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Abstract
International Ocean Discovery Program (IODP) Expedition 399 will collect new cores from the 
Atlantis Massif (30°N; Mid-Atlantic Ridge), an oceanic core complex that has transformed our 
understanding of tectonic and magmatic processes at slow- and ultraslow-spreading ridges. The 
exposure of deep mantle rocks leads to serpentinization, with major consequences for the proper-
ties of the oceanic lithosphere, heat exchange between the ocean and crust, geochemical cycles, 
and microbial activity. The Lost City hydrothermal field (LCHF) is situated on its southern wall 
and vents warm (40°–95°C) alkaline fluids rich in hydrogen, methane, and abiotic organic mole-
cules. The Atlantis Massif was the site of four previous expeditions (Integrated Ocean Drilling 
Program Expeditions 304, 305, and 340T and IODP Expedition 357) and numerous dredging and 
submersible expeditions. The deepest IODP hole in young (<2 My) oceanic lithosphere, Hole 
U1309D, was drilled 5 km north of the LCHF and reaches 1415 meters below seafloor (mbsf ) 
through a primitive series of gabbroic rock. In contrast, during Expedition 357 a series of shallow 
(<16.4 mbsf ) holes were drilled along the south wall of the massif, one within 0.4 km of the LCHF, 
and serpentinized peridotites were recovered. The hydrologic regime differs between the two 
locations, with a low permeability conductive regime in Hole U1309D and a high likelihood of 
deep permeability along the southern wall.

Expedition 399 targets both locations to collect new data on ancient processes during deformation 
and alteration of detachment fault rocks. Recovered rocks and fluids will provide new insights into 
ongoing water-rock interactions, abiotic organic synthesis reactions, and the extent and diversity 
of life in the subseafloor in an actively serpentinizing system. We will deepen Hole U1309D to 
2060 mbsf, where temperatures are expected to be ~220°C. The lithology is predicted to transition 
with depth from primarily gabbroic to more ultramafic material. Predicted temperatures are well 
above the known limits of life, so detectable hydrogen, methane, and organic molecules can be 
readily attributed to abiotic processes. A new ~200 m hole will be drilled on the southern ridge 
close to Expedition 357 Site M0069, where both deformed and undeformed serpentinites were 
recovered. We aim to recover a complete section through the detachment fault zone and to sample 
material that reflects the subseafloor biological, geochemical, and alteration processes that occur 
along the LCHF circulation pathway. Borehole fluids from both holes will be collected using both 
the Kuster Flow Through Sampler tool and the new Multi-Temperature Fluid Sampler tool. Wire-
line logging will provide information on downhole density and resistivity, image structural fea-
tures, and document fracture orientations. A reentry system will be installed at proposed Site 
AMDH-02A, and Hole U1309D will be left open for future deep drilling, fluid sampling, and 
potentially borehole observatories.
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Plain language summary
Where most of us live, on the continents, the Earth’s crust is normally 30–40 kilometers thick, and 
the underlying mantle cannot be reached by drilling. The crust is thinner underneath the oceans, 
typically 6–7 kilometers thick, but still no hole has yet been drilled through normal thickness crust 
and into the mantle. Seafloor spreading at mid-ocean ridges is normally a magmatic process: the 
crust is continually formed by eruption and intrusion, leaving a well-layered structure with volca-
nics underlain by sheeted dikes and then gabbros. However, in some places magmatism cannot 
keep up with the spreading rate, and large convex-up extensional faults expose mantle rocks and 
lower crustal gabbros on the seafloor. An underwater dome-shaped mountain formed by this pro-
cess is called an oceanic core complex, and these locations allow us to directly sample mantle rocks 
and gabbros by drilling.

The Atlantis Massif is an oceanic core complex at 30°N on the Mid-Atlantic Ridge on the north 
side of the Atlantis I transform fault, which offsets the ridge by ~60 kilometers. The massif is 
capped by a corrugated fault zone, and is composed of a large gabbro intrusion into serpentinized 
mantle rocks to the south. These altered mantle rocks host the Lost City hydrothermal field, which 
is famous for carbonate chimneys the height of a house, venting alkaline fluids rich in hydrogen 
and methane. The hydrogen is formed by the reaction between seawater and mantle mineral oliv-
ine, and is a powerful source of energy that may have fueled the formation of the first building 
blocks of life on Earth. Before life could begin, small organic molecules must have formed abioti-
cally. Scientists have suggested that vent fields such as Lost City may be an analog of systems 
where these prebiotic reactions occurred, leading to the early development of life. Similar systems 
may be present on “icy worlds” such as Enceladus, which is one of the moons of Saturn, and capa-
ble of supporting life.

One of the main aims of International Ocean Discovery Program Expedition 399 is to study the 
reactions between olivine and seawater that are believed to be actively occurring at depth in the 
massif today. We will deepen an existing hole (U1309D) that reaches 1415 meters below the sea-
floor and has a bottom temperature of 140°C. This temperature is above the currently known limit 
for microbial life, so we can be sure that any hydrogen, methane, or organic molecules produced at 
greater depths are not due to microbial processes. We hope to reach 2060 meters below the sea-
floor, where temperatures of ~220°C are predicted. We will sample fluids in the borehole to look at 
active exchange of chemical components between fluid and rock and production of hydrogen and 
methane. We will also drill a shallow hole closer to the hydrothermal field that we predict will 
access the subseafloor environments that reflect the processes leading to this remarkable system.

Other aims of the expedition are to study the processes of formation of the Atlantis Massif, includ-
ing magmatism, deformation, and high temperature seawater-rock interaction, as well as the 
microbes living within the rocks and in the borehole waters. These are “extremophile” microbes 
that can live in highly alkaline environments at temperatures up to 100°C and high pressures. If 
environments similar to Lost City were the cradle of life, this is the type of life that would have 
formed.
22 publications.iodp.org · 4
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1. Schedule for Expedition 399
International Ocean Discovery Program (IODP) Expedition 399 is based on IODP drilling Propos-
als 937-Full2 and 937-Add (available at http://iodp.tamu.edu/scienceops/expeditions/atlan-
tis_massif_blocks_of_life.html). Following evaluation by the IODP Scientific Advisory Structure, 
the expedition was scheduled for the research vessel (R/V) JOIDES Resolution, operating under 
contract with the JOIDES Resolution Science Operator (JRSO). At the time of publication of this 
Scientific Prospectus, the expedition is scheduled to start in Ponta Delgada (Azores, Portugal) on 
12 April 2023 and to end in Ponta Delgada on 12 June (Figure F1; Table T1). The plan currently 
calls for 61 days of operations: ~5 days in port, ~7 days in transit, and ~49 days on site (for the 
current detailed schedule, see http://iodp.tamu.edu/scienceops). Further details about the facil-
ities aboard JOIDES Resolution can be found at http://iodp.tamu.edu/labs/index.html.

Figure F1. Location of Expedition 399 proposed primary Sites AMDH-01A and AMDH-02A, proposed alternate Sites AMDH-
03A and AMDH-05A, and Hole U1309D. Inset shows operational area and Ponta Delgada, Azores (Portugal) (expedition 
start and end port). Shaded rectangle = Site AMDH-05A area for which the Environmental Protection and Safety Panel 
(EPSP) has approved operations. If this contingency is implemented, a camera survey would determine the exact location(s) 
where single-bit hole(s) would be drilled.
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Hole B - Logging and fluid sampling at AMDH-02A

Subtotal days on site:

Hole D - Bit Run 9 - to 2020.0 mbsf - 1.0 m/h penetration rate

Hole D - Bit Run 10 - to 2060.0 mbsf, log with triple combo, FMS-sonic, and VSI

Hole E - RCB coring to 80 mbsf

Subtotal days on site:

Transit ~2 nmi to AMDH-02A @ 10.5 kt

Hole D - Bit Run 4 - to 1735.5 mbsf - 2 m/h penetration rate

Hole D - Bit Run 5 - to 1800.0 mbsf - 1.5 m/h penetration rate

Hole D - Bit Run 6 - to 1860.0 mbsf - 1.5 m/h penetration rate

Hole D - Bit Run 7 - to 1920.0 mbsf - 1.5 m/h penetration rate
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Hole D - Fluid sampling and temperature logging

Hole D - Fish caliper with RCJB in U1309D to 1415.5 mbsf
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Hole D - Bit Run 2 - to 1575.5 mbsf - 2 m/h penetration rate

Hole D - Bit Run 3 - to 1655.5 mbsf - 2 m/h penetration rate

Hole B - Reentry system for Hole B

Hole B - Coring bit Run 1 - to 100 mbsf

Hole B - Coring bit Run 2 - to 200 mbsf
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noitidepxe nigeB

