significant excur-
sions in methane during operations were observed in Holes 
M0070A, M0071A, M0072B, and M0076B, with visual observation 
of bubbles emanating from the boreholes during drilling at Holes 
M0070A and M0071A.

Borehole plugs
Two borehole plug systems were successfully installed by the 

RD2 drill (Holes M0072B and M0075B), with two other attempts 
made (Holes M0068B and M0071B) with unknown success. These 
borehole plug systems will enable future sampling of formation fluid 
from the boreholes to understand geochemical and microbiological 
processes in an actively serpentinizing system. In addition, equip-
ment was left behind in three holes (Holes M0069A, M0071C, and 
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M0076B) after difficult drilling conditions; it may be possible to uti-
lize this lost equipment for scientific purposes in the future.

Physical properties
Physical properties data were acquired from all cores recovered 

during Expedition 357. This includes measurements on whole-
round cores (magnetic susceptibility, gamma density, electrical re-
sistivity, NGR, and digital line scans through liners), split cores 
(high-resolution digital line scans and color reflectance spectro-
photometry), and 21 subsamples (P-wave velocity and moisture and 
density) taken from a range of lithologies across the study sites.

A negative correlation between magnetic susceptibility and 
electrical resistivity is relatively standard across most of the rock 
cores, whereas those parameters are positively correlated in sedi-
ment units. This may be attributed to fluid controlling resistivity in 
the sediment cores where the magnetic susceptibility and resistivity 
are both low. In hard rock cores, low porosity combined with the 
high proportion of magnetically susceptible components results in 
resistivity being controlled by the solid phases rather than any fluid 
present.

Density measurements on whole cores are primarily influenced 
by the quality of the core, and intervals of rubble are echoed in the 
scatter of the data profiles. Using gamma density in tandem with 
magnetic susceptibility can aid identification of certain lithologic 
boundaries, indicated by stepwise changes in the two parameters. 
For example, an interval of talc-amphibole-chlorite schist in Hole 
M0068B in the eastern area is characterized by lower densities and 
magnetic susceptibilities than the overlying (gabbroic) and underly-
ing (ultramafic) units. Similarly, at the boundary between ser-
pentinite and metagabbro at the base of Hole M0071A, a sharp 
decrease in magnetic susceptibility and increase in gamma density 
was observed.

Magnetic susceptibility does change overall from area to area, 
with western area cores having the highest magnetic susceptibility 
(mean = 3591 × 10–5 SI) across the Atlantis Massif study site and 
northern area cores (dominated by sediment) having the lowest 
(mean = 157 × 10–5 SI). The central and eastern areas are more com-
parable, with mean magnetic susceptibilities of 1187 × 10–5 SI and 
1280 × 10–5 SI, respectively. A lower abundance of talc from the 
western area holes may be indicative of higher magnetite content in 
the recovered cores, compared to more talc-rich lithologies to the 
east (see Lithology, alteration, and structure). This hypothesis is 
supported by X-ray diffraction measurements of bulk rock samples, 
which show significantly higher amounts of magnetite in the west 
than in the other areas.

NGR intensities are consistently low across all sites, which is 
reasonable given the lithologies cored. The corresponding in situ 
data sets from three of the holes (M0068B, M0071C, and M0076B; 
see Downhole logging) may facilitate depth matching cores and 
logs to position the cores closer to their original in situ depth below 
seafloor.

In terms of recorded color reflectance parameters, the mean 
lightness (L*) of cores is relatively constant across all four study ar-
eas (from 39.49% [central] to 44.98% [northern]). Color opponent 
dimension parameters are more variable. Mean a* is negative at all 
but the northern sites, where the orange-colored sediment recov-
ered from Site M0074 skews the data to positive (red). Mean b* is 
consistently positive (yellow) across the study areas. It is most posi-
tive in the northern (7.06) and central (3.03) areas because of the 
influence of the data from the sediment units at Site M0074 (north-
ern) and Site M0069 (central).

Moisture and density analyses on samples reveal that the ser-
pentinites form a discrete population with lower grain densities and 
slightly higher porosities compared to the schists, metadolerites, 
metagabbros, and gabbros (Figure F11). Calcareous sediment sam-
ples have similar grain densities to serpentinites but considerably 
higher porosities. It is difficult to comment on systematic changes 
in these parameters across Atlantis Massif because of the limited 
size of the data set.

Triaxial P-wave measurements were undertaken on all but the 
sediment minicore samples (Figure F12). Serpentinites yielded the 
widest range of P-wave velocities of the lithologies sampled, ranging 
from 4.46 to 7.62 km/s (values represent mean values of the triaxial 
measurements for each sample), with an overall mean of 5.94 km/s. 
The mafic rocks (metadolerites, metagabbros, and gabbros) have a 
narrower range of mean values, varying from 4.89 to 6.05 km/s with 
an overall mean of 5.48 km/s. Schists have similar velocities to mafic 
rocks, with mean values from 4.41 to 6.68 km/s and an overall mean 
of 5.26 km/s. No systematic changes in these velocities across the 
study areas were discerned based on this limited data set (18 sam-
ples). However, when relating the mean (x-, y-, z-direction) P-wave 
velocities to the corresponding porosity data, it is clear that the ve-
locities are porosity controlled (Figure F12).

Downhole logging
During Expedition 357, ~35 m of through-pipe total gamma ray 

logging measurements were acquired across three holes (M0068B 
[eastern], M0076B [central], and M0071C [western]). Other petro-
physical measurements (notably resistivity and magnetic suscepti-
bility) in the open hole were not possible for a variety of reasons, 
including boreholes too shallow for logging, boreholes obstructed 
by stuck core barrels and bottom-hole assemblies, and technical is-
sues with the seabed drills that prevented tool deployment (see Off-
shore operations).

The total gamma ray data acquired indicate extremely low in-
tensities of NGR from the lithologies encountered during this expe-
dition across the three areas. Some similarities with the 
complementary data sets taken on whole-round cores may facilitate 
depth-matching core data to the downhole logs. This correlation 
could provide a better estimate of the original in situ depth of the 
core material, especially in lower recovery holes.

Paleomagnetism
Magnetic susceptibility (kappa; κ) and natural remanent magne-

tization (NRM) of 15 discrete cylinder samples (volume = 11 cm3) 
from the eastern, central, and western sites were measured during 
the OSP. Samples were taken from working halves and relatively ori-
ented with respect to the top of the sampled cores. κ ranges from 
0.00031 to 0.0778 SI units (Table T6; Figure F13). The highest mag-
netic susceptibilities were displayed by a serpentinized dunite with 
melt intrusion, and the lowest κ values were restricted to specimens 
of talc-amphibole-chlorite schist. Higher κ values were frequently 
associated with more mafic rocks with greater amounts of iron ox-
ide minerals such as magnetite. A viscous NRM component in the 
vast majority of discrete paleomagnetic pilot samples was effectively 
randomized by the application of an alternating field of 5–20 mT to 
determine inclinations and declinations of all the discrete samples 
(Table T6; Figure F14). Cores were not oriented with respect to an 
azimuth, and the relatively few sample points per core section limit 
the usefulness of the declination data. A distinct cluster of data 
points from the central sites varies a few degrees from the predic-
tions of a geocentric axial dipole (GAD) model. Notably, all of the 
19



Früh-Green et al. Expedition 357 Preliminary Report
samples from the eastern sites have shallow inclinations; these were 
all serpentinites. Additionally, several samples had positive inclina-
tions; these were restricted to a metagabbro recovered from Hole 
M0071A. 

Preliminary scientific assessment
The overarching objectives of Expedition 357 focused on

• Exploring the extent and activity of the subsurface biosphere in 
young ultramafic and mafic seafloor;

• Quantifying the role of serpentinization in driving hydrothermal 
systems, sustaining microbiological communities, and seques-
tration of carbon in ultramafic rocks;

• Assessing how abiotic and biotic processes change with aging of 
the lithosphere and variations in rock type; and

• Characterizing tectonomagmatic processes that lead to litho-
spheric heterogeneities and the evolution of hydrothermal activ-
ity associated with detachment faulting.

To achieve these objectives, we set out to drill an east–west, 
spreading-parallel transect across the southern wall of Atlantis 
Massif and a south–north, ridge-parallel transect into the center of 
the massif (Figure F2). The east–west profile would allow evalua-
tion of how microbial communities evolve with variations in hydro-
thermal activity and age of emplacement on the seafloor and of the 
extent and evolution of carbonate precipitation in serpentinizing 
peridotites. The south–north profile would allow evaluation of the 
deep biosphere in varying lithologies and provide information on 
the role of differing rheologies of gabbros and serpentinized ultra-
mafic rocks in localizing detachment faults.

To accomplish these operations, we developed a coring and 
sampling strategy based around the use of seabed rock drills—the 
first time that such systems have been used in the ocean drilling 
programs. This technology was chosen in the hopes of achieving 
high recovery of the carbonate cap sequences and intact contact 
and deformation sequences to 50 mbsf, which is generally difficult 
to achieve in hard rock with conventional ocean drilling technolo-
gies. The expedition plan also included several engineering devel-
opments to assess geochemical parameters during drilling; sample 
bottom water before and after coring; supply synthetic tracers 
during drilling for contamination assessment; gather downhole logs 
of electrical resistivity and magnetic susceptibility for assessing 
fractures, fluid flows, and extent of serpentinization; and seal bore-
holes to provide opportunities for future experiments, all of which 
were supported and funded by IODP through ECORD. Although 
not an objective of the expedition, we were serendipitously able to 
generate a high-resolution (20 m per pixel) multibeam bathymetry 
map across the entire Atlantis Massif and nearby fracture zone, 
MAR, and eastern conjugate (Figure F6), taking advantage of 
weather and operational downtime. This map will assist science 
party members in evaluating and interpreting tectonic and mass-
wasting processes operating on Atlantis Massif.

