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Geologic evolution of the Lost City Hydrothermal Field
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Abstract The Lost City Hydrothermal Field (LCHF) is a novel serpentinite-hosted vent field located on the
Atlantis Massif southern wall. Results of 2 m resolution bathymetry, side scan, and video and still imagery,
integrated with direct submersible observations provide the first high-resolution geologic map of the LCHF.
These data form the foundation for an evolutionary model for the vent system over the past >120,000
years. The field is located on a down-dropped bench 70 m below the summit of the massif. The bench is
capped by breccia and pelagic carbonate deposits underlain by variably deformed and altered serpentinite
and gabbroic rocks. Hydrothermal activity is focused at the 60 m tall, 100 m across, massive carbonate edi-
fice ‘‘Poseidon,’’ which is venting 918C fluid. Hydrothermal activity declines south and west of the Poseidon
complex and dies off completely at distances greater than 200 m. East of Poseidon, the most recent stage
of hydrothermal flow is characterized by egress of diffuse fluids from narrow fissures within a low-angle,
anastomosing mylonite zone. South of the area of current hydrothermal activity, there is evidence of two
discrete previously unrecognized relict fields. Active venting sites defined by carbonate-filled fissures that
cut the carbonate cap rock at the summit of the massif mark the present-day northernmost extent of vent-
ing. These spatial relationships reflect multiple stages of field development, the northward migration of
venting over time, and the likely development of a nascent field at the massif summit.

1. Introduction

Oceanic core complexes (OCCs) are ubiquitous features of ultraslow and slow spreading environments [Can-
nat et al., 1997; Blackman et al., 2002; Karson et al., 2006; Smith et al., 2006, 2008; Escart�ın et al., 2008; Petersen
et al., 2009; Pedersen et al., 2010]. Their formation is fundamental to the development of slow spread oceanic
crust and in the generation of both black smoker and Lost City-type hydrothermal systems [e.g., Kelley et al.,
2001, 2005, 2015; Charlou et al., 2002; McCaig et al., 2007; Escart�ın et al., 2008; Petersen et al., 2009; Pedersen
et al., 2010]. Oceanic core complexes, formed by asymmetric exhumation along long-lived, spreading-paral-
lel normal faults, commonly expose serpentinized mantle peridotite and variably altered and deformed gab-
bros. [Cannat et al., 1997; Karson et al., 2006; Smith et al., 2006]. These structures share similarities with
terrestrial metamorphic core complexes [Howard et al., 1987; Dick, 1989; Karson, 1990; Mutter and Karson,
1992; Tucholke et al., 1998; Blackman et al., 2002; Reston et al., 2002; John and Cheadle, 2010].

Formation of OCCs is considered to be controlled predominantly by magmatic intrusion rates. Core com-
plexes are interpreted to initiate during periods of low magmatic input along ultraslow and slow spreading
ridges [Tucholke et al., 1998; Escart�ın et al., 2008; MacLeod et al., 2009]. This likely contributes to their preva-
lence at ridge-transform intersections and at nontransform offsets. Core complexes are thought to initiate
as deep-rooted high-angle normal faults on the ridge axis, which roll-over to a low-angle fault due to flex-
ural unloading [Buck, 1988; Tucholke et al., 1998; deMartin et al., 2007; Morris et al., 2009; Macleod et al.,
2011]. The rise-height of magmatic intrusion above or below the brittle-ductile transition zone controls the
relative proportions of exhumed peridotite versus gabbroic rocks [Olive et al., 2010]. Faulting on OCCs lasts
for several million years, with asymmetric spreading either jumping ridgeward to a new fault, or shifting to
magmatic spreading if the magma supply increases [Blackman et al., 2002; Buck et al., 2005; MacLeod et al.,
2009]. The surfaces of OCCs are typically characterized by spreading-parallel corrugations along broadly
curved low-angle surfaces that are interpreted to be long-lived extensional faults [Cann et al., 1997; Tucholke
et al., 1998; Escart�ın and Cannat, 1999; Reston et al., 2002; Blackman et al., 2002; Searle et al., 2003; Karson
et al., 2006; Smith et al., 2008].
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The Atlantis Massif is a well-mapped
and studied OCC at 308N on the
inside corner high between the
Atlantis Transform Fault and the Mid-
Atlantic Ridge [Blackman et al., 2002;
Kelley et al., 2002; Karson et al., 2006;
Blackman et al., 2008, 2009; Kelley
and Shank, 2010] (Figure 1). The sum-
mit of the central dome of the massif
was drilled during IODP Expeditions
304/305 [Blackman et al., 2011;
Schroeder and John, 2004]. Early bath-
ymetric studies of the Atlantis Massif
showed that it was a type location
for research on OCCs, exhibiting the
hallmark spreading-parallel corruga-
tions, and a distinct fault at the
footwall-hanging wall contact [Cann
et al., 1997; Blackman et al., 2002].