Transit ~936 nmi to AMDH-02A @ 10.5 kt

Hole A - Seafloor survey for Hole A and pilot hole
Table T1. Operations plan, Expedition 39
mental Protection and Safety Panel. 
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2. Introduction
The Atlantis Massif oceanic core complex (OCC) (30°N; Mid-Atlantic Ridge; Figure F2) has been 
investigated during four expeditions (Integrated Ocean Drilling Program Expeditions 304, 305, 
and 340T and IODP Expedition 357) and numerous other cruises (Cann, 1997; Blackman et al., 
1998; Kelley et al., 2001, 2005; Blackman et al., 2002, 2013; Karson et al., 2006; Canales et al., 2004, 
2008). The southern wall of the massif hosts the Lost City hydrothermal field (LCHF), which has 
vented alkaline fluids rich in H2 and CH4 at temperatures of 40°–90°C for >100,000 y (Ludwig et al., 
2011; Kelley et al., 2005; Proskurowski et al., 2008). The LCHF is a model site for studying the 
serpentinization processes that lead to the creation of alkaline hydrothermal fluids rich in H2 and 
CH4, which are proposed to occur on other planetary bodies and potentially could support life. 
The Atlantis Massif is also a target location for return expeditions because of the ability to exam-
ine detachment fault processes that lead to ocean core complex formation. Although previous 
expeditions to this site have sought to characterize these serpentinization and fault deformation 
processes, drilling has yet to recover deep highly serpentinized material that is characteristic of the 
conditions thought to occur beneath the LCHF. To address these gaps in knowledge, IODP Pro-
posal 937 argued to return to the massif to collect deeper cores both from Integrated Ocean Drill-
ing Program Hole U1309D as well as from the southern wall in the footprint of shallower drilling 
done during Expedition 357 (Figures F2, F3, F4, F5).

Figure F2. A. Atlantis Massif showing main structural features, location of LCHF, and Hole U1309D. Bathymetry was col-
lected during Expedition 357 (Früh-Green et al., 2018; Escartín et al., 2022). Box = area of Figure F3. B. Full waveform inver-
sion of Seismic Line Meg 4 and locations of proposed primary Sites AMDH-01A (Site U1309) and AMDH-02A. Modified after 
Harding et al. (2016).
22 publications.iodp.org · 7
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Figure F3. Location of previous drilling during Expeditions 304/305 and 357 (modified after Früh-Green et al., 2016). MeBo 
= Meeresboden-Bohrgerät 200 drill, RD2 = RockDrill2 drill. Expedition 399 primary sites are at Site U1309 (proposed Site 
AMDH-01A) and between Sites M0069 and M0072 (proposed Site AMDH-02A).
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Figure F4. Summary of new sites proposed for Expedition 399. Dashed polygon = area representing Site AMDH-05A, con-
tained within rectangle approved for safety purposes (Figure F1). A series of single-bit holes would be drilled if operations 
at primary Sites AMDH-01A and AMDH-02A and main alternate Site AMDH-03A fail. (Note that Site AMDH-04A is from early 
version of proposal and was removed). Previous drill sites (Figure F3) shown for reference. CMP = common midpoint. Taken 
from Proposal 937-Add.
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Hole U1309D in the central dome of the massif penetrated largely gabbroic rocks to 1415 meters 
below seafloor (mbsf ) (Figures F2, F3, F4, F5, F6). This site contrasts with the southern wall of the 
massif near the LCHF, which consists dominantly of serpentinized peridotite with ~20% gabbroic 
rocks (Figures F2, F5, F7), and was extensively sampled in the upper few meters during Expedition 
357 (Früh-Green et al., 2018; Schroeder and John, 2004; Karson et al., 2006). The fault zone com-
prises talc-tremolite-chlorite schists overprinting serpentinite, with fault breccias and cataclasites 
locally overprinting higher temperature fault rocks including amphibolites, gabbros, and syntec-
tonic diabase dikes intruded in the fault zone (Blackman et al., 2011; McCaig et al., 2010; McCaig 
and Harris, 2012).

During Expedition 399, we plan to revisit Hole U1309D in the central dome of the massif and also 
attempt shallow (~200 m) coring in a new hole (proposed Site AMDH-02A) near Expedition 357 
Hole M0069A within the footprint of Expedition 357 on the southern wall (Figures F2, F3, F4, F5). 
An additional single-bit hole will be drilled at proposed Site AMDH-01A (Site U1309), targeting 
reaction porosity in gabbro and diabase, which we hypothesize to be a potential vector for high 
microbiology cell counts.

nomagmatic evolution of heterogeneous lithosphere and denudation of mantle rocks as detachment faulting progresses 
tachment mode” seafloor (Escartín and Canales, 2011). B. Southern wall of Atlantis Massif is dominated by variably altered 
 et al., 2006). 100 m thick detachment fault zone containing talc-tremolite-chlorite metasomatic schists is at the summit (Kar-

e. C. In contrast, major gabbroic intrusions dominate the central dome (Grimes et al., 2008).
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Figure F6. Lithology, temperature, and resistivity logging results, Expeditions 304/305 and 340T and Hole U1309D (after 
Blackman et al., 2014). ΔT = difference between observed temperature and an extrapolation of conductive gradient at 
depth to the surface. Minor excursions in temperature are interpreted to be zones of fluid flow at 746 mbsf, where tempera-
ture gradient changes from convective to conductive, and 1107 mbsf, near a zone of olivine-rich troctolite.
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3. Background

3.1. Geologic setting and previous work
The Atlantis Massif is an inside corner high on the right-stepping, sinistral, Atlantis I transform 
fault at 30°N on the Mid-Atlantic Ridge (Figure F2). The massif formed within the last 1.5–2 My. It 
was the first corrugated massif identified as an OCC (Cann et al., 1997), and it is capped by a 
domal detachment fault with corrugations parallel to the spreading direction (Figure F5). To the 
east, the detachment surface disappears beneath a hanging wall composed of fresh basaltic rocks, 
and is truncated by steep east facing median valley faults. Recent interpretations (Escartín et al., 
2022) suggest that a relic of the detachment fault has been trapped in the bottom of the axial valley 
by a westward ridge jump. To the west, a breakaway is assumed to be present but has never been 
unequivocally located. The shallowest part of the massif is at the top of the south wall, with a depth 
<700 meters below sea level (mbsl), and the detachment fault slopes north toward the central mas-
sif, where Site U1309 is located. To the north, the detachment is inferred to disappear beneath 
fault blocks of basaltic rock.

Early work on the massif concentrated on dredging and submersible studies of the south wall (Fig-
ure F5B), which is dominated by serpentinized peridotite with inclusions of gabbro (Cann et al., 
1997; Blackman et al., 1998, 2002). This slope is a transform fault wall degraded by slope failure, 
and it forms the footwall of the LCHF (Kelley et al., 2001, 2005). Geophysical surveys include a 

xpedition 357 holes along southern wall of Atlantis Massive (from Früh-Green et al., 2016, 2018). Proposed primary southern 
69B, where metadolerite (metadiabase) intrudes into talc-tremolite-chlorite schists, which are brecciated and underlain by a 
bsf. Below this fault are little-deformed serpentinized harzburgite and dunite. Beneath the soft-sediment layer, hole recovery 
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refraction experiment (Detrick and Collins, 1998) and multichannel seismic (MCS) profiles 
(Canales et al., 2004). High velocities were inferred from the refraction data and interpreted to be 
fresh peridotite at quite shallow depths. However, Hole U1309D (drilled during Expeditions 304 
and 305 in 2004 and 2005) showed that the central massif was floored predominantly by gabbro to 
at least 1415 mbsf (Figures F5, F6), requiring reevaluation of the internal structure of the Atlantis 
Massif and the geophysical interpretation. Canales et al. (2008) reprocessed the MCS data in terms 
of P-wave tomography, showing high velocities in the central massif and lower velocities under the 
South Ridge, with a steep contact between a gabbroic domain and a serpentinite domain to the 
south. Further processing of the MCS data by Henig et al. (2012) improved the resolution of the 
imaging, and full waveform inversion (Figure F2B) by Harding et al. (2016) produced sharper and 
more detailed images, groundtruthed by the deep Hole U1309D (Figure F6). It remains very diffi-
cult to resolve variably serpentinized peridotite from variably altered gabbro beneath the South 
Ridge, but an irregular intrusive contact between gabbro and partially serpentinized peridotite 
seems most likely.

Hole U1309D was revisited during Expedition 340T (Blackman et al., 2013, 2014), which carried 
out an extensive wireline logging program, including a vertical seismic profile and a temperature 
profile. The temperature gradient proved to be nearly linear below 750 mbsf, indicating a conduc-
tive thermal gradient in the lower part of the hole.

Expedition 357 was a mission-specific platform expedition during which a series of shallow holes 
were drilled (to a maximum of 16.4 mbsf ) in the southern part of the massif using seabed drills 
(Figures F2, F3, F4, F7) (Früh-Green et al., 2017, 2018). Excellent sections were collected through 
fault rocks and alteration zones, complementing the data from Site U1309. However, the aim of 
reaching 80 mbsf was not achieved.