Expedition 357 successfully drilled 13 holes along the east–west 
transect of the southern wall of Atlantis Massif, including 4 holes on 
the eastern section, 6 in the carbonate cap and basement immedi-
ately north of the LCHF, and 3 on the western edge (Figures F2, 
F10). We also collected core from 4 holes north of the southern 
wall. In total, we collected 57 m of core with 55% overall core recov-
ery (ranging from 0% at one site to 71% at another site and with 
100% recovery in some sections). Many lithologic contacts and 
structural features are preserved in the cores (Figure F10), even in 

fractured units and shear intervals, which validates our choice of us-
ing seabed rock drills. Although penetration below 17 mbsf proved 
impossible to achieve during the expedition because of the chal-
lenges of drilling in highly fractured and altered hard rock, we were 
successful in recovering the target rock type of moderately to highly 
altered and deformed serpentinized peridotites, gabbros, and mafic 
extrusive and dike rocks.

Core descriptions, structural measurements, and evaluation of 
the multibeam data during the onshore phase of the expedition pro-
vided an overview of the lithologic variations along the southern 
wall of Atlantis Massif. The lithologies along the east–west profile 
are dominated by highly serpentinized harzburgite with lesser dun-
ite, with gabbroic veins and lenses, and show variable degrees of 
talc-amphibole-chlorite metasomatism and local rodingitization. 
Cores from the central sites (M0069, M0072, and M0076) recovered 
in situ continuous sections that preserve intrusive contacts and 
sheared intervals. These cores provide a record of early magmatism 
in the shallow mantle, multiphased and continuous serpentiniza-
tion and metasomatism, injections of dolerite melts, and recent ba-
saltic volcanism.

Cores from the eastern and western sites recovered variably 
sized blocks of rubble and sedimentary units. The rubble blocks 
consist of serpentinized harzburgite and dunite, metagabbros, dol-
erites, metadolerites, and sedimentary units dominated by basaltic 
breccias. The lithologies, deformation, and alteration characteris-
tics in the rubble blocks are consistent with observations in the in 
situ sequences at the central sites; however, they provide no infor-
mation as to the orientation of structures or veins. Surprisingly, the 
cores we recovered had only minor amounts of carbonate veins and 
no evidence for extensive carbonation.

Despite not reaching the target depths, 42 whole-round core 
samples for detailed microbiological and geochemical analyses were 
collected. Shipboard determination of contamination tracer deliv-
ery enabled confirmation of appropriate sample handling proce-
dures for these samples, which will aid all subsequent 
microbiological investigations that are part of the science party 
sampling plans, as well as verification of this new tracer delivery 
technology for seabed drill rigs. Shipboard investigation of biomass 
density in select samples revealed relatively low and variable cell 
densities in the samples, and enrichment experiments set up ship-
board will continue to be monitored for growth and activity. Thus, 
we anticipate achieving many of the deep biosphere–related objec-
tives of the expedition through continued scientific investigation 
over the coming years. In combination with the anticipated micro-
biological results, shore-based petrological, structural, and geo-
chemical studies will allow us to achieve a number of our goals set 
out for the east–west transect.

Unfortunately, we were unsuccessful in completing the south–
north operations planned for the expedition, which will limit our 
ability to satisfy objectives related to understanding detachment 
faults. Also, no open-hole logging operations could be conducted 
during the expedition due to challenging hole conditions and equip-
ment failure. However, we were able to demonstrate the functional-
ity of the new magnetic susceptibility logging tool, which could have 
future applications for oceanographic and industry research, and 
the Optical Acoustic Gamma tool was run through pipe in three 
holes, providing a complementary data set for the NGR measure-
ments conducted prior to the OSP.

We were also successful in the application of other new technol-
ogies used in support of the expedition: (1) extensive use of a cus-
tom-designed in situ sensor package and water sampling system on 
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the seabed drills for evaluating real-time dissolved methane, oxy-
gen, pH, oxidation-reduction potential, temperature, and conduc-
tivity during drilling; (2) deploying a borehole plug system for 
sealing seabed drill boreholes to allow access for future sampling; 
and (3) proving that contamination tracers can be delivered into 
drilling fluids on seabed drills. The sensor packages delivered valu-
able real-time data that provided important evidence that the ultra-
mafic, and possibly volcanic, sequences are producing significant 
concentrations of hydrogen and methane during active serpentini-
zation.

Offshore operations
Transit to Atlantis Massif

At 0950 h Universal Time Coordinated (UTC) on 26 October 
2015, the Pilot joined the RRS James Cook. The vessel left the quay-
side at Southampton at 1021 h, and the Pilot departed at 1141 h. 
The vessel continued on transit toward the Atlantis Massif sites, ar-
riving at the first site at 1530 h local time (UTC – 2 h) on Thursday, 
5 November. All times hereafter will be in local time unless other-
wise stated.

Multibeam surveys and waiting on weather
Pre-existing bathymetric data sets included a more regional 100 

m resolution grid and a detailed 2 m resolution grid of the Lost City. 
However, there was an apparent offset between the two, potentially 
due to using different geographic projections. Therefore, prior to 
commencing coring operations, it was necessary to run a multi-
beam survey over the proposed coring sites to evaluate the slope an-
gles for both drills and accurately locate the break in slope at the 
southern edge of the Atlantis Massif complex.

On 5 November 2015, in proximity to Site M0068 at 
30°7.49717′N, 42°5.74742′W, a sound velocity profile was con-
ducted. The sonde was deployed at 1627 h and recovered to deck at 
1741 h. As data were downloaded, the vessel moved to the start of 
the first multibeam survey line. In total, five north–south survey 
lines were run, starting at 1814 h and ending at 2208 h. This initial 
survey covered Sites M0068 (proposed Site AM-02A), M0069 (pro-
posed Site AM-06A), M0071 (proposed Site AM-04A), M0072 (pro-
posed Site AM-01A), and M0076 (proposed Site AM-11A). On 8 
November, two multibeam lines were run in a northeast–southwest 
direction to survey the locations for Site M0070 (proposed Site AM-
07A), and Site M0074 (proposed Site AM-09A). The survey com-
menced at 1027 h and was completed by 1145 h.

On 12 November at 0830 h the Master of the Vessel decided to 
cease drilling operations because of concerns regarding the weather 
(after effects of Hurricane Kate). However, multibeam and CTD op-
erations were still possible, and we decided to prepare for possible 
coring at Sites M0073 (proposed Site AM-05A) and M0075 (pro-
posed Site AM-03A) by running these activities in advance of any 
coring at these locations. The vessel departed Site M0072 at 0900 h 
following recovery of the RD2 to deck and transited to the start of 
the first multibeam line. The vessel initially ran three lines: east–
west to cover proposed Site AM-05A, west–east covering Site 
M0075, and then continued east to cover an additional CTD cast 
taken over the MAR. This initial multibeam survey commenced at 
0928 h and was completed by 1220 h on 12 November. Following 
completion of the CTD cast at the MAR (see below) and Site 
M0073, another multibeam survey was started at 1900 h on 12 No-
vember and ran until ~0800 h on 13 November, when a CTD was 

conducted at Site M0074. This portion of the survey covered the 
western side of the Atlantis Massif complex.

Following the CTD cast at Site M0074 on 13 November, the ves-
sel continued to be officially “waiting on weather” as far as drilling 
operations were concerned, so we continued running north–south 
multibeam lines across the Atlantis Massif complex. This started at 
1150 h and continued until 2240 h when the weather became so bad 
that the survey had to be terminated so that the vessel could turn 
into the predominant weather direction and maintain a steady 
course, with winds from the southwest and 5 m swell from the 
northwest. The vessel maintained this course until the early hours 
of 14 November when operations began at Site M0075.

The vessel departed Site M0076 at 1900 h on 17 November. 
With both drills still undergoing repairs, we decided to continue the 
multibeam survey, concentrating on running east over the MAR 
and the conjugate margin to the Atlantis Massif complex. A total of 
five north–south lines were run starting at 1940 h on 17 November 
and ending at 0812 h on 18 November. The vessel then began to 
transit to Site M0071 to begin coring operations with the RD2.

Following deterioration of the weather conditions again and 
with the forecast not showing improvement, the vessel was put on 
“waiting on weather” status as far as coring operations were con-
cerned on 19 November. The vessel departed Site M0071 at 1226 h 
on 19 November and transited toward the start of two multibeam 
lines planned to image the Atlantis Fracture Zone south of the At-
lantis Massif complex. The survey commenced at 1315 h and ended 
at 2052 h.

By this point, the weather had deteriorated so much that the 
multibeam data were badly affected. The Master ordered the vessel 
onto a southwest course, heading 246° until further notice. The ves-
sel spent the entire day of 20 November heading southwest and then 
south, trying to avoid the worst of the weather. On 21 November, we 
decided to turn the vessel back toward Atlantis Massif and track the 
bad weather north, aiming to arrive back on site in workable condi-
tions. The vessel turned at 0500 h.

At 2229 h on 21 November, despite marginal conditions (swell > 
4.8 m), the vessel slowed to ~5 kt to begin a multibeam line running 
back across the Atlantis Fracture Zone and toward the Atlantis 
Massif complex. The data quality was marginal. At 0027 h on 22 
November, a new multibeam line was started running west to east 
along the foot of the massif complex to fill in some data gaps. How-
ever, the sea state was not conducive to running in this direction, 
causing the system to freeze and requiring restarting twice, with 
very poor data quality, and the line was terminated at 0243 h. We 
decided to move to the eastern conjugate margin and begin a south 
to north oriented line that would run with the swell. This third line 
started at 0348 h on 22 November and continued until 0600 h, when 
the vessel was turned toward Site M0070. 

At 2013 h on 28 November, the vessel departed Site M0075 to 
recommence multibeam surveying while waiting on technical re-
pairs to the RD2. The first line was the rerunning of a west to east 
line along the foot of Atlantis Massif because of the poor data qual-
ity acquired on 22 November. Following this run, the vessel moved 
to continue the north–south lines covering the eastern conjugate 
margin of Atlantis Massif. The survey commenced at 2215 h and 
ended at 0547 h on 29 November with the vessel transiting back to 
Site M0075 to restart coring operations.