3.2. Igneous petrology
Rocks recovered from Hole U1309D include a sequence of primitive gabbro and olivine gabbro 
(Figures F6, F8) with intervals of troctolite and olivine-rich troctolite and several diabase intru-
sions in the uppermost 100 m of the hole. Back-correcting for rotation, the diabase intrusions in 
the detachment zone could represent a lateral dike–gabbro transition (McCaig and Harris, 2012). 
Olivine-rich troctolites are interpreted to be mantle rocks modified by melt-rock reaction (Drouin 
et al., 2009; Ferrando et al., 2018; Lissenberg and MacLeod, 2017); less modified mantle rocks are 
confined to very short intervals (<1 m) at shallow depths. The gabbro contains many internal con-
tacts (Suhr et al., 2008) and local igneous layering. Plutonic rocks recovered from Hole U1309D 
are amongst the most primitive ever recovered (Figure F8). Unlike other drilled plutonic sections 
(Pacific Ocean: Deep Sea Drilling Project [DSDP] Hole 147 and Ocean Drilling Program [ODP] 
Hole 1256D; Indian Ocean: ODP Holes 735B and 1105A and IODP Hole U1473A), many of the 
Atlantis Massif plutonic rocks are in equilibrium with mid-ocean-ridge basalt (MORB), with some 
primitive enough to have formed directly from primary mantle melts. Hence, the Atlantis Massif 
offers a unique opportunity to study the compositions of melts delivered to the crust from their 
mantle source and how they evolve to MORB. This is paramount; crustal evolution of melt is now 
recognized to be significantly more complicated than previously realized, involving not only frac-
tional crystallization but also in situ crystallization and reactive porous flow (Lissenberg and 
MacLeod, 2017). Hence, interpreting MORB compositions and implications for the upper mantle 
is highly nonunique, unless melt evolution processes in the lower crust are quantified.

Intervals of gabbro in south wall serpentinites (Figure F5) have an uncertain relationship to the 
main gabbro farther north but also show evidence of melt-rock reaction (Whattam et al., 2022). 
They may be intrusions of different age or level of exhumation, or they may be satellites of the 
larger body. Establishing the genetic relationship between these bodies is important.

3.3. Structural and alteration history of the massif
The Hole U1309D section is remarkable for the paucity of high-temperature crystal-plastic fabrics 
compared to the only other deep OCC holes at Atlantis Bank (Dick et al., 2017; Ildefonse et al., 
2007; McCaig et al., 2010). However, significant breccia intervals occur in the uppermost 100 m of 
Holes U1309B and U1309D (Blackman et al., 2011). These both deform and are cut by syntectonic 
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diabase (dolerite) intrusions common in the same interval (Figures F3, F7). Brecciation is inferred 
to have occurred over a wide range of temperatures up to near magmatic (McCaig and Harris, 
2012). Alteration is pervasive in the upper part of Hole U1309D, and isotopic data shows the 
detachment fault zone to be highly altered by seawater-derived fluids at temperatures similar to 
black smoker fluids (McCaig et al., 2010). Greater intensities of crystal-plastic deformation were 
found in gabbroic lenses in peridotite on the south wall of the massif (Schroeder and John, 2004) 
and in the shallow cores from Expedition 357 (Früh-Green et al., 2018).

Intense alteration in the shallow Expedition 357 cores (Früh-Green et al., 2018; Rouméjon et al., 
2019) is generally consistent with previous work on the south wall (Boschi et al., 2006). Early ser-
pentine replacing olivine is locally overprinted by talc-tremolite-chlorite assemblages often asso-
ciated with mafic intrusions and/or shearing. Carbonate veining is surprisingly rare and almost 
exclusively observed at the drill sites closest to the LCHF (Ternieten et al., 2021). Extensive water-
rock interaction at variable temperatures is further reflected in heterogeneous sulfur isotope com-
positions (Liebmann et al., 2018). These document a complex evolution of the hydrothermal sys-
tem with episodes of low-temperature serpentinization and incorporation of seawater sulfate 
facilitating microbial activity and episodes of high-temperature water-rock interaction controlled 
by the intrusion of microgabbroic veins, which is accompanied by considerable mass transfer.

Alteration in Hole U1309D records progressive fluid influx during cooling from magmatic to 
ambient temperatures. It is pervasive above 300 mbsf, with olivine-plagioclase corona reactions 
reflecting temperatures above 500°C (Nozaka and Fryer, 2011). Deeper, the corona reaction is 
restricted to the vicinity of fault zones and lithologic contacts, but partial serpentinization of oliv-
ine is common in many intervals and often accompanied by prehnite and hydrogarnet replacing 
plagioclase (Frost et al., 2008). Serpentinization reactions are complex, including early brucite-
antigorite veins followed by lizardite-magnetite (Beard et al., 2009). Lower temperature ser-
pentinite is often accompanied by saponite (Nozaka et al., 2008), and this has recently been shown 
to contain abiogenic amino acids (Ménez et al., 2018). Sr and O isotope alteration by seawater-
derived fluids is common in the upper part of the hole but decreases below 350 mbsf and is mainly 
present in serpentine-rich intervals where the primary Sr content is low and the seawater signal 
may be carried by carbonates (McCaig et al., 2010).

Figure F8. Summary of igneous compositions, Hole U1309D (Expedition 304/305; Godard et al., 2009) and Expedition 357 
core samples (from Früh-Green et al., 2018). Note very primitive compositions of many of the gabbroic rocks compared to 
the diabase (dolerite) dikes, which are similar to MORB at 30°N in the Atlantic.
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Reaction permeability is common in the upper part of Holes U1309B and U1309D and has been 
found in chloritized gabbros in Expedition 357 cores (Figure F9). Rapid dissolution of primary 
minerals can occur if far from equilibrium hot fluid is in excess, as is likely in the upflow zone of a 
black smoker system (Cann et al., 2015).

Initial cooling of the massif was rapid, based on paleomagnetic (Morris et al., 2009) and geochro-
nological (Grimes et al., 2008; Schoolmeesters et al., 2012) data. This may have been linked to 
circulation of black smoker fluids in the detachment fault zone (McCaig et al., 2010; McCaig and 
Harris, 2012) in an early phase of circulation compared to the current Lost City phase.

3.4. Present day thermal structure and hydrothermal circulation
Expedition 340T (Blackman et al., 2014) found that the temperature profile in Hole U1309D was 
conductive below 750 mbsf, with a gentle curvature suggesting slow downflow of fluid above that 
depth (Figure F6). Minor excursions in downhole temperature at 750 and 1100 mbsf suggest fluid 
influx into permeable fault zones. To vent at up to 90°C, the LCHF must mine fluid to several 
kilometers depth, based on inferences of circulation temperatures from fluid chemistry (Kelley et 
al., 2005; Allen and Seyfried, 2004, 2005; Foustoukos et al., 2008) and hydrothermal modeling 
(Titarenko and McCaig, 2016; Lowell, 2017). At high levels, the LCHF is localized by faulting 
(Denny et al., 2016); whether more diffuse or multichannel flow occurs at depth or whether there 
is shallow recharge and mixing is very important for the chemical and hence microbiological evo-
lution of the system and therefore underpins all of our main objectives. The LCHF may be driven 
in part by exothermic serpentinization reactions (Früh-Green et al., 2004), but this is not certain 
because a lateral permeability change could stabilize and sustain the LCHF over long periods of 
time (Titarenko and McCaig, 2016). New measurements of the thermal structure and fluid flow at 
depth in proposed Hole AMDH-02A close to Lost City will provide important constraints on the 
hydrogeology of the Atlantis Massif.

Figure F9. Reaction porosity in Atlantis Massif. A. Amphibole filled vug in gabbro with bleached reaction rim of sodic feld-
spar and minor amphibole at 72 mbsf, Hole U1309B. Relic porosity is common both in the vug and the reaction rim. Vug is 
interpreted to be a section through a stockwork pipe for black smoker fluids flowing up the detachment fault. B. Fibrous 
amphibole filling porosity formed by dissolution of clinopyroxene (cpx) in diabase (dolerite), Hole U1309B. C. Chloritized 
gabbro with plagioclase completely dissolved and the space filled by chlorite, Hole M0071A. D. Chlorite geothermometry 
(Bourdelle and Cathelineau, 2015) showing that the vugs filled over a temperature range of 400° to <100°C.
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3.5. Potential for abiotic organic synthesis
It is axiomatic that before life could begin on Earth or other worlds in the solar system, precursors 
of DNA, RNA, proteins, and other biologically relevant macromolecules must have been synthe-
sized without biological intervention (Stüeken et al., 2013). The LCHF and Atlantis Massif have 
many features that make these synthesis reactions favorable; these locations have therefore been 
proposed as a model for the early Earth settings where prebiotic chemistry may have led to life 
(Kelley et al., 2002; Martin et al., 2008). Serpentinization and abiotic organic synthesis reactions 
play a major role in generating H2 and organic carbon molecules that are carried with fluids,
including methane, ethane, propane, and small carboxylic acids such as formate (Kelley et al., 
2001, 2005; Proskurowski et al., 2008; Lang et al., 2010, 2018; Wang et al., 2018; Klein et al., 2019). 
In samples recovered from nearby Hole U1309D, the amino acid tryptophan and additional carbo-
naceous material have been identified in association with iron-rich saponitic clays and proposed 
to be synthesized abiotically (Pisapia et al., 2018; Ménez et al., 2018).