At 1620 h on 30 November, the vessel departed from Site M0074 
to begin further multibeam surveys over Atlantis Massif, the Atlan-
tis Fracture Zone, and the eastern conjugate margin. Both seabed 
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drills were nonoperational with repairs not able to be undertaken at 
sea. The decision was therefore made to supplement the multibeam 
already acquired by continuing to survey the area, with one break 
for an additional CTD cast over Lost City, so as to best utilize the 
operational time remaining before commencing the transit back to 
Southampton, UK. The multibeam survey began at 1645 h on 30 
November, broke off at 0815 h on 1 December for the CTD cast, 
restarted at 1734 h, and ran until 0200 h on 2 December, when the 
vessel began the transit.

Additional CTDs
In addition to conducting a CTD cast prior to beginning coring 

operations at every site, two additional CTDs were requested by off-
shore science party members while waiting on weather and unable 
to continue with coring operations. These additional casts were in-
tended to capture the geochemical signature away from the main 
Lost City site and proposed coring locations, as unexpected levels of 
gases had been captured during the baseline CTDs prior to coring.

On 12 November, a CTD cast over the Atlantis Fracture Zone 
was conducted between 1220 and 1529 h. The cast reached ~2 m off 
the seafloor, with the deepest samples collected from ~4135 m wa-
ter depth. Two Niskin bottles were fired at depth, and then two each 
were fired at a midway point in the water column. No near-surface 
sample was collected from this site. This additional CTD site was 
linked to Site M0072 (the closest coring location) and given the pre-
fix M0072X. See Tables T4 and T5 for details of all CTD casts and 
Niskin bottle depths. The vessel then began to transit to Site M0073 
to conduct another precoring CTD cast.

On 14 November, a CTD cast over the MAR was conducted be-
tween 1229 and 1526 h. The cast reached ~2 m off the seafloor, with 
the deepest samples collected from ~4221 m water depth. In this 
instance, the usual sampling strategy was not followed, and two bot-
tles were fired near the seafloor, a further two approximately 100 m 
above that, and the final two approximately 200 m above seafloor. 
This additional CTD site was linked to Site M0075 (the closest cor-
ing location) and given the prefix M0075X (Tables T4, T5). The ves-
sel then began to transit toward Site M0070.

On 1 December, a CTD cast was conducted in close proximity 
to Lost City. The CTD commenced at 1548 h and was completed by 
1725 h. The deepest samples were collected from 807.1 m water 
depth. Samples were collected at ~807, 802, and 797 m water depth, 
based on a methane spike observed in the data. No near-surface 
sample was collected from this site. This additional CTD site was 
linked to Site M0072 (the closest coring location) and given the pre-
fix M0072Z (Tables T4, T5). The vessel then returned to running a 
multibeam survey over the western and northern edges of the At-
lantis Massif area.

Site M0068
Hole M0068A

The vessel moved onto Site M0068 (proposed Site AM-02A) at 
2208 h on 5 November 2015, with the site position centered over the 
RD2 port-side deployment position. The vessel settled into dynamic 
positioning (DP) mode. Prior to coring at each location, a CTD cast 
was conducted to quantify the background geochemistry and mi-
crobiology within the water column. The CTD was deployed at 
2248 h and held at 10 m water depth for a full systems check. At 
2332 h, the CTD was 1.6 m off the bottom, and the first three Niskin 
bottles were fired. Two further Niskin bottles were fired on the way 

up, with a final one fired near the surface (Tables T4, T5). The CTD 
was recovered to deck at 0005 h on 6 November.

During the CTD cast, the RD2 was made ready for deployment. 
However, a communications problem with the CTD sensor 
mounted on the drill delayed launch. The RD2 was deployed at 0124 
h; however, problems with the winch spooling mechanism and the 
methane sensor on the water sensor package meant the drill was re-
covered at 0146 h before landing on the seafloor. At 0234 h, the RD2 
was launched again, landing on the seafloor at 0356 h after a full 
mid–water column systems check. Coring operations commenced 
at 0418 h.

The first core run was completed at 0602 h. However, a problem 
with the Arm Shift meant that the RD2 had to be recovered after a 
total penetration of 1.965 m. Prior to recovery, the Niskin bottles on 
the water sampling package were fired. The RD2 was on deck and 
secure by 0835. The vessel began to transit to Site M0069at 0840 h 
on 6 November. Preparations began for deploying the MeBo.

One coring attempt was made in Hole M0068A to a maximum 
depth of 1.965 m with 23.9% recovery.

Hole M0068B
The vessel arrived on station at 1545 h on 23 November 2015. 

RD2 preparations continued until 1757 h, when the drill was de-
ployed. At 1836 h, the RD2 was brought back on deck after a mid–
water column systems check revealed two sensors inputs were 
wrongly connected. The RD2 returned to deck at 1848 h and was 
back in the water again by 1900 h. At 2012 h, the RD2 landed on the 
seafloor but had to reposition due to the angle of the drill. At 2031 h, 
the RD2 was settled on the seafloor, and coring operations began at 
2051 h. The first four core runs were completed at 2250 h on 23 No-
vember and 0213, 0702, and 1158 h on 24 November. Following a 
problem with the LED light power supply, the tracer injection sys-
tem was turned off from 0744 h to 1423 h on 24 November, covering 
the period of core Run 4. The fourth core barrel was stuck in the 
bottom-hole assembly (BHA), so the entire BHA was tripped and a 
new one was inserted with a G7 bit.

Difficulty was noted on reaming back down the hole, and coring 
had to start from 1 m above the base of the hole because it looked 
like the hole had partially collapsed. Core Run 5 started at 1452 h 
and was completed by 1605 h. At 1800 h a hydraulic oil leak from 
the top drive was noted. At the rate of loss, there was approximately 
20 h coring time left before logging and installing the packer would 
have to take place. Core Runs 6 and 7 were recovered at 1908 h and 
2340 h, respectively. Core Run 7 did not achieve full penetration. 
Core Run 8 began at 0037 h on 25 November, but by 0618 h little 
progress (~70 cm) had been made, so the barrel was tripped and the 
hole conditioned and reamed. Barrel 9 was then loaded. However, 
after a discussion about the hole conditions, we decided to abandon 
the hole and attempt logging and installation of the packer.

During this discussion, it was noted that the flush was variable 
with difficulties maintaining the flush pressure and flow; following 
the decision, it was found that the barrel was stuck in the BHA. At 
1023 h the optical acoustic gamma (OAG) logging tool was de-
ployed, conducting two through-pipe upward logging passes. This 
was completed by 1122 h. The magnetic susceptibility tool was then 
deployed (at 1155 h) through the pipe as an operational test for de-
ployment, triggering, and recovery, as this had not been done so far 
on the expedition. The test was successfully completed by 1211 h. 
At 1218 h, tripping of the rods commenced.
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Installation of the downhole packer commenced at 1305 h and 
was completed by 1343 h. As the RD2 lifted off the seafloor at 1350 
h, the rig tilted and caught the top of the plug with the breakout ta-
ble. It is unknown whether the plug was fully or partially pulled out 
of the borehole. The RD2 was recovered to deck and secure by 1434 
h on 25 November and the vessel immediately began to transit to-
ward Site M0071.

Nine coring attempts were made in Hole M0068B to a maxi-
mum depth of 9.6 m with 66.04% recovery.

Site M0069
Hole M0069A

The vessel arrived on station at Site M0069 (proposed Site AM-
06A) and settled into DP mode at 0915 h on 6 November 2015. The 
CTD was deployed at 0922 h. At 1006 the CTD was 1.7 m off the 
bottom, and the first three Niskin bottles were fired. Two further 
Niskin bottles were fired on the way up, with a final one near the 
surface (Tables T4, T5). The CTD was recovered on deck at 1038 h 
on 6 November.

At 1201 h, MeBo drill deployment began. A full systems check 
was performed at 100 m water depth at 1304 h, but at 1337 h we 
found a hydraulic leak on the umbilical winch. After investigation, 
the deployment was continued, but after further leaking from the 
umbilical winch, the dive was aborted at 1425 h and the MeBo was 
recovered on deck and was secure by 1530 h. The RD2 was made 
ready for deployment because the predicted weather would put the 
swell outside the operational range for launching the MeBo.

At 2002 h the RD2 was deployed, stopping for a full systems 
check at 300 m water depth. At 2111 h, the bridge asked for the RD2 
to be stopped while they checked out a problem with GPS2. The 
RD2 held ~40 m off seafloor for 30 min before continuing down to 
the seafloor. Coring operations commenced at 2204 h. Coring con-
tinued steadily for 10 core runs, with core runs completed at 2218 h 
on 6 November; 0057, 0510, 0726, 1113, 1413, 1705, 1921, and 2205 
h on 7 November; and 0249 h on 8 November. Core Run 11 com-
menced at 0448 h. However, a technical problem with the gate valve 
resulted in the reduction of flushing down the borehole. The drill 
rods became stuck, and the drill string, BHA, bit, and core Barrel 11 
were lost in the hole after attempts to free the rods were unsuccess-
ful. The RD2 was recovered on deck by 0800 h on 8 November.

During recovery, the Niskin bottles on the drill were not fired, so 
a ship’s CTD cast was conducted over the drill site. The CTD was 
deployed at 0853 h. At 0933 h, the CTD was 2.1 m off the bottom, 
and four Niskin bottles were fired. No other bottles were fired mid–
water column or near surface, and the CTD was recovered on deck 
at 0955 h (Tables T4, T5). The vessel departed station immediately 
on recovery of the CTD on deck.

Ten coring attempts were made in Hole M0069A to a maximum 
depth of 16.44 m with 74.76% recovery.

Site M0070
Hole M0070A

The vessel was on station at Site M0070 (proposed Site AM-
07A) at 1212 h on 8 November 2015 and settled into DP mode fol-
lowing a short multibeam survey over the area. The CTD was de-
ployed at 1212 h. At 1259 h, the CTD was 1.7 m off the bottom, and 
the first three Niskin bottles were fired. Two further Niskin bottles 
were fired on the way up, with a final one near the surface (Tables 
T4, T5). The CTD was recovered on deck at 1334 h on 8 November. 
The vessel position was adjusted so that the DP center was located 
over the stern deployment position for the MeBo drill.

The MeBo was deployed at 1405 h, and by 1604 h the drill was 
on the seafloor after mid–water column systems checks. The rig 
was leveled to ensure the overshot was central over the breakout ta-
ble, and at 1748 h coring operations commenced. At 2148 h and 
with 1.7 m of penetration, rotation of the drill rod stopped due to 
“sticky” conditions. The BHA was recovered and a new BHA put 
down the hole, changing from a surface set to a G4 bit. At 2040 h, 
numerous bubbles were observed on the camera feed from the 
MeBo drill. The MeBo stopped coring and the bubbles appeared to 
stop, accompanied by a kick in the water sensor package readings. 
The MeBo started coring again at 2050 h, continuing until 0228 h 
on 8 November, when the overshot wire snapped while trying to re-
cover core Run 3. The RD2 was put on standby and made ready for 
deployment. The MeBo was recovered on deck by 0506 h, and an 
assessment was made of the repairs required (overshot wire and a 
transformer problem on the HV unit). The vessel departed the site 
at 1000 h on 9 November.

Three coring attempts were made in Hole M0070A to a maxi-
mum depth of 4 m with 52.25% recovery.

Hole M0070B
After conducting a deep-water CTD cast over the MAR, the sea 

state calmed enough to deploy the RD2. The vessel transited to Site 
M0070, arriving and settling into DP mode by 1640 h on 14 Novem-
ber 2015. The all clear was given from the bridge at 1710 h, and the 
RD2 was deployed at 1747 h, landing on the seafloor at 1852 h. Cor-
ing started at 1910 h, but the BHA stalled at 1921 h. At 2039 h, the 
RD2 lost all communications with the drill. The MeBo started pre-
dive checks in case the RD2 had to be recovered. At 2053 h, after 
attempts to restart communications, the RD2 had to be recovered, 
initially with the BHA protruding from the bottom of the drill. At 
467 m water depth at 2117 h, communications came back online 
and the BHA could be retracted for a normal recovery. The RD2 
was on deck and secure by 2150 h on 14 November. The vessel was 
given clearance to begin the transit to Site M0073 for a MeBo de-
ployment.

One coring attempt was made in Hole M0070B to a maximum 
depth of 1.3 m with 29.23% recovery.

Hole M0070C
The vessel arrived on station at 0720 h on 22 November 2015 

after stopping a multibeam survey of the eastern conjugate margin 
when bad weather conditions began to decrease. Because of swell 
from three directions, it took a while to find the best heading, so no 
operations were allowed until 0818 h. At this time, the RD2 was 
launched for a wet test and was recovered on deck at 0900 h. There 
were still issues with the RD2 gate valve, and weather conditions 
were still considered marginal for deployment of either drill, so the 
vessel maintained position waiting on weather.

The sea state and swell slowly came down, and at 1546 h the 
Master of the Vessel gave permission for operations to start with 
MeBo deployment. The MeBo was in the water at 1659 h and on the 
seafloor by 1835 h. Coring started at 1916 h. Penetration slowed at 
1.17 m, and the decision was made to take out the BHA (surface set 
bit) and replace with a new BHA (G4) and second core barrel. This 
process was completed by 2056 h with the start of core Run 2. At 
0230 h on 23 November, the MeBo penetrated 5.2 m with the third 
core barrel. However, there were problems in getting core Barrel 4 
into the BHA, and after multiple attempts, we decided to remove 
this BHA and replace it with the third one carried on the magazines. 
Because of broken magazine retainers it was not possible to remove 
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the third BHA from the magazine, so the second BHA was rein-
serted into the borehole in an attempt to ream back into the hole to 
log and install a packer. Reentry proved difficult, and the onboard 
cameras indicated that the hole was blocked near the surface. After 
1 m of reaming the hole was aborted, neither logging nor packer in-
sertion was attempted. On recovery, we noted that the shoe, liner, 
and core had been left inside the second BHA when the third core 
barrel was removed as part of normal operations. It is not under-
stood how this happened, but it was this that caused the initial 
problems with inserting Barrel 4. Additionally, although triggered, 
the Niskin bottles had failed to fire.

The MeBo was recovered on deck by 1511 h, and the vessel be-
gan to transit to Site M0068 for an RD2 deployment while the MeBo 
underwent repairs.

Three coring attempts were made in Hole M0070C to a maxi-
mum depth of 5.21 m with 42.42% recovery.

Site M0071
Hole M0071A

At 1000 h on 9 November 2015, following discussion with the 
Co-Chief Scientist on shift, the vessel departed Site M0070 and 
transited to Site M0071 (proposed Site AM-04A), arriving on sta-
tion under DP by 1125 h. The initial plan was to deploy the MeBo, 
but at 1340 h, because of a hydraulic leak, the plan altered to a RD2 
deployment, with the RD2 made ready by 1500 h. By 1400 h, the 
MeBo leak was repaired, however, and the plan reverted back to a 
MeBo deployment.

At 1400 h, a CTD cast was begun. At 1446 h, the CTD was 2.2 m 
off the bottom, and the first three Niskin bottles were fired. Two 
further Niskin bottles were fired on the way up, with a final one near 
the surface (Tables T4, T5). The CTD was recovered on deck by 
1525 h.

The MeBo was deployed at 1700 h, landing on the seafloor at 
1924 h after a mid–water column systems check. The slope was 19°, 
so the drill had to reposition. It lifted off the seafloor and the vessel 
moved ahead 10 m. At 2017 h, the MeBo was again on the seafloor, 
and coring started at 2050 h on 9 November. Two core runs were 
completed at 0140 h and 0230 h on 10 November. However, on re-
covering the barrel from core Run 2, the overshot wire snapped and 
the hole had to be aborted. The MeBo was recovered on deck by 
0531 h following a technical issue with the winch slowing recovery, 
and repairs were started. The RD2 was made ready for deployment. 
The vessel departed the station at 0532 h.

Two coring attempts were made in Hole M0071A to a maximum 
depth of 5.22 m with 54.6% recovery.

Hole M0071B
The vessel arrived on station and settled into DP mode at 0952 h 

on 18 November 2015. Following completion of pre-dive checks, 
the RD2 was deployed at 1117 h. However, a sensor failure on the 
tool arm during a mid–water column systems checks meant the 
drill had to be recovered, landing on deck at 1310 h. As repairs were 
still ongoing with the MeBo, the vessel stayed on station until the 
RD2 could be relaunched at this site.

The RD2 was deployed again at 1530 h and landed on the sea-
floor at 1634 h. After repositioning once because of the slope angle 
caused by landing on cobbles/boulders, coring commenced at 1720 
h. At 2025 h, the tracer pump for the PFC tracer injection was 
turned off. The power supply was shared with one of the cameras, 
and interference was increasing and the cameras were dropping out. 
At 2027 h, when delatching the core barrel from Run 1, the barrel 

was dropped; the slope angle caused the barrel to swing away from 
the tool arm and fall against the rig. The barrel was recovered and 
stowed safely by 2147 h. The second core run was completed by 
0011 h on 19 November, but latching and delatching core barrels 
was still problematic because of the angle of the rig. It was therefore 
decided to deploy core Barrel 3, ream out and lift the BHA out of the 
hole, level the rig, and then ream back into the base of the hole be-
fore recommencing coring. This process was completed by 0254 h. 
At 0709 h, the RD2 began suffering hydraulic problems, with a small 
leak, and intermittent control issues. The Niskin bottles were fired, 
but because of a blocked gate valve, it was not possible to log.

The top plug was connected to the packer section and inserted 
into the borehole; however, the stop ring ended up 150 mm above 
the breakout table. The “J” connector was disconnected from the 
top plug at 1014 h, and the RD2 was lifted off the seafloor at 1030 h. 
However, the stop ring caught on the breakout table as the RD2 
came off the seafloor, pulling the plug out of the borehole. The RD2 
was recovered to deck by 1156 h in increasingly rough weather. One 
leg would not retracted because of hydraulic problems, so one of the 
Launch and Recovery System (LARS) base plates was removed to 
set the drill level on the vessel. Coring operations were put on “wait-
ing on weather” status, and the vessel left the site at 1226 h on 19 
November to begin running multibeam surveys.

Three coring attempts were made in Hole M0071B to a maxi-
mum depth of 4.3 m with 53.6% recovery.

Hole M0071C
The vessel arrived on station at 1515 h on 25 November 2015 

having completed operations in Hole M0068B. MeBo deployment 
began at 1529 h with the drill on the seafloor in a stable position at 
1723 h. Coring operations commenced at 1802 h with a slight pause 
in operations between 1808 and 1810 h because the BHA looked 
bent. The first core run was completed at 2015 h. At 2115 h, a full 
reboot of the MeBo was performed, causing disruption to the sen-
sor package data stream. This stream was restarted at 2128 h. Cor-
ing continued throughout 26 November with core Runs 2–5 
recovered at 0425, 1047, 1620, and 2105 h. However, an issue devel-
oped with the sensor logger because of the systems reboot per-
formed on 25 November. The package lost connection to external 
power until 0400 h on 27 November, coinciding with core Run 2. 
Following this run, the sensor logger remained stable.

Core Run 6 was completed on 27 November at 0800 h after dif-
ficult drilling conditions and very slow penetration. Core Barrel 7 
was deployed and reaming back to the base of the hole commenced, 
but again progress was very slow. At 1140 h, we decided to trip the 
drill rods and change to a new BHA. On recovery (1315 h), we dis-
covered that Barrel 7 was not latched into the BHA. A new BHA 
with a G4 bit was deployed at 1330 h. Core Run 8 was effectively 
reaming back down to the base of the hole. There were problems 
with hole stability and high torque, and the barrel was recovered at 
1915 h. Core Barrel 9 was deployed at 1937 h, and reaming contin-
ued from 9.67 mbsf to the base of the original hole at 11.77 mbsf 
(core Run 6). Core Run 9 then continued 38 cm to 12.15 mbsf before 
recovery was attempted at 2225 h. However, the barrel was initially 
stuck in the BHA, only becoming free at 2345 h after numerous at-
tempts to recover it with the overshot.