A major driving factor for organic synthesis reactions is the production of H2 in association with 
serpentinization reactions, which makes the reduction of CO2 thermodynamically favorable 
(McCollom and Seewald, 2013). H2 is likely to be generated from the reduction of H2O circum-
stances where the average Fe3+/Fe2+ of secondary minerals is higher than that of primary minerals 
(Andreani et al., 2013; McCollom and Bach, 2009), although experiments suggest generation rates 
are highest around 300°C (McCollom et al., 2016). Hydrogen has been detected in the water col-
umn widely across the Atlantis Massif, even in locations not associated with the focused circula-
tion pathway of the LCHF (Lang et al., 2021).

Temperature and lithology are likely major controls on the type and abundance of organic com-
pounds synthesized at the Atlantis Massif. Some reduced compounds, such as methane and short-
chain alkanes, are believed to form through Fischer-Tropsch-type reactions at temperatures well 
above the known limit to life (Proskurowski et al., 2008; Wang et al., 2018; Klein et al., 2019), per-
haps catalyzed by Fe-, Ni-, and Cr-bearing minerals (Foustoukos and Seyfried, 2004). These com-
pounds may form at high temperature, trapped in fluid inclusions, and be mobilized into 
circulating fluids when the system is at lower temperatures (Kelley and Früh-Green, 1999, 2001; 
Klein et al., 2019). In contrast, the formation of carboxylic acids, amino acids, and carbonaceous 
material likely proceeds at lower temperatures (<400°C), including within thermal regimes condu-
cive to life (McDermott et al., 2015; Lang et al., 2018; Ménez et al., 2018; Klein et al., 2019).

Expedition 399 coring will enable examination of abiotic organic synthesis in multiple settings 
spanning distinct thermal and geochemical regimes. First, deepening Hole U1309D will result in 
core material that has never experienced temperatures lower than 140°C, except during the brief 
period of sample collection and recovery, allowing examination of organic formation beyond the 
known thermal limit for life. Second, proposed Site AMDH-02A will result in up to 200 m of core 
from the actively serpentinizing southern wall of the massif. In addition to recovering core mate-
rial, complementary fluid samples will be collected from down the boreholes. Recovered samples 
will provide an opportunity to link the variations in physicochemical conditions to the diversity of 
organic molecules and synthesis reactions identified in solid and fluid substrates. Pore fluids may 
also be recovered from samples containing reaction porosity both in the serpentine-rich environ-
ment of proposed Site AMDH-02A and the gabbroic environment of proposed Site AMDH-01A.

3.6. Examining the thermal limits of life and the deep biosphere in 
oceanic crust
To date, there is very little information about the existence of a deep biosphere in subseafloor ser-
pentinizing systems. The warmest, highest pH domains of carbonate chimneys from the LCHF are 
dominated by a single clade of Lost City Methanosarcinales (Schrenk et al., 2004). Chimney exte-
riors are mixing zones between seawater and anoxic alkaline fluids and create gradients conducive 
to biochemical and microbial activity (Summit and Baross, 2001; McCollom and Seewald, 2007; 
Lang and Brazelton, 2020). DNA sequencing and lipid biomarker analyses have identified commu-
nities involved in H2, CH4, and sulfur cycling (Bradley et al., 2009; Brazelton and Baross, 2010; 
Brazelton et al., 2010, 2006; Méhay et al., 2013). A portion of the community actively cycles for-
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mate, an organic acid formed abiotically deep in the circulation pathway (Lang et al., 2018; McGo-
nigle et al., 2020).

Prior to Expedition 357, it was hypothesized that subseafloor mixing zones between hydrothermal 
fluids and seawater, together with organic rich zones related to serpentinization, would lead to a 
diverse ecosystem that includes both chemolithotrophs and heterotrophs (Früh-Green et al., 
2015). It was also hypothesized that serpentinizing environments would sustain higher biomass 
than gabbro-dominated domains such as that sampled in Hole U1309D, where cell counts were 
below detection limit but gene sequencing revealed evidence for bacteria largely related to hydro-
carbon degraders (Mason et al., 2010).

Microbial cell abundances in the shallow Expedition 357 core samples were variable and relatively 
low, ranging from tens to thousands of cells per cubic centimeter (Früh-Green et al., 2018); many 
of the samples were below the minimum quantification limit of 9.8 cells/cm3 (Figure F10). The 
deepest serpentinite samples from Expedition 357 Holes M0072B (6.5 mbsf ) and M0069A (14.6 
mbsf ), sites closest to the LCHF (Figure F3), have cell densities of 10–24 cells/cm3 (Früh-Green et 
al., 2018). These cell densities are distinctly lower than in the actively venting LCHF carbonate 
towers (107–108 per gram of wet weight (Kelley et al., 2005). They are also low in comparison to 
cell densities in fluids sampled in actively serpentinizing environments on land, which are typically 
less than 105 cells/mL and as low as 102 cells/mL, although such locations represent different 
niches in the subsurface ecosystem (e.g., Brazelton et al., 2017; Schrenk et al., 2013). These cell 
densities are also lower than in mafic subseafloor cores, which have been estimated at ~104 cells 
per gram of rock (Jørgensen and Zhao, 2016). Overall, this low density suggests that something 
may be limiting life in this subsurface habitat compared to the other habitats, such as high pH, low 
carbon dioxide availability, or low solvent access owing to low porosity (Lang and Brazelton, 2020), 
but further analyses and additional samples are required to determine this.

Insights to the constraints on life in the subseafloor and the metabolic strategies that the small 
numbers of inhabitants employ can be gained in part through characterization of the endolithic 
communities. Distinguishing endemic microbial taxa from those introduced from seawater or 
contamination is a major challenge requiring multiple strategies to overcome (Kallmeyer et al., 
2017; Sylvan et al., 2021; Pendleton et al., 2021). Nonetheless, the signatures of endolithic commu-

Figure F10. Cell counts from interior portions of whole-round cores, Expedition 357. Shaded area = minimum quantifica-
tion limit (MQL) of 9.8 cells/cm3. Sediment (Sed) samples from Site M0069 have higher cell counts than other samples from 
similar depths. Cell counts are generally low; serpentinites at the base of Hole M0069A are the deepest samples with signif-
icant cell counts. From Früh-Green et al. (2018).
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nities have been successfully identified from the subseafloor of the Atlantis Massif during both 
Expeditions 304 (Mason et al., 2010) and 357 (Motamedi et al., 2020; Goordial et al., 2021; 
Quéméneur et al., 2019) (Figure F11). Despite the widespread dominance of communities that 
cycle H2 and CH4 in the Lost City hydrothermal chimneys (Schrenk et al., 2004, 2013; Brazelton et 
al., 2006), genes associated with H2 and CH4 metabolisms were rare or absent in the Atlantis Mas-
sif subseafloor (Goordial et al., 2021). In general, the genes necessary for autotrophic carbon fixa-
tion pathways were rare, whereas those associated with heterotrophy were regularly identified 
(Quéméneur et al., 2019; Motamedi et al., 2020; Goordial et al., 2021). Enrichment experiments 
also primarily identified microorganisms that rely on heterotrophy (Quéméneur et al., 2019). 
Although early indications suggested that alkane degradation may be an important metabolic 
strategy in the gabbroic-dominated Hole U1309D (Mason et al., 2010), genes associated with 
alkane degradation were not detected in metagenomic studies of the more ultramafic Expedition 
357 cores (Goordial et al., 2021). Using high-pressure incubations, a strictly anaerobic, mesophilic 
bacterium that relies on fermentation of organic compounds for growth was successfully isolated 
from Expedition 357 Hole M0070C (Quéméneur et al., 2019).

Together, these data point to communities that are adapted to the Atlantis Massif subsurface and 
quite distinct from those that inhabit the chimneys of the LCHF. Instead of capitalizing on the 
abundant thermodynamic energy available for autotrophy from the co-occurrence of H2, CH4, and 
SO4 (Lang and Brazelton, 2020), they appear to rely instead on organic molecules that are either 
transported with seawater or synthesized in situ. Collecting deep samples from an actively ser-
pentinizing system will allow us to explore the hypothesis that something (pH, low carbon dioxide 
availability, water availability, etc.) is limiting the biosphere in this subsurface system. It will also 
help us to constrain the source of the organics that these communities require and determine 
whether they consume the abiotic organic molecules created as a result of serpentinization reac-
tions.

3.7. Seismic studies/site survey data
The supporting site survey data for Expedition 399 are archived at the IODP Site Survey Data 
Bank (https://ssdb.iodp.org/SSDBquery/SSDBquery.php; select P937 for proposal number).

bial communities isolated from subsurface sediments and crust from Atlantis Massif Expedition 357 samples based on meta-
ophy, including methanogenesis and methanotrophy, and alkane degradation were rare. Identified genes were associated 
xide, and formate cycling. M. Aer oxidase = microaerobic cytochrome oxidase. From Goordial et al. (2021).
Figure F11. Metabolic potential of micro
genomes. Genes associated with autotr
with heterotrophy, aerobic carbon mono
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4. Scientific objectives
Operations during Expedition 399 should allow us to address the following objectives.

4.1. Objective 1: characterizing the life cycle of an oceanic core 
complex and the links among igneous, metamorphic, structural and 
fluid flow processes

4.1.1. Scientific rationale
The Atlantis Massif is probably the best studied near-ridge site in the ocean floor; this allows our 
objectives to be driven by process and hypothesis rather than exploration. At the end of the expe-
dition, we will have collected important new data on both ancient processes during deformation 
and alteration of the detachment fault rocks and the underlying massif and on the current thermal 
and hydrological structure of the massif and ongoing processes of fluid-rock interaction. We will 
have collected the first complete section through an oceanic detachment fault in serpentinites, 
complementing the shallow holes cored during Expedition 357 and will have collected the first 
IODP samples in a stable ocean crust regime with ambient temperatures ranging up to 220°C.

We will study the evolution of the Atlantis Massif by deepening Hole U1309D to ~2060 mbsf, 
accessing ambient temperatures from 147° to ~220°C, and by drilling a new 200 m deep hole in 
serpentinite containing gabbro and mafic dikes close to the LCHF.

4.1.2. Expected outcomes
We expect the following outcomes:

• In Hole U1309D, borehole fluids collected at temperatures up to 145°C will be analyzed for a 
full suite of major and minor elements and isotopes, including reactive elements such as boron, 
particularly above and below zones of suspected fluid ingress into Hole U1309D. Comparison 
with wall rock lithologies will allow rates of fluid-rock reaction since Expedition 340T in Feb-
ruary 2012 to be estimated. The deepened hole will be open for future fluid sampling up to 
220°C.

• Rock samples, forming part of the longest continuous section through young gabbroic crust to 
date in Hole U1309D, will allow the study of igneous and alteration processes in rocks that 
have never been below 140°C (other than briefly during drilling).

• A complete section from 15 to 200 mbsf will be drilled through the oceanic detachment fault 
zone in serpentinized ultramafic rocks at proposed Site AMDH-02A and into less deformed 
rocks below. Core information will be complemented by logging and paleomagnetic data for 
full structural reorientation. Temperature measurements will allow improved modeling of 
LCHF circulation.

• A new 80 m deep hole at proposed Site AMDH-01A in the vicinity of Hole U1309D will allow 
the calculation of the average strike and dip of diabase intrusions already correlated between 
Holes U1309B and U1309D.

Drilling will allow us to test the following specific hypotheses:

• The proportion of ultramafic rock will increase as Hole U1309D is deepened, reflecting a grad-
ual transition into mantle rocks. Much of both the main gabbro and smaller bodies in proposed 
Hole AMDH-02A are expected to show evidence of assembly by melt-rock reaction rather 
than discrete intrusion.

• Reaction porosity will be found on the margins of gabbroic intervals in contact with ultra-
mafics (blackwall zones) in the detachment fault zone and will yield formation waters distinct 
from Lost City vent fluids because of isolation from the main flow system.

• Deformation in the south wall fault zone will be multistrand, and strain will not be focused into 
shearing of serpentine but rather into tremolite-rich assemblages as seen in the cores from 
Expedition 357.

• Isotopically heavy seawater-derived boron will not be present in the deep section of Hole 
U1309D and may die out with depth at proposed Site AMDH-02A. Boron profiles will allow a 
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better estimate of the boron content of slow-spread crust to be made than those based on near-
surface collected samples.

4.2. Objective 2: accessing the chemical kitchen that preceded the 
appearance of life on Earth

4.2.1. Scientific justification
A consensus is emerging that abiotic serpentinization related reactions play a major role in gener-
ating H2 and various forms of organic compounds (Kelley and Früh-Green, 1999; Proskurowski et 
al., 2008; McCollom and Bach, 2009; McCollom and Seewald, 2013, Klein et al., 2013, 2019; Lang 
et al., 2010, 2018; McDermott et al., 2015; McCaig et al., 2020). These compounds can become 
mobilized and available for microbial activity at lower temperatures around vent systems such as 
the LCHF, potentially the type of location where life evolved on the early Earth (Kelley et al., 2002). 
An open question is what the rates of serpentinization, hydrogen generation, and organic synthe-
sis may be. We aim to identify chemical gradients in both H2 and organic compounds and other 
associated components to allow modeling of reaction rates. In situ observations in core will give 
control information on what compounds, both organic and inorganic, are actually produced in 
association with varying temperatures and lithologies.

Both the deepened Hole U1309D and the new hole at proposed Site AMDH-02A hosted in peri-
dotites will be left such that they can be relogged for fluid chemistry and temperature in the future, 
allowing for estimates of the rates of other fluid-rock reactions at various temperatures or possible 
ingress of formation waters.

4.2.2. Expected outcomes
We will sample organic molecules and H2 in fluid inclusions, core material, sedimentary pore 
waters, and borehole fluids in both the deepened Hole U1309D and the new hole at proposed Site 
AMDH-02A. The recovery of material from diverse lithologies and thermal regimes will provide 
the following opportunities:

• To sample rocks of variable lithology over a temperature range of 147°–220°C from 1414 to 
~2060 mbsf in Hole U1309D; at these temperatures, H2 production should proceed readily and 
recovered rocks would have been at temperatures above that of the limit for life throughout 
their geological history; abiotic organic synthesis reactions at these temperatures could favor 
more reduced types of molecules such as methane and hydrocarbons over more oxidized com-
pounds such as organic acids and amino acids;

• To sample fluids in existing Hole U1309D in a range of lithologies and locations where fluid 
ingress is suspected and at temperatures up to 140°C;

• To identify the distribution of H2 and CH4 with depth, temperature, and lithology;
• To assess the potential for further H2 generation by systematic measurement of Fe3+/Fe2+ ratios 

of secondary and primary assemblages;
• To sample lower temperature rocks at proposed Site AMDH-02A that are likely more suitable 

for the abiotic formation of a more diverse suite of organic molecules including formate, ace-
tate, and amino acids; we will seek these compounds in formation waters contained in reaction 
porosity and other permeable zones such as dike margins and fault rocks along with borehole 
fluids;

• To constrain the availability and form of inorganic carbon that could be used as a starting ma-
terial for abiotic synthesis reactions; and

• To identify the association of organic molecules with alteration phases such as clays.

Drilling will allow us to test the following specific hypotheses:

• Generation of H2 is widespread, it is abundant in fluid inclusions and borehole fluids associated 
with ultramafic lithologies, and the highest concentrations are associated with higher tempera-
tures.

• Generation of CH4 occurs primarily at high temperatures and in many cases has already been 
formed and trapped. In lower temperature settings, it is released from the rock into circulating 
fluids.
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• Saponite and other iron-bearing minerals whose formation is accompanied by H2 production 
(e.g., hydrogarnets) provide rich microsites for abiotic organic synthesis; lithologic contacts 
and alteration zones generate higher concentrations of more complex compounds due to en-
hanced chemical disequilibria.

• Carbonate deposition will be higher in the detachment zone accessed by drilling at proposed 
Site AMDH-02A, in contrast to the relatively sparse veins found on the south wall during Ex-
pedition 357.

4.3. Objective 3: characterize the deep biosphere and limits for life in 
the Atlantis Massif, in particular the impact of lithologic substrate, 
porosity, permeability, temperature, fluid chemistry, and reactive 
gradients

4.3.1. Scientific justification
Results from shallow (<16.4 mbsf ) coring on the southern wall during Expedition 357 indicate a 
very low biomass ecosystem (Figure F10) compared to other crustal subsurface systems (Früh-
Green et al., 2018). However, this coring did not reach the target depth of 50–80 mbsf, and it is 
doubtful that any part of the active Lost City flow system was accessed. Sampling did not specifi-
cally target the porous and permeable zones most likely to contain more abundant biomass. Reac-
tion porosity in mafic lithologies may increase microbial activity, including lower local pH, 
nutrient access through permeability, and chemical gradients related to lithologic boundaries and 
ongoing mineral precipitation (Andreani and Ménez, 2019; Lang and Brazelton, 2020). Opera-
tional restrictions during Expedition 357 inhibited the ability to properly characterize the micro-
biology of serpentinizing seafloor; deeper and more targeted samples are necessary to determine 
if there are robust depth-, temperature-, or lithology-driven patterns in the abundance or diversity 
of microbial life and if there are connectivities between this deeper ecosystem and that observed at 
LCHF. Similarly, sample collection during Expedition 304/305 was not targeted on porous, perme-
able, and reactive zones (Mason et al., 2010) and may not be representative. Proposed Site AMDH-
01A will be drilled to target such zones. Despite low biomass, communities adapted to in situ con-
ditions have been identified in recovered core material, including successful enrichment cultures 
(Mason et al., 2010; Quéméneur et al., 2019; Motamedi et al., 2020; Goordial et al., 2021).