At 2355 h on 27 November, we decided to abandon the hole and 
begin logging operations and installation of a downhole plug be-
cause of concerns over hole stability and slow progress. Two in-pipe 
runs were completed with the spectral gamma sonde by 0151 h, and 
the dual induction tool (DIL) was then picked up from the maga-
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zine. However, the top drive suffered a hydraulic failure, and the up-
per chuck would not open. This failure not only prevented 
deployment of the DIL but also recovery of the drill rods and BHA. 
At 0340 h on November 28, the MeBo was lifted off the seafloor, on 
deck and secure by 0525 h. After removal of the Niskin bottles, the 
vessel departed from the site at 0536 h on transit toward Site 
M0075.

Nine coring attempts were made in Hole M0071C to a maxi-
mum depth of 12.15 m with 36.87% recovery.

Site M0072
Hole M0072A

At 0532 h on 10 November 2015, the vessel began the transit to 
Site M0072 (proposed Site AM-01A) from Site M0071. By 0610 h, 
the vessel was on DP mode and the CTD was prepared for deploy-
ment. By 0723 h, the CTD cast was complete, having reached ~1.8 
m off the seafloor. Three Niskin bottles were fired near the seafloor, 
two mid–water column, and one near the surface (Tables T4, T5).

By 0736 h, the ship was settled into DP mode, centered over the 
port-side deployment position for the RD2, and the drill was being 
made ready for launch. The RD2 was deployed at 1010 h. At 1045 h, 
following mid–water column checks, it was discovered that the on-
board CTD sensor package had not been started. It was possible to 
do this remotely, however, so the deployment continued and at 1114 
h the drill was positioned on the seafloor. Coring operations com-
menced at 1129 h, with the first core run completed by 1252 h. The 
second core run commenced at 1418 h. However, this run was 
aborted at 1438 h after consultation with the Co-Chief Scientists 
when it was discovered that a packer had not been loaded onto the 
drill. The RD2 was recovered to deck by 1535 h. The two core bar-
rels were unloaded, and the drill was readied for redeployment.

Two coring attempts were made in Hole M0072A to a maximum 
depth of 2.225 m with 39.1% recovery.

Hole M0072B
At 1642 h on 10 November 2015, the RD2 was deployed in Hole 

M0072B. The drill was on the seafloor at 1708 h, and coring com-
menced at 1717 h. Hole M0072A was visible ~1 m away under the 
skid of the RD2. The first three core runs were completed at 1815, 
2053, and 2319 h. On recovery, however, the third barrel was found 
to be stuck in the BHA. After flushing and rotating the drill rods, 
the barrel was still stuck. The rod and BHA were tripped with the 
barrel still inside, and a new BHA was deployed at 0229 h on 11 No-
vember. After discussion, we decided to ream back down to the 
depth reached by Run three (5.1 m) and then open-hole past the 
problem area (believed to be caused by talc) and recommence cor-
ing at 6 m. During this process, a sharp increase in torque was ob-
served at the depth where the third barrel had become stuck.

Coring continued throughout 11 November with high torque 
again observed at 8.93 m, resulting in a short core run of only 1.28 
m. The barrel of core Run 7 became stuck at 8.98 m but was recov-
ered after flushing. At 0411 h on 12 November, it was noted that the 
umbilical had become twisted, possibly due to the influence of an 
increasing sea swell, causing disruption to the controls to the hy-
draulic systems and the onboard cameras. It was requested that the 
vessel move under DP, spinning about the drill position in an at-
tempt to untwist the umbilical. It was initially believed that this had 
been successful, and the RD2 maintained position for 30 min to en-
sure communications were stable. However, communications were 
again lost, and the decision was made to recover the RD2 at 0535 h. 
It was not deemed safe to log the hole with unstable communica-

tions to the subsea drill controller, but the Niskin bottles were fired 
at 0740 h and the packer was installed by 0805 h. By 0900 h, the RD2 
was on deck and secure. The umbilical was damaged and needed re-
termination, requiring at least 12 h.

At 0830 h the Master of the Vessel decided that the sea state was 
becoming excessive for deployment of either drill, so at 0900 h the 
vessel departed the site to continue a multibeam survey across Sites 
M0070 and M0074.

Eight coring attempts were made in Hole M0072B to a maxi-
mum depth of 12.428 m with 52.22% recovery.

Site M0073
Hole M0073A

The vessel first arrived on Site M0073 (proposed Site AM-05A), 
at 1640 h on 12 November 2015 to conduct a CTD in advance of 
coring. Drilling operations were on standby due to weather. The 
CTD was deployed at 1647 h. At 1731 h, the CTD was 1.5 m off the 
bottom, and the first three Niskin bottles were fired. Two further 
Niskin bottles were fired on the way up, with a final one near the 
surface (Tables T4, T5). The CTD was recovered on deck at 1812 h. 
The vessel then left the site to continue a multibeam survey cover-
ing the western side of the Atlantis Massif complex.

The vessel returned to Hole M0073A at 2242 h on 14 November 
from Hole M0070B. The MeBo was made ready for deployment 
while repairs were ongoing with the RD2 after the communications 
failure (this turned out to be a software issue requiring a reboot of 
the Jupiter Control system).

Fitting the water sampling system back onto the MeBo was de-
layed; it was deployed at 0220 h on 15 November and landed on the 
seafloor at 0413 h. The seafloor was strewn with cobbles/boulders, 
causing leveling issues for the MeBo rig due to high slope angles 
upon landing. The MeBo was repositioned three times before fi-
nally settling on site at 0455 h and beginning coring operations. 
There were some concerns regarding the stability of the GUI Inter-
face on the Mebo controlling system, potentially affected by feed-
back from the high slope angles.

At 0615 h, the MeBo team discovered that the base plate was 
damaged at some point, causing the port side leg to bend in and pre-
venting the top drive from passing at the end of core Run 1. Coring 
operations were aborted and the MeBo was recovered on deck by 
0909 h. RD2 repairs were ongoing, with the ram for the headshift 
requiring replacement following the discovery of a bent top pin pre-
venting full extension. This was expected to take until midday. We 
decided to transit to Site M0076, and the vessel departed at 0909 h 
on 15 November.

One coring attempt was made in Hole M0073A to a maximum 
depth of 2.2 m with no recovery.

Site M0074
Hole M0074A

At 0824 h on 13 November 2015, we decided to temporarily 
cease the multibeam survey of the Atlantis Massif complex and con-
duct a CTD cast at Site M0074 (proposed Site AM-09A). This cast 
would obtain the baseline water information required for drilling 
the site at a later date and make the best use of the current “waiting 
on weather” status applicable to drilling operations. The CTD com-
menced at 0853 h, reaching approximately 1.3 m off the seafloor, 
and was back on deck and secure by 1042 h. Three Niskin bottles 
were fired near the seafloor, two were fired mid–water column, and 
one near the surface (Tables T4, T5). Following this process, the 
multibeam survey of the Atlantis Massif complex recommenced.
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The vessel returned to Site M0074 on 30 November at 1050 h. 
With the RD2 nonoperational and the MeBo only able to run one 
barrel length before having to return to deck (due to loss of tool 
handling capability), we planned to conduct a series of short holes 
to try to intersect the fault deformation zone. The MeBo was de-
ployed at 1056 h and was on seafloor, after a mid–water column 
winch problem, by 1256 h. Coring commenced at 1305 h and rap-
idly progressed with 2.68 m penetration by 1325 h. However, initial 
issues on recovery were followed by a mid–water column stop to 
replace a failed winch controller card at 1450 h. The MeBo was re-
covered on deck at 1535 h. With no further drill operations now 
possible for either drill, we decided to continue with the multibeam 
survey. The vessel departed the site at 1620 h on 30 November.

One coring attempt was made in Hole M0074A to a maximum 
depth of 2.68 m with 32.09% recovery.

Site M0075
Hole M0075A

At 0300 on 14 November 2015 h, the vessel turned onto an east-
southeast course for Site M0075 (proposed Site AM-03A). The ves-
sel settled into DP mode at 0800 h; however, the swell was still pro-
hibitive for the deployment of either drill (>4 m). At 0838 h, a CTD 
cast was begun. At 1003 h, the CTD was 2.4 m off the bottom, and 
the first three Niskin bottles were fired. Two further Niskin bottles 
were fired on the way up, with a final one fired near the surface (Ta-
bles T4, T5). The CTD was recovered on deck by 1102 h. Having 
completed the CTD, the sea state was still too rough, so the vessel 
moved off site at 1111 h on 14 November to conduct an additional 
CTD cast over the MAR.

The vessel returned to Site M0075 on 28 November at 0625 h 
from Hole M0071C.The RD2 was initially deployed at 0654 h. How-
ever, after repositioning three times because of the angle of the rig 
on landing, the RD2 had to return to deck at 0912 h because of a 
minor oil leak. The RD2 was redeployed at 1058 h and landed on the 
seafloor at 1153 h. Coring commenced at 1210 h, and the first core 
run was completed by 1320 h. Core Barrel 2 was loaded into the 
BHA at 1356 h, but at 1400 h the RD2 suffered a sensor cable fault 
and we had to abandon the hole, returning it on deck at 1500 h. The 
vessel held position while for repairs. By 1700 h, the cable was 
changed out, but a hydraulic leak in the top drive was discovered. 
The only option was to exchange the top drive for another one, 
which would take approximately 18 h. The fault with the MeBo, suf-
fered in Hole M0071C, was a hydraulic slip ring inside the top drive 
assembly that is not repairable at sea. Because repairs to the RD2 
would take some time, we decided to leave the site and continue 
running the multibeam survey. The vessel departed the site at 2013 
h on 28 November.

One coring attempt was made in Hole M0075A to a maximum 
depth of 1.72 m with 37.79% recovery.

Hole M0075B
The vessel arrived on station at 0725 h on 29 November 2015 

having completed a short multibeam survey at 0547 h. Repairs were 
still ongoing on the RD2, so the vessel waited on station until the 
drill was ready for deployment at 1505 h. During mid–water col-
umn checks a misalignment between the newly fitted top drive and 
the breakout table was noted, and the RD2 was recovered on deck at 
1540 h. The RD2 crew removed the shims from the breakout table 
and redeployed at 1834 h despite a small misalignment. The RD2 
landed on the seafloor at 1941 h and began coring operations at 
1948 h. The first core was recovered at 2028 h. The second barrel 

was inserted, and a rod was added. The misalignment meant that 
this previously automated action had to be done manually, after the 
first automated try resulted in the threads of the rod being ripped 
off. This situation meant longer rod handling times but allowed cor-
ing to continue despite the misalignment.