Sampling for microbiological analyses will specifically target areas of higher porosity and permea-
bility to test whether these regimes are associated with higher cell abundances. The highest cell 
counts recovered from Expedition 357 were adjacent to highly chloritized gabbro with relict reac-
tion porosity (Figure F9), which was infilled with chlorite down to conditions of <100°C. Increased 
porosity, a less alkaline local fluid, or chemical gradients between serpentinite and gabbro may 
have promoted microbial growth. A major aim of drilling at proposed Site AMDH-02A is to 
recover similar vuggy samples in a more continuous section through the detachment fault zone. 
Several vugs were found in the uppermost 100 m of Holes U1309B and U1309D (Figure F9A), and 
smaller scale porosity was found in metadiabase (Figure F9B). This zone will be resampled at pro-
posed Site AMDH-01A.

The thermal structure of the Atlantis Massif offers a unique opportunity to study the temperature 
limits of a deep life in a crustal system because fluid temperatures in Hole U1309D (Figure F6) are 
expected to cross both the known upper thermal limit for life in laboratory cultures (122°C) and 
the lower suspected temperature limit (~80°–90°C) for life in energy-limited subsurface crustal 
systems (Heuer et al., 2020). Because many portions of the Atlantis Massif subseafloor are not 
energy limited, evidence of active life may be present even at the higher thermal limits only previ-
ously reached in laboratory cultures.

4.3.2. Expected outcomes
The samples will provide the following opportunities:

• To link the diversity and abundance of microbial communities with lithology and thermal re-
gime;
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• To constrain whether pH, availability of inorganic carbon, or other factors limit life in the sub-
seafloor;

• To determine whether microorganisms are more abundant in regions with porous and perme-
able zones such reaction porosity in the edges of gabbroic intrusions, fault rocks, and fractures;

• To determine whether there are common inhabitants in the subseafloor communities despite 
differences in physicochemical conditions;

• To identify the source(s) of organic carbon consumed by the heterotrophic inhabitants of the 
subseafloor;

• To isolate microorganisms via enrichment cultures to better understand the growth condi-
tions and physiological requirements of subseafloor life; and

• To evaluate the role of microorganism in mediating exchanges between circulating fluids and 
the host rock and in accelerating alteration reaction.

Drilling will allow us to test the following specific hypotheses:

• Cell counts higher than previously recovered from the Atlantis Massif (higher than 4 × 103 
cells/cm3) will be found in porous and permeable zones such as in reaction porosity at the 
edges of gabbroic intrusions, fault rocks, and fractures potentially channeling Lost City fluids.

• Higher cell counts and specific types of microbial life will be associated with local fluid chem-
istry (including H2, CH4, organic acids, other organic macromolecules, cation and anion ratios, 
and if possible pH).

• Heterotrophic metabolisms will be more prevalent than chemoautotrophic metabolisms.
• Evidence for active life will be present up to the thermal limit of life established by laboratory 

cultures (122°C).

4.4. Connection to the 2013–2023 IODP Science Plan
Expedition 399 will deepen Hole U1309D and drill two new holes on the Atlantis Massif (30°N; 
Mid-Atlantic Ridge) and will address multiple challenges within the current IODP Science Plan 
themes Biosphere Frontiers, Earth Connections, and Earth in Motion.

4.4.1. Challenge 5: what are the origin, composition, and global significance of 
deep subseafloor communities?
To date, there is very little information about the existence of a deep biosphere in subseafloor ser-
pentinizing systems. Results from shallow (<16.4 mbsf ) coring on the southern wall of the Atlantis 
Massif during Expedition 357 indicate a very low biomass ecosystem compared to other crustal 
subsurface systems, but deeper samples are necessary to determine whether there are robust 
depth-, temperature-, or lithology-driven patterns in the abundance or diversity of microbial life 
and whether there are connectivities between this deeper ecosystem and that observed at LCHF. 
These deeper samples will allow us to characterize the distribution, diversity, and survival strate-
gies of microbial communities in the subseafloor. We will also utilize other signs of life, such as 
lipid biomarkers, to identify the distribution of relict communities.

4.4.2. Challenge 6: what are the limits of life in the subseafloor realm?
A main hypothesis of Expedition 357 was that serpentinizing environments sustain higher micro-
bial biomass than gabbroic-dominated domains because of the availability of thermodynamic 
energy from a steady flux of H2 and abiotic organic molecules (Früh-Green et al., 2015). Instead, 
the cell counts in the shallow cores across the Atlantis Massif were low in comparison to continen-
tal serpentinizing systems and gabbroic systems (Früh-Green et al., 2018), suggesting that a 
parameter other than energy such as pH, low bioaccessible inorganic carbon, or water availability, 
limits the biosphere in this subsurface system (Lang and Brazelton, 2020). Quantification of the 
biomass and rates of microbial activity in cores that span a range of temperatures, geochemical 
conditions, and porosities will help identify the settings that support biological activity in the sub-
seafloor.
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4.4.3. Challenge 9: how are seafloor spreading and mantle melting linked to ocean 
crustal architecture?
The Atlantis Massif is a key end-member of the process of seafloor spreading, where much of the 
plate separation is accommodated on a detachment fault (Figure F5). This is in contrast to spread-
ing at fast-spreading ridges where most extension is accommodated by gabbro intrusion, eruption, 
and diking. The partitioning of strain between faulting and magmatic processes is controversial 
(Tucholke et al; 2008, Grimes et al., 2008) as is the role of gabbroic intrusions and dikes (Olive et 
al., 2010; McCaig and Harris, 2012). The extent to which gabbroic rocks are metasomatic products 
of melt-rock interaction with mantle rocks has also been debated (Drouin et al., 2009; Lissenberg 
and MacLeod, 2017). Our studies will address all these outstanding issues.

4.4.4. Challenge 10: what are the mechanisms, magnitude, and history of chemical 
exchanges between the ocean crust and seawater?
Measurement of a wide range of chemical and isotopic components in borehole fluids will be con-
ducted to better understand phase equilibria and fluid-rock interaction processes. Numerous field 
and experimental studies have demonstrated that dissolved silica, boron, lithium, oxygen, and 
strontium isotopes, together with redox constraints imposed by dissolved H2 and coexisting sulfur 
species, can provide important clues to the role of more deeply seated heat and mass transfer reac-
tions on the chemical evolution of hydrothermal fluids (Allen and Seyfried, 2003; Foustoukos et 
al., 2008). Data of this sort, for example, can help constrain temperature, fluid/rock mass ratio, and 
potential sources of silica that may involve alteration of gabbro and/or peridotite lithologies (Bach 
et al., 2004; Bach and Humphris, 1999; Seyfried et al., 2015; Tutolo et al., 2018). Observations over 
a range of temperatures from borehole fluid chemical and temperature data will permit assess-
ment of cooling-induced pH changes and B isotope fractionation processes, with insight on the 
effect of temperature on stable and metastable fluid-mineral equilibria. Deep drilling in Hole 
U1309D will also allow us to study the uptake of volatile elements such as boron and lithium in 
rocks that have never been closer than 1.5–2 km from the ocean reservoir. Quantification of 
Fe3+/Fe2+ ratios in both fresh and altered samples will allow time-integrated release volumes of H2
to be calculated, improving and extending existing estimates based on serpentinization to a wider 
range of rock types. Both holes will remain open for future logging and fluid sampling once ther-
mal equilibrium has returned.

4.4.5. Challenge 13: what properties and processes govern the flow and storage of 
carbon in the seafloor?
Circulating seawater carries seawater bicarbonate into the subseafloor, whereas crustal processes 
carry CO2 from the mantle. Both sources of inorganic carbon can rapidly precipitate as calcium 
carbonate over a wide range of pressures and temperatures, particularly in association with the 
alkaline conditions prevalent in ultramafic environments (Frost, 1985; Ternieten et al., 2021). For 
this reason, serpentinizing environments have been a focus of long-term carbon sequestration 
programs (Kelemen et al., 2011). The degree to which inorganic carbon remains accessible either 
in the fluids or in crustal material will have a significant impact on the availability of starting mate-
rials for abiotic synthesis reactions and for microbial autotrophy (Lang and Brazelton, 2020). The 
reduction of inorganic carbon to organic constituents in the absence of biological intervention 
occurs readily at the Atlantis Massif and LCHF, producing a suite of compounds that includes 
methane, short-chain hydrocarbons, organic acids, amino acids, and carbonaceous material (Pro-
skurowski et al., 2008; Lang et al., 2010; Ménez et al., 2018; Klein et al., 2019). Expedition 399 will 
help to constrain the settings in which different types of organic molecules are synthesized as well 
as the degree to which inorganic carbon is sequestered as carbonate.