Core Run 2 was completed at 2329 h, and a new core run com-
menced at 0015 h on 30 November. At 0530 h, there was a technical 
failure in the ECU motherboard, terminating the hole and prevent-
ing any logging runs because we were could not operate the over-
shot. The Niskin bottles were fired at 0612 h, the drill rods and BHA 
were recovered to the rig by 0652 h, and a shortened version of the 
downhole plug was installed by 0845 h. The RD2 was back on deck 
and secure by 0950 h on 30 November, and the vessel departed for 
Site M0074 immediately.

Three coring attempts were made in Hole M0075B to a maxi-
mum depth of 5.7 m with 47.88% recovery.

Site M0076
Hole M0076A

The vessel arrived at Site M0076 (proposed Site AM-11A) at 
1020 h on 15 November 2015 and settled into DP mode. RD2 pre-
dive checks were still ongoing at the time of arrival, and deployment 
was delayed until 1339 h. Coring operations began at 1456 h with 
rapid penetration to 1.72 mbsf (end of core Run 1) by 1523 h. A hy-
draulic leak on the headshift terminated the hole early, and the RD2 
was recovered on deck by 1606 h. No Niskin bottles were fired un-
der instruction from the Co-Chief Scientist on shift.

The MeBo was still being repaired following the damage to the 
base plate and leg, so the RD2 was rapidly turned around and rede-
ployed in Hole M0076B.

One coring attempt was made in Hole M0076A to a maximum 
depth of 1.72 m with 23.26% recovery.

Hole M0076B
The RD2 was redeployed at Site M0076 at 1731 h on 15 Novem-

ber 2015. After initially landing on the seafloor at 1812 h, the drill 
had to be repositioned because of a high slope angle caused by land-
ing unevenly on cobbles/boulders. The RD2 finally settled on the 
seafloor at 2012 h after three attempts to reposition both the drill 
and the umbilical. Coring operations commenced at 2040. Coring 
continued well until the end of core Run 2 (0005 h on 16 Novem-
ber), when high flush had to be run until 0133 h to free the stuck 
core barrel. A further eight core runs were recovered at 0615, 0933, 
1336, 1706, and 2158 h on 16 November and 0132, 0429, and 0914 h 
on 17 November. At 14.75 m penetration, high backpressure on the 
flush pump was noted due to a “sticky” section. At the start of core 
Run 11 (penetration = 16.3 m), there was difficulty reaming back to 
the base of the hole. The rods became stuck with a small stick-up 
due to failure of the gate valve and subsequently no flush flow into 
the borehole. There was difficulty removing the overshot spear 
point from the overshot; this was finally achieved using the fishing 
tool, which is slightly shorter in length.

Prior to attempting to free the drill rods, two OAG logging 
passes were completed through the pipe logging from the bottom 
up. The logging runs commenced at 1315 h and were complete by 
1347 h. Various attempts were then made to free the drill rods, en-
abling the last rod to be unscrewed and recovered. An attempt was 
then made to connect the borehole plug to the drill rods still in the 
borehole, but it could not be connected. In attempting connection, 
the “J” connection at the top of the plug parted, resulting in the plug 
being unconnected both top and bottom. It was clamped in the 
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breakout jaws but was lost during recovery of the drill. The RD2 was 
recovered on deck by 1656 h on 17 November.

While coring was ongoing, repairs were undertaken on the 
MeBo drill to port and starboard leg positions, a missing base plate, 
and the leg connection point. Some areas were cut away to allow for 
welding of new plates to strengthen the frame. On recovery, the 
RD2 crew required 12–14 h of maintenance to get the drill opera-
tional. As both drills were unavailable for deployment, we decided 
to continue with the multibeam survey, imaging the conjugate mar-
gin of the Atlantis Massif complex. The vessel departed Site M0076 
at 1900 h on 17 November.

Ten coring attempts were made in Hole M0076B to a maximum 
depth of 16.3 m with 71.79% recovery.

Transit back to Southampton, UK
The vessel departed from the Atlantis Massif survey area at 0200 

h on 2 December 2015. The vessel arrived at the pilot station at the 
entrance to Southampton Water at 0600 h UTC on 11 December, 
and the pilot came onboard at 0830 h UTC for the final approach 
into Southampton and the National Oceanography Centre South-
ampton quayside. The ropes were ashore by 1000 h UTC.

Outreach and communication
The primary objective of Expedition 357 outreach and commu-

nication efforts was to demonstrate the benefits and excitement of 
the expedition’s science and the IODP program in general to the 
media, nongovernmental organizations, governments, the scientific 
community, and the general public.

To accomplish this objective, our primary efforts were publicity 
of the expedition’s aims and findings to international media, fo-
cused on media and journalist networks developed within the 
IODP/ECORD community and through the scientific participants. 
Secondary efforts were focused on hosting web-logs during the ex-
pedition for the general public to follow along with the life of sci-
ence at sea.

Targeted activities in support of the communication objective 
included

• Preparation of expedition promotional materials, including an 
expedition logo, flier, and briefing kit.

• Radio interviews with, for example, the British Broadcasting 
Corporation (BBC) for use on local and national news, as well as 
the BBC World Service.

• Organization of a media briefing prior to the start of the expedi-
tion. This briefing was held at the Foreign Press Office in Lon-
don, England (UK), on 22 October 2015. The briefing included 
short presentations by the Co-Chief Scientists about the scien-
tific aims of the expedition, followed by a question and answer 
session with journalists. This was followed by a small media 
briefing onboard the RRS James Cook for local journalists in 
Southampton.

• Organization of a second media event during the on-shore 
phase of the expedition. This event was held on 1 February 2016 
at MARUM and featured short presentations by the Co-Chief 
Scientists followed by interviews and tours of the laboratory fa-
cilities and core repository.

• Individual contacts and interviews of members of the science 
party with public relations services at their home institutions 
and with local media in different countries.

• Regular promotion of the expedition’s accomplishments 
through posts on social media platforms such as Twitter.

These efforts were successful in gaining international attention 
for the expedition, which was featured in news articles in Finland, 
France, Germany, UK, and USA, as well as radio and TV segments 
with interviews from the Co-Chief Scientists and several scientific 
participants. The expedition’s science is also targeted for feature in 
a news documentary.
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Table T1. Operations summary, Expedition 357.

Table T2. Distances (in kilometers) between holes, Expedition 357. 

Table T3. Summary of measurements, Expedition 357. MSCL = multisensor core logger, PFC = perfluorocarbon, DIC = dissolved inorganic carbon, DOC = dis-
solved organic carbon, POC = particulate organic carbon, GC = gas chromatograph, OAG = optical acoustic gamma. IW = interstitial water, ICP-OES = induc-
tively coupled plasma–optical emission spectrometry, IC = ion chromatography, TOC = total organic carbon, TC = total carbon, TS = total sulfur, LECO = 
carbon/sulfur analyzer. 

Hole
Proposed 

site

Date coring 
operations 

commenced 
(Nov 2015) Latitude Longitude

Water
depth (m) Drill

Number
of cores 

Interval 
cored (m)

Core
recovered 

(m)

Core
recovery

(%)

Interval 
open-holed 

(m)

Penetration 
depth
(mbsf)

Time on site 
(days)

M0068A AM-02A 5 30°7.49′N 42°5.74′W 1102.7 RD2 1 1.97 0.47 23.9 0 1.97 0.41
M0068B AM-02A 23 30°7.51′N 42°5.75′W 1102.0 RD2 10 9.60 6.34 66.04 0 9.60 1.95
M0069A AM-06A 6 30°7.94′N 42°7.20′W 850.9 RD2 10 16.44 12.29 75 0 16.44 2.04
M0070A AM-07A 8 30°8.55′N 42°8.19′W 1140.5 MeBo 3 4.00 2.09 52.25 0 4.00 0.94
M0070B AM-07A 14 30°8.54′N 42°8.16′W 1140.5 RD2 1 1.30 0.38 29.23 0 1.30 0.22
M0070C AM-07A 22 30°8.54′N 42°8.19′W 1140.5 MeBo 3 5.21 2.21 42.42 0 5.21 1.3
M0071A AM-04A 9 30°7.71′N 42°9.20′W 1390.8 MeBo 2 5.22 2.85 54.6 0 5.22 0.75
M0071B AM-04A 18 30°7.72′N 42°9.19′W 1380.0 RD2 3 4.30 2.31 53.62 0 4.30 1.1
M0071C AM-04A 25 30°7.70′N 42°9.21′W 1390.0 MeBo 9 12.15 4.44 30.29 0 12.15 2.6
M0072A AM-01A 10 30°7.79′N 42°7.32′W 820.3 RD2 2 2.23 0.87 39.1 0 2.23 0.39
M0072B AM-01A 10 30°7.79′N 42°7.32′W 820.3 RD2 8 11.61 6.49 52.3 0.825 12.43 1.69
M0073A AM-05A 14 30°7.90′N 42°10.97′W 1430.2 MeBo 1 2.20 0 0 0 2.20 0.44
M0074A AM-09A 30 30°9.87′N 42°7.32′W 1550.0 MeBo 1 2.68 0.86 32.09 0 2.50 0.23
M0075A AM-03A 28 30°7.67′N 42°3.98′W 1568.0 RD2 1 1.72 0.65 37.79 0 1.72 0.57
M0075B AM-03A 29 30°7.65′N 42°3.97′W 1568.0 RD2 3 5.70 2.73 47.88 0 5.70 1.1
M0076A AM-11A 15 30°7.62′N 42°7.08′W 768.0 RD2 1 1.72 0.4 23.26 0 1.72 0.24
M0076B AM-11A 16 30°7.62′N 42°7.07′W 768.0 RD2 10 16.31 11.71 71 0 16.31 2.13