4.4.6. Challenge 14: how do fluids link subseafloor tectonic, thermal, and biogeo-
chemical processes?
The thermal structure at proposed Site AMDH-02A will place new constraints on the hydrogeol-
ogy of the Atlantis Massif, in particular the nature of shallow recharge or discharge in the vicinity 
of LCHF and the extent to which flow is focused into the current vent field. Fluids in reaction 
porosity are likely to be trapped “backwater fluids” (Titarenko and McCaig, 2016), perhaps much 
more rock equilibrated than the rapidly moving LCHF fluids. Such backwater fluids, together with 
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fluid inclusions (Kelley and Früh-Green, 1999; Klein et al., 2019) may be the source of components 
such as H2 and CH4 leaking by diffusion into the flow system, and the gradients between slow- and 
fast-moving fluid regimes with different chemistries may be important for microbial growth (Lang 
and Brazelton, 2020). In Hole U1309D, we will be able to sample borehole fluids that may have 
equilibrated for some components with specific lithologies, allowing rates of reaction to be esti-
mated, and gradients of H2 either in the borehole fluids or fluid inclusions may allow estimation of 
gas fluxes out of the Atlantis Massif. By deepening Hole U1309D, we hope to approach the tem-
peratures at which H2 and CH4 are thought to be generated more rapidly during serpentinization 
(McCollom et al., 2016). In addition to these present day processes, our profile through the 
detachment fault zone at proposed Site AMDH-02A will allow the links between deformation, 
metasomatic alteration, porosity, and permeability generation during deformation at black smoker 
temperatures and above to be studied and quantified.

4.5. Connection to the 2050 Science Framework
Expedition 399 comes close to the end of the current IODP Science Plan, and it is useful to look 
forward to the 2050 Science Framework “Exploring Earth by Scientific Ocean Drilling.”

The expedition will contribute to the new Science Framework just as strongly as the current Sci-
ence Plan, including the Flagship Initiative Exploring Life and its Origins and the following Strate-
gic Objectives:

• Habitability and Life on Earth,
• The Oceanic Life Cycle of Tectonic Plates,
• Feedbacks in the Earth System, and
• Global Cycles of Energy and Matter.

5. Operations plan and coring/wireline logging strategy
Time estimates for the proposed operations are presented in Table T1.

5.1. Proposed Site AMDH-02A
The target area for proposed Site AMDH-02A is a gently sloping region ~50 m from Site M0069 
(Figures F2, F3, F4) that gave good recovery of diabase intrusives cutting talc-amphibole-chlorite 
schist, a brittle fault zone at ~13 mbsf, and undeformed serpentinites to 16.4 mbsf (Figure F7). We 
plan to occupy proposed Site AMDH-02A twice: at the beginning of operations to drill the hole 
and a few weeks later to sample fluids and conduct wireline logging after the borehole fluid has 
partially equilibrated with the formation.

During the first visit to proposed Site AMDH-02A, a camera survey will assess the conditions for 
drilling. A Niskin bottle will be mounted on the camera frame during every lowering to collect 
water column samples before and after drilling. An initial pilot hole (Hole A) will be drilled and 
cored to ~50 mbsf with the rotary core barrel (RCB) system. This will be followed by drilling a 
hydraulic release tool (HRT) reentry system with 13⅜ inch casing to ~14 mbsf in a second hole 
(Hole B), which will then be cored with the RCB system to ~200 mbsf. The reentry system will 
stabilize the upper sections of the hole and allow multiple bits to be run into the hole. During 
drilling, the perfluorocarbon tracer (PFT) perfluoromethyldecalin (PFMD; C11F20) will be continu-
ously introduced to the drilling fluid (target concentration of ~1 ppm) to allow assessment of the 
extent to which the interior of drill cores have been exposed to contamination.

The second visit will take place after drilling operations in Hole U1309D and will focus on fluid 
sampling and borehole logging. Two Kuster Flow Through Sampler (FTS) (de Ronde et al., 2019) 
tools will be assembled in series and lowered to collect 600 mL borehole samples each in conjunc-
tion with the Elevated Temperature Borehole Sensor (ETBS). The Kuster FTS tools are mechani-
cally triggered with a clock and will be set to trigger at depths based on intervals of interest from 
the recovered core material.
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Finally, routine wireline logging will be performed using a triple combo logging tool string (caliper, 
density, resistivity, and natural gamma radiation), followed by the Formation MicroScanner 
(FMS)-sonic tool string. FMS data will be of particular interest because they present images of 
structural features and document fracture orientations. The sonic tool will measure wall rock seis-
mic velocity. Prior to the deployment of the FMS, the hole will be filled with freshwater to enhance 
the quality of wall imagery (Expedition 304/305 Scientists, 2006). If time and circumstances per-
mit (i.e., no marine mammals are in the area), the Versatile Seismic Imager (VSI) will be run to 
generate extended crustal architecture logs for syncing with new lithologic analysis.

5.2. Site U1309
The first operational task in Hole U1309D will be the collection of pristine fluid samples and ther-
mal profile data from the borehole using the Kuster FTS tool and the sea trial of the Multi-Tem-
perature Fluid Sampler tool (MTFS; Wheat et al., 2020), followed by remediation of the hole and 
hole deepening via RCB coring:

1. Deploy both Kuster FTS tools assembled with the ETBS to collect fluid samples from ~350 
mbsf (~35°C) and ~600 mbsf (~60°C).

2. Deploy the MTFS (Figure F12) with the ETBS to total borehole depth to collect a range of 
samples. In the event that the first deployment is not completed successfully (i.e., if the major-
ity of the samplers do not trigger), we have budgeted time for two MTFS deployments to allow 
a second attempt. However, if the first deployment appears successful (i.e., the majority of 
samplers have triggered), the second deployment would be canceled. It is worth noting a sec-
ond deployment would be of lower quality because the borehole would already be disturbed 
from the first sampling.

Figure F12. MTFS assembled and ready for deployment on catwalk during IODP Expedition 385T (Wheat et al., 2020).
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3. Deploy the Kuster FTS tools again to collect samples from deeper/hotter depth (~1200 mbsf or 
~120°C) as well as a background sample from ~20 to 30 mbsf for comparison with the MTFS 
samples and for calibrating microbiological and organic analyses on deeper samples.

4. Deploy the reverse circulation junk basket (RCJB) fishing tool to remove a logging caliper pre-
sumed to have fallen to the bottom of the hole during Expedition 340T. Other fishing tools 
may be deployed if deemed appropriate such as a magnet or milling tool.

5. Deepen Hole U1309D with RCB coring to ~2060 mbsf.
6. Log (with flasked tools to protect electronics from high temperatures) from 1300 mbsf to as 

deep as temperatures allow.
7. Drill a new 80 m deep RCB hole in the vicinity of Hole U1309D (proposed Site AMDH-01A) 

aimed primarily at sampling porous zones in gabbro and diabase for microbiology and pore 
water chemistry.

We will implement a fluid sampling program in Hole U1309D, prior to hole disturbance, with the 
aim of collecting multiple pristine borehole fluid samples to examine microbiology and geochem-
istry across the known thermal limits for life. We will target fluid sampling at temperatures associ-
ated with mesophilic (~35°C) and thermophilic (~65° and 75°C) temperature ranges (and less than 
~750 mbsf ), with the ~75°C sample coming from an area in the borehole with presumed inflow of 
fluid. For lower temperature sampling, the Kuster FTS tool will be deployed, collecting ~600 mL of 
fluid from a target depth horizon, where the temperature is estimated based on prior thermal 
measurements in the hole. Higher temperature borehole fluids will be collected with the newly 
developed MTFS (Figure F12), which allows the simultaneous collection of up to twelve 1 L sam-
ples (Wheat et al., 2020). It operates with a shape memory alloy that triggers sampling at tempera-
tures from 80° to 181°C (Wheat et al., 2020).

Following fluid sampling and hole remediation, we will core to a target depth of 2060 mbsf (9–10 
bit runs), where the ambient temperature is predicted to be ~220°C based on the temperature gra-
dient recorded during Expedition 340T (Blackman et al., 2014). Only gradual changes in lithology 
are expected from geophysical interpretations (Figure F2B). During Expedition 305, the hole was 
deepened by 1014 m in 40 days on site. We have assumed slower drilling rates in hotter conditions, 
down to 1 m/h below 2000 mbsf, and taken half-length RCB cores to account for challenging pen-
etration conditions (Table T1). Core barrels will be run without core liners (plastic liners begin to 
melt at 80°C, and aluminum split cores are only marginally useful), with the contents shaken out 
into split core liners upon recovery, as done during IODP Expedition 376 (Brothers Arc; de Ronde 
et al., 2019). A Niskin bottle will be mounted on the camera frame during every lowering to collect 
water column samples directly above the reentry cone.

As with coring at proposed Site AMDH-02A, a PFT will be continuously introduced to the drilling 
fluid to allow assessment of the extent to which the interior of drill cores have been exposed to 
contamination.

The final operation in Hole U1309D will be logging. Depression of borehole temperatures during 
drilling and hole conditioning should allow a high proportion of the deepened hole to be logged. A 
standard triple combo logging tool string would chart hole conditions (caliper) and logs of density 
(Hostile Environment Litho-Density Sonde [HLDS]) and resistivity (High-Resolution Laterolog 
Array [HRLA]) will be most valuable for wall rock characterization. The FMS-sonic tool string 
would be run next to image structural features, document fracture orientations, and measure wall 
rock seismic velocity. If time and circumstances allow (i.e., no marine mammals in the area), we 
would also run the VSI. This will generate extended crustal architecture logs for syncing with new 
lithologic analysis of deep, hot gabbros (Objective 1).

An ~80 m deep RCB hole will be drilled at proposed Site AMDH-01A (Site U1309) with the aim of 
sampling for the third time the fault zone in gabbro and diabase sampled in Holes U1309B and 
U1309D. The hole will be located to allow triangulation of diabase contacts with the previous 
holes, with the aim of calculating orientations. The main aim of this hole is to collect zones of 
reaction porosity for microbiology and pore water sampling.
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5.3. Alternate drilling locations
Proposed Site AMDH-03A is an alternate for proposed Site AMDH-02A and is located on a shelf 
midway between Expedition 357 Sites M0070 and M0071 (Figure F4). At Site M0071, largely ser-
pentinites were recovered, with intercalations of chloritized gabbro and minor diabase. Site 
M0070 recovered a few meters of basaltic breccia, probably from a nearby volcanic cone erupted 
on the detachment surface. We anticipate a similar sequence through fault rocks and ser-
pentinized and talc-chlorite-tremolite altered ultramafic rocks as at proposed Site AMDH-02A. 
We would drill a pilot hole and then install a reentry system.

Proposed Site AMDH-05A is a contingency site that may include multiple single-bit holes drilled 
anywhere in an approved polygon (Figure F4). This alternate site would be used if operations at 
proposed Sites AMDH-01A, AMDH-02A, and AMDH-03A all fail.

6. Sampling and data sharing strategy
Shipboard and potential shore-based researchers should refer to the IODP Sample, Data, and 
Obligations Policy and Implementation Guidelines posted on the Web at http://www.iodp.org/  
top-resources/program-documents/policies-and-guidelines. This document outlines the pol-
icy for distributing IODP samples and data to research scientists, curators, and educators. The 
document also defines the obligations that sample and data recipients incur. The Sample Alloca-
tion Committee (SAC; composed of the two Co-Chief Scientists, Expedition Project Manager, and 
IODP Curator on shore and curatorial representative on board) will work with the entire scientific 
party to formulate a formal expedition-specific sampling plan for shipboard sampling. An orches-
trated shore-based sampling effort is not planned.

Shipboard scientists will be expected to submit research plans and associated sample requests 6–
8 months before the beginning of the expedition. Based on the submitted sample requests, the 
SAC will prepare a tentative sampling plan, which will be revised on the ship based on recovered 
materials and acquired data as well as collaborations that may evolve between scientists. Shore-
based requests may be considered at that time if they are not in conflict with research plans by 
shipboard scientists. The SAC will make final decisions regarding each request in consultation 
with experts in the shipboard party.

All sample frequencies and sizes must be justified on a scientific basis and will depend on core 
recovery, the full spectrum of other requests, and the overall project objectives. The total number 
of samples for a requester must be in the range of what can be analyzed and published in ~2 y. 
Additional samples can be requested thereafter. Some redundancy of measurements is unavoid-
able, but minimizing the duplication of measurements among the shipboard party and approved 
shore-based collaborators will be an important factor in evaluating sample requests.

Recovery of critical intervals may result in considerable demand for samples from a limited 
amount of cored material. These intervals may require special handling, a higher sampling density, 
reduced sample size, or other strategies. A sampling strategy coordinated by the SAC will be 
required before critical intervals are sampled. In addition, the permanent archive, which is pre-
served and excluded from sampling for at least 5 y, will be the standard archive half of each core.

7. Risks and contingency
The condition of Hole U1309D is unknown. The operations plan assumes that the caliper can be 
reached and removed by fishing or milling. If hole conditions are problematic, the priority will be 
an attempt to remediate the hole and to determine if future work in Hole U1309D is practical.

Significant risks are associated with the first sea trials of the recently developed MTFS, including 
failure of the intended functions or loss of the tool. Some issues may be addressed and fixed in real 
time, whereas others may result in termination of the test activity.
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Multiple attempts may be needed to start the pilot hole in bare rock at proposed Site AMDH-02A, 
but it has been done successfully before. Setting a reentry system has a small risk, and issues can 
typically be addressed in real time.

Weather can always play a role. At this time, Expedition 399 is scheduled to occur during a favor-
able weather window, and the operations plan has adequate contingency time, minimizing this 
risk.

8. Expedition scientists and scientific participants
The current list of participants for Expedition 399 can be found at http://iodp.tamu.edu/science-
ops/expeditions/atlantis_massif_blocks_of_life.html.
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Site summaries

Site AMDH-01A

Site AMDH-02A

Site AMDH-03A

Priority: Primary
Legacy hole: Sample and deepen Hole U1309D
Position: 30.1687°N, 42.1186°W
Water depth (m): 1656
Target drilling depth (mbsf): 2060
Approved maximum penetration (mbsf): 2100 (discretion of the shipboard party to deepen the hole if time is available)
Objective(s): • Sample fluids and measure temperature in existing Hole U1309D to 1414 mbsf 

(expected temperature: 225°C)
• Deepen existing Hole U1309D ~680 m and collect samples for petrology and 

geochemistry of abiotic organic compounds and H2

• Log Hole U1309D with flasked tools
• Drill new 80 m hole 20–30 m north of Hole U1309D, for microbiology sampling of 

porous rocks, fault zones, and correlation with Holes U1309B and U1309D (new hole 
was designated “U1309-J” in Proposal 937 text and site form)

Coring program: RCB core Hole U1309D to 2100 mbsf
Spud and RCB core a new hole (“U1309J”)

Downhole measurements program: • Sample fluids with new MTFS and Kuster FTS tools
• Log temperature
• Log newly drilled hole with flasked tools

Nature of rock anticipated: Gabbroic and ultramafic rocks in Hole U1309D; diabase (dolerite) sills, altered gabbros, 
and fault rocks in new hole (“U1309J”)

Priority: Primary
Position: 30.1317°N, 42.1202°W
Water depth (m): 825
Target drilling depth (mbsf): Pilot hole: 50–100 (single bit)

Reentry hole: ~200 (2 bits)
Approved maximum penetration (mbsf): 800 (discretion of the shipboard party to deepen the hole if time is available)
Objective(s): • 200 m hole with reentry system

• Complete section through detachment fault zone in serpentinized peridotite
• Sample for deformation, alteration, igneous petrology, microbiology, and 

organic/inorganic geochemistry
• Log for temperature and other properties
• Legacy hole for sampling fluids and gases, establishing temperature profile, potential 

instrumentation
Coring program: Pilot hole: Hard rock spud in with RCB

Main hole: Set HRT reentry system and then RCB
Downhole measurements program: • Standard tool suites

• Fluid sampling with Kuster FTS tool
Nature of rock anticipated: Serpentinite and gabbroic and basaltic rocks

Priority: Alternate
Legacy hole: Reentry system for future operations
Position: 30.1389°N, 42.1455°W
Water depth (m): 1275
Target drilling depth (mbsf): 200
Approved maximum penetration (mbsf): 800 (discretion of the shipboard party to deepen the hole if time is available)
Objective(s): • Drill through detachment fault shear zone

• Sample for igneous petrology, alteration, deformation fabrics, microbiology, and 
organic geochemistry

• Potential for postdetachment volcanic rocks
• Temperature profile, fluid sampling, potential to provide reentry system for legacy

Coring program: Pilot hole: Hard rock spud in with RCB
Main hole: Set HRT reentry system and then RCB

Downhole measurements program: • Standard tool suites
• Fluid sampling with Kuster FTS tool

Nature of rock anticipated: Gabbroic, basaltic, and fault rocks
22 publications.iodp.org · 33
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Site AMDH-05A
Priority: Alternate
Legacy hole: None
Position: Polygon defined by 12 points:

• 30.13°N, 42.188°W
• 30.13333°N, 42.17°W
• 30.12367°N, 42.15833°W
• 30.12667°N, 42.12°W
• 30.129°N, 42.1125°W
• 30.1225°N, 42.09417°W
• 30.13°N, 42.09533°W
• 30.13367°N, 42.115°W
• 30.13583°N, 42.1225°W
• 30.145°N, 42.12167°W
• 30.15°N, 42.14167°W
• 30.145°N, 42.18333°W

Water depth (m): ~1000 (but variable within approved area)
Target drilling depth (mbsf): 100
Approved maximum penetration (mbsf): 205 (discretion of the shipboard party to deepen the hole if time is available)
Objective(s): • Series of single-bit holes

• Near complete section through detachment fault zone in serpentinized peridotite
• Sample for deformation, alteration, igneous petrology, microbiology, and 

organic/inorganic geochemistry
• Log for temperature and other properties
• Alternate site if operations fail at main sites

Coring program: Multiple hard rock spud in with RCB
Single bit

Downhole measurements program: • Standard tool suites
• Fluid sampling with Kuster FTS tool

Nature of rock anticipated: Gabbroic, basaltic, and fault rocks
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