Hole 
M0068A

Hole 
M0068B

Hole 
M0069A

Hole 
M0070A

Hole 
M0070B

Hole 
M0070C

Hole 
M0071A

Hole 
M0071B

Hole 
M0071C

Hole 
M0072A

Hole 
M0072B

Hole 
M0073A

Hole 
M0074A

Hole 
M0075A

Hole 
M0075B

Hole 
M0076A

Hole 
M0076B

Hole M0068A X 0.03 2.48 4.38 4.34 4.39 5.55 5.54 5.564  2.59 2.62 8.41 5.07 2.94 2.86 2.15 2.13
Hole M0068B — X 2.47 4.37 4.32 4.37 5.55 5.53 5.56 2.58 2.61 8.40 5.04 2.94 2.86 2.14 2.12
Hole M0069A — — X 1.94 1.89 1.94 3.23 3.21 3.24 0.34 0.35 6.04 3.57 5.28 5.21 0.63 0.64
Hole M0070A — — — X 0.05 0.02 2.25 2.23 2.27 1.98 1.96 4.62 2.81 7.03 6.96 2.48 2.49
Hole M0070B — — — — X 0.05 2.26 2.24 2.28 1.93 1.91 4.65 2.81 6.98 6.92 2.43 2.45
Hole M0070C — — — — — X 2.24 2.21 2.25 1.97 1.95 4.61 2.82 7.03 6.97 2.48 2.49
Hole M0071A — — — — — — X 0.02 0.02 3.01 2.98 2.86 5.01 8.46 8.38 3.41 3.42
Hole M0071B — — — — — — — X 0.04 2.99 2.97 2.88 4.99 8.44 8.36 3.39 3.41
Hole M0071C — — — — — — — — X 3.02 3.00 2.85 5.03 8.47 8.39 3.42 3.44
Hole M0072A — — — — — — — — — X 0.03 5.85 3.84 5.45 5.38 0.50 0.52
Hole M0072B — — — — — — — — — — X 5.82 3.84 5.48 5.41 0.53 0.54
Hole M0073A — — — — — — — — — — — X 6.90 11.30  11.23 6.26 6.28
Hole M0074A — — — — — — — — — — — — X 6.78 6.75 4.17 4.18
Hole M0075A — — — — — — — — — — — — — X 0.09 5.055  5.04
Hole M0075B — — — — — — — — — — — — — — X 4.98 4.96
Hole M0076A — — — — — — — — — — — — — — — X 0.02
Hole M0076B — — — — — — — — — — — — — — — — X

RRS James Cook, offshore Atlantis Massif Onshore science party, BCR

Through-liner core description
Whole-core MSCL logging (fast and slow tracks): density, velocity, magnetic susceptibility, 

electrical resistivity
PFC contamination tracer concentration determination
Microbiology cell counts (by fluorescent microscope)
pH by ion-specific electrode; alkalinity by single-point titration to pH; salinity by 

refractometer; ammonium by flow injection method; methane and hydrogen by GC
Microbiology whole-round core photography
Downhole logging (through-pipe OAG)
In situ sensor measurement of dissolved gas, pH, and temperature

Natural gamma radiation
Core description (through liner and on split archive halves)
Thin section description
IW analysis by ICP-OES (major and trace elements) and IC (chloride, bromide, sulfate, and 

nitrate) and sediment TOC, TC, and TS by LECO
pH/alkalinity calibration measurements
High-resolution continuous digital line scanning (360° through liner, wet and dry on split 

working and archive halves)
Discrete sample moisture and density properties
Discrete sample magnetic susceptibility and paleomagnetic measurements
Handheld color reflectance of split core surfaces
Discrete P-wave velocity measurements
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Table T4. Sensor package (SP) Niskin bottles sampled for fluid chemistry, gas chemistry, and microbiology, Expedition 357. RD2 Niskins 1 and 2 were connected 
to tubing and fed water via a pump from close to the breakout table; Niskin 3 was not connected to tubing and was situated approximately 0.8 m above the 
seafloor. MeBo Niskins 2 and 3 were connected to the tubing and pump; Niskin 1 was not connected and was situated approximately 1.5 m above the seafloor. 
Start and end dates refer to drill deployment and recovery. Niskin trigger times are when the bottles on the sensor package were fired. Times are local (GMT – 
2h). COD = closed on deck; bottles triggered but did not fire; water remained in the two Niskins connected to the pump; Niskins were capped ~40 min after 
arrival on deck (Hole M0069A) or immediately upon arrival on deck (Hole M0070B). DNF = did not fire; bottles triggered but did not fire. 

Drill
hole ID

Rock
drill Device

Site
depth (m)

Start date 
(2015)

End date
(2015)

Niskin
trigger time Latitude Longitude

M0068A RD2 SP Niskin 1, pumped 1102.7 6 Nov 6 Nov 0800 30°7.49′N 42°5.74′W
M0068A RD2 SP Niskin 2, pumped 1102.7 6 Nov 6 Nov 0800 30°7.49′N 42°5.74′W

M0068B RD2 SP Niskin 1, pumped 1102.0 23 Nov 25 Nov 0903 30°7.51′N 42°5.75′W
M0068B RD2 SP Niskin 2, pumped 1102.0 23 Nov 25 Nov 0902 30°7.51′N 42°5.75′W
M0068B RD2 SP Niskin 3, not pumped 1102.0 23 Nov 25 Nov 0903 30°7.51′N 42°5.75′W

M0069A RD2 SP Niskin 1, pumped 850.9 6 Nov 8 Nov COD 30°7.94′N 42°7.20′W
M0069A RD2 SP Niskin 2, pumped 850.9 6 Nov 8 Nov COD 30°7.94′N 42°7.20′W

M0070A MeBo SP Niskin 1, not pumped 1140.5 8 Nov 9 Nov 0245 30°8.55′N 42°8.19′W
M0070A MeBo SP Niskin 2, pumped 1140.5 8 Nov 9 Nov 0245 30°8.55′N 42°8.19′W
M0070A MeBo SP Niskin 3, pumped 1140.5 8 Nov 9 Nov 0245 30°8.55′N 42°8.19′W

M0070B RD2 SP Niskin 1, pumped 1140.5 14 Nov 14 Nov COD 30°8.54′N 42°8.16′W
M0070B RD2 SP Niskin 2, pumped 14 Nov COD 30°8.54′N 42°8.16′W

M0071A MeBo SP Niskin 1, not pumped 1390.8 9 Nov 10 Nov 0245 30°7.71′N 42°9.20′W
M0071A MeBo SP Niskin 2, pumped 1390.8 9 Nov 10 Nov 0245 30°7.71′N 42°9.20′W
M0071A MeBo SP Niskin 3, pumped 1390.8 9 Nov 10 Nov 0245 30°7.71′N 42°9.20′W

M0071B RD2 SP Niskin 1, pumped 1390.8 18 Nov 19 Nov 0841 30°7.72′N 42°9.19′W
M0071B RD2 SP Niskin 2, pumped 1390.8 18 Nov 19 Nov 0816 30°7.72′N 42°9.19′W
M0071B RD2 SP Niskin 3, not pumped 1390.8 18 Nov 19 Nov 0841 30°7.72′N 42°9.19′W

M0071C MeBo SP Niskin 1, not pumped 1390.0 25 Nov 28 Nov 0050 30°7.70′N 42°9.21′W
M0071C MeBo SP Niskin 2, pumped 1390.0 25 Nov 28 Nov 0050 30°7.70′N 42°9.21′W
M0071C MeBo SP Niskin 3, pumped 1390.0 25 Nov 28 Nov 0050 30°7.70′N 42°9.21′W

M0072A RD2 SP Niskin 1, pumped 820.3 10 Nov 10 Nov 1503 30°7.79′N 42°7.32′W
M0072A RD2 SP Niskin 2, pumped 820.3 10 Nov 10 Nov 1501 30°7.79′N 42°7.32′W
M0072A RD2 SP Niskin 3, not pumped 820.3 10 Nov 10 Nov 1503 30°7.79′N 42°7.32′W

M0072B RD2 SP Niskin 1, pumped 820.3 10 Nov 12 Nov 0625 30°7.79′N 42°7.32′W
M0072B RD2 SP Niskin 2, pumped 820.3 10 Nov 12 Nov 0625 30°7.79′N 42°7.32′W
M0072B RD2 SP Niskin 3, not pumped 820.3 10 Nov 12 Nov 0625 30°7.79′N 42°7.32′W

M0073A MeBo SP Niskin 1, not pumped 1430.2 15 Nov 15 Nov 0630 30°7.90′N 42°10.97′W

M0074A MeBo SP Niskin 1, not pumped 1550.0 30 Nov 30 Nov 1328 30°9.87′N 42°7.32′W

M0075A MeBo No water collected 1585.6 14 Nov 14 Nov DNF 30°7.66′N 42°3.91′W

M0075A RD2 SP Niskin 1, pumped 1568.0 28 Nov 29 Nov 1407 30°7.67′N 42°3.98′W
M0075A RD2 SP Niskin 2, pumped 1568.0 28 Nov 29 Nov 1406 30°7.67′N 42°3.98′W
M0075A RD2 SP Niskin 3, not pumped 1568.0 28 Nov 29 Nov 1406 30°7.67′N 42°3.98′W

M0075B MeBo SP Niskin 1, not pumped 1568.0 29 Nov 30 Nov 0615 30°7.65′N 42°3.97′W
M0075B MeBo SP Niskin 2, pumped 1568.0 29 Nov 30 Nov 0614 30°7.65′N 42°3.97′W
M0075B MeBo SP Niskin 3, pumped 1568.0 29 Nov 30 Nov 0614 30°7.65′N 42°3.97′W

M0076A RD2 No water collected 768.0 15 Nov 15 Nov DNF 30°7.62′N 42°7.08′W

M0076B RD2 SP Niskin 1, pumped 768.0 15 Nov 17 Nov 1531 30°7.62′N 42°7.07′W
M0076B RD2 SP Niskin 2, pumped 768.0 15 Nov 17 Nov 1243 30°7.62′N 42°7.07′W
M0076B RD2 SP Niskin 3, not pumped 768.0 15 Nov 17 Nov 1531 30°7.62′N 42°7.07′W
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Table T5. CTD rosette cast locations, depths, and associated drill holes, Expedition 357. 

Cast N Hole Bottle N
Site

depth (m)
Date

(2015) Latitude Longitude
Sample 

depth (m)
Altimeter 

(m) 

JC130_001 M0068A 1, 5, 9 1001 6 Nov 30°7.51′N 42°5.75′W 1099 2.2
JC130_001 M0068A 13 1001 6 Nov 30°7.95′N 42°5.75′W 763
JC130_001 M0068A 17 1001 6 Nov 30°7.95′N 42°5.75′W 385
JC130_001 M0068A 21 1001 6 Nov 30°7.95′N 42°5.75′W 8

JC130_002 M0069A 1, 5, 9 849 6 Nov 30°7.98′N 42°7.22′W 848 1.7–3.0
JC130_002 M0069A 13 849 6 Nov 30°7.98′N 42°7.22′W 583
JC130_002 M0069A 17 849 6 Nov 30°7.98′N 42°7.22′W 293
JC130_002 M0069A 21 849 6 Nov 30°7.98′N 42°7.22′W 11

JC130_003 M0069A 1 851 8 Nov 30°7.95′N 42°7.20′W 848 2.1–2.7
JC130_003 M0069A 9 851 8 Nov 30°7.95′N 42°7.20′W 848 2.1–2.7
JC130_003 M0069A 13 851 8 Nov 30°7.95′N 42°7.20′W 848 2.1–2.7

JC130_004 M0070A 1, 5, 9 1140 8 Nov 30°8.54′N 42°8.20′W 1138 1.7
JC130_004 M0070A 13 1140 8 Nov 30°8.54′N 42°8.20′W 760
JC130_004 M0070A 17 1140 8 Nov 30°8.54′N 42°8.20′W 380
JC130_004 M0070A 21 1140 8 Nov 30°8.54′N 42°8.20′W 5

JC130_005 M0071A 1, 5, 9 1384 9 Nov 30°7.69′N 42°9.21′W 1387 2.2
JC130_005 M0071A 13 1384 9 Nov 30°7.69′N 42°9.21′W 902
JC130_005 M0071A 17 1384 9 Nov 30°7.69′N 42°9.21′W 454
JC130_005 M0071A 21 1384 9 Nov 30°7.69′N 42°9.21′W 6

JC130_006 M0072A 1, 5, 9 826 10 Nov 30°7.79′N 42°7.34′W 818 1.8–2.3
JC130_006 M0072A 13 826 10 Nov 30°7.79′N 42°7.34′W 482
JC130_006 M0072A 17 826 10 Nov 30°7.79′N 42°7.34′W 243
JC130_006 M0072A 21 826 10 Nov 30°7.79′N 42°7.34′W 4

JC130_007 M0072X 1 4244 11 Nov 30°2.01′N 42°6.94′W 4134
JC130_007 M0072X 5 4244 11 Nov 30°2.01′N 42°6.94′W 4135
JC130_007 M0072X 9 4244 11 Nov 30°2.01′N 42°6.94′W 1601
JC130_007 M0072X 17 4244 11 Nov 30°2.01′N 42°6.94′W 755

JC130_008 M0073A 1, 5, 9 1432 12 Nov 30°7.87′N 42°10.95′W 1428 1.5–1.8
JC130_008 M0073A 13 1432 12 Nov 30°7.87′N 42°10.95′W 960
JC130_008 M0073A 17 1432 12 Nov 30°7.87′N 42°10.95′W 482
JC130_008 M0073A 21 1432 12 Nov 30°7.87′N 42°10.95′W 4

JC130_009 M0074A 1, 5 1550 13 Nov 30°09.85′N 42°07.29′W 1550 1.3
JC130_009 M0074A 9 1550 13 Nov 30°09.85′N 42°07.29′W 1041
JC130_009 M0074A 13 1550 13 Nov 30°09.85′N 42°07.29′W 752
JC130_009 M0074A 17 1550 13 Nov 30°09.85′N 42°07.29′W 523
JC130_009 M0074A 21 1550 13 Nov 30°09.85′N 42°07.29′W 6

JC130_010 M0075A 1, 5, 9 1572 14 Nov 30°7.67′N 42°3.91′W 1581 2.3–4.5
JC130_010 M0075A 13 1572 14 Nov 30°7.67′N 42°3.91′W 1061
JC130_010 M0075A 17 1572 14 Nov 30°7.67′N 42°3.91′W 534
JC130_010 M0075A 21 1572 14 Nov 30°7.67′N 42°3.91′W 7

JC130_11 M0075X 1, 5 4217 14 Nov 30°6.49′N 41°59.87′W 4221 2.0
JC130_11 M0075X 9, 13 4217 14 Nov 30°6.49′N 41°59.87′W 4124
JC130_11 M0075X 17, 21 4217 14 Nov 30°6.49′N 41°59.87′W 4023

JC130_12 M0075Z 1, 5 821 1 Dec 30°7.44′N 42°7.16′W 807
JC130_12 M0075Z 9, 13 821 1 Dec 30°7.44′N 42°7.16′W 802
JC130_12 M0075Z 17, 21 821 1 Dec 30°7.44′N 42°7.16′W 797
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Table T6. Magnetic susceptibility Kappa values and demagnetized inclinations measured on discrete samples, Expedition 357. ND = not determined.

Hole, core, section, 
interval (cm)

κ
(SI)

Inclination 
(°)

Eastern sites
M0068A-1R-1, 27.5 0.01380 –3.7
M0068B-1R-1, 129.5 0.00520 –4.4
M0068B-2R-1, 25 0.01265 –3.3
M0068B-4R-1, 28 0.04470 –3.2
M0075B-3R-1, 78 0.00386 ND

Central sites
M0069A-5R-1, 104 0.00065 –45.7
M0069A-8R-1, 112 0.00065 ND
M0069A-10R-10, 82 0.03386 –41.9
M0072B-8R-1, 28 0.01344 –57.6
M0076B-6R-1, 123.5 0.03706 –49.1
M0076B-8R-1, 87.5 0.01629 –40.8

Western sites
M0071A-1R-CC, 1.5 0.07780 39.0
M0071A-1R-1, 21 0.05595 57.7
M0071A-2R-1, 54 0.00031 57.3
M0071C-6R-1, 16.5 0.00063 –56.9
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Figure F1. A. Conceptual sketch of lithospheric accretion and the tectonomagmatic evolution of a heterogeneous lithosphere and denudation of mantle rocks 
as detachment faulting progresses and oceanic core complexes are formed at slow-spreading ridges (from 2010 AGU Chapman Conference Report “Detach-
ments in oceanic lithosphere: deformation, magmatism, fluid flow, and ecosystems,” available at http://2010chapman.blogspot.fr). B. Example from Atlantis 
Massif: the southern wall is dominated by variably altered peridotites with gabbroic lenses (modified after Boschi et al., 2006) in contrast to (C) major gabbroic 
intrusions in the central dome (Grimes et al., 2008; copyright 2008 by the American Geophysical Union). 
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Figure F2. Location of cored sites (RD2 and MeBo) overlain on multibeam bathymetry acquired during Expedition 357 (multibeam resolution = 50 m). Cored 
sites from Expedition 304/305 and proposed Expedition 357 that were not drilled are also shown.

Figure F3. Field relations in the target area along the Atlantis Massif southern wall. A. Sedimentary cap sequences overlie the detachment fault zone (consist-
ing of variably thick zones of talc-amphibole schists within mylonitic and serpentinized peridotites) (Boschi et al., 2006; Karson et al., 2006). B. These sequences 
underlie hydrothermal deposits in the vicinity of the LCHF and overlie the detachment shear zone (DSZ) (Karson et al., 2006; copyright 2006 by the American 
Geophysical Union). C. Above the LCHF, cap sediments are cut by hydrothermal carbonates. D. These carbonates are locally venting diffuse fluids and have 
microbial filaments. Images captured by the ROV Hercules (2005), courtesy of the National Oceanic and Atmospheric Administration (NOAA)’s Office of Ocean 
Exploration, the University of Washington, and the Institute for Exploration at the University of Rhode Island.
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Figure F4. Seabed rock drills deployed from the RRS James Cook, Expedition 357. Top = MeBo, bottom = RD2. Images courtesy of Dave Smith (BGS). 

Figure F5. Multibeam image of Atlantis Massif data set acquired at 20 m per pixel resolution acquired during Expedition 357.
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Figure F6. Multibeam bathymetry of Atlantis Massif acquired at 50 m per pixel resolution (top left), corresponding slope map (top right), and structural and 
morphological interpretation (bottom).
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Figure F7. 3-D terrain model of Atlantis Massif with (top) a lateral view west of its eastern flank, (center) a lateral view of its southern flank showing extensive 
mass wasting, and (bottom) a northward view of the detachment fault surface showing striations and cross-cutting tectonic structures. Terrain model resolu-
tion = 50 m per pixel (top and center) and 20 m per pixel (bottom). See Figure F6 for scale on maps of the area, as scaling in 3-D views is variable owing to 
perspective.

Figure F8. Across-axis profiles over Atlantis Massif and the adjacent rift valley with projected locations of Expedition 357 sites. The southernmost profile (red) 
runs along the southern sites, the black profile runs over Site M0074, and the blue profile runs close to Hole U1309D, which was drilled to >1500 mbsf.
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Figure F9. Lithologic variations, Expedition 357. Pie charts show percentages of dominant lithologies recovered from each drilled site based on integrated core
length and are plotted against a bathymetry profile of the Atlantis Massif southern wall. 

Figure F10. Recovery and described lithology for all sites, Expedition 357.
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Figure F11. Porosity and grain density from all study areas, Expedition 357.

Figure F12. Porosity (from moisture and density analyses) and mean (X-, Y-, and Z-direction) P-wave measurements from all study areas, Expedition 357. Bars = 
minimum and maximum mean velocities. It was not possible to measure all three orthogonal directions for all samples.

Figure F13. Demagnetized inclinations vs. magnetic susceptibility for 13 discrete samples, Expedition 357. Red lines = expected inclination of ±49°.
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Figure F14. Declination and inclination from discrete samples (N = 13) after alternating field demagnetization up to 100 mT, Expedition 357. Solid blue squares 
= samples with normal polarity NRM (positive inclinations), open red squares = samples with reversed NRM (negative inclinations). Magenta circles = GAD 
predictions for the highest (inner) and lowest (outer) site latitudes drilled.
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