In 2000, during a survey with the
Argo towed camera, the novel Lost
City Hydrothermal Field (LCHF) was
discovered [Kelley et al., 2001]. The
field hosts spectacular carbonate
towers rising 60 m above the sea-

floor that vent basic fluids enriched in hydrogen, methane, and other low molecular weight hydrocarbons
[Kelley et al., 2001, 2005; Proskurowski et al., 2008; Lang et al., 2010]. Since that initial discovery, the impor-
tance of OCC’s in formation of both black smoker and alkaline, Lost City-type systems has attracted great
interest, in part because of the novel microbial life that inhabits the chimneys [Schrenk et al., 2003; Brazelton
et al., 2006, 2010], but also for researchers interested in exploration for life on other planets [Kelley et al.,
2005; Schulte et al., 2006; Schrenk et al., 2013; McCollom and Seewald, 2013; Hsu et al., 2015]. Much of this
interest stems from the growing recognition of serpentinization reactions and their importance for abio-
genic synthesis of hydrocarbons [Holm and Charlou, 2001; Kelley et al., 2001, 2005; McCollom and Seewald,
2006; Proskurowski et al., 2006; McCollom and Bach, 2009; Lang et al., 2010, 2012] and perhaps to the origin
of life itself [Martin et al., 2008; Holm, 2012]. This paper presents the first detailed geologic description of
the LCHF based on meter-scale resolution bathymetry maps derived from data collected with the AUV ABE
(Figure 2), the Deep-Towed DSL-120 side-scan sonar, and direct observations from DSV Alvin and the ROV
Hercules. In concert, these data are used to synthesize an evolutionary history of the Lost City system,
including an estimate of the maximum field extent and venting duration.

2. Methods

Submersible and remotely operated vehicle data were compiled from expeditions funded by the National Sci-
ence Foundation aboard the R/V Atlantis (cruise AT3-60 in 2000 and AT7-34 in 2003) and a NOAA-supported
effort aboard the R/V Brown in 2005 (Figure 3). Cruise AT3-60 conducted high-resolution DSL-120 side scan
surveys of the central and southern portion of the Atlantis Massif, including the southern scarp and the LCHF
(Figure 4, bottom), and dredges from the southern fault slope and massif summit [Blackman et al., 2002]. Digi-
tal still imagery was collected with the towed vehicle Argo, from which the field was discovered in 2000 [Kelley
et al., 2001]. Limited video, still imagery, and samples from the LCHF were collected on the first dive to the
field (DSV Alvin dive 3651). During the AT7-34 return cruise to Lost City in 2003, 19 dives were completed with
the DSV Alvin (Figure 3) and eight missions were undertaken with the AUV ABE [Kelley et al., 2005; Karson et al.,
2006]. The Alvin dives collected extensive video and still imagery covering a 2 km section to a depth of
1200 m to the south of the LCHF (Figure 3). During the AT7-34 expedition, Alvin collected 40 well-located sam-
ples of carbonate chimney and fissure deposits and 69 samples of basement rock. The ABE missions acquired

Figure 1. Location map for the Atlantis Massif, located at 308N between the Atlantis
Transform Fault and the Mid-Atlantic Ridge. The study area is at the summit of the
massif at a water depth of 740 m. IODP drill site U1309D is labeled on the map with a
star. This map is viewed in a WGS-1984 geographic datum with a global Mercator pro-
jection, and created using the GeoMapApp tool [Ryan et al., 2009].
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high-resolution multibeam bathymetry [Kelley et al., 2001, 2005; Karson et al., 2006]. In 2005, the R/V Brown
hosting the ROV Hercules and Medea system visited the LCHF for 9 days as part of a NOAA Ocean Exploration
program in collaboration with the University of Washington and the Institute for Exploration at the University
of Rhode Island. The 2005 program collected high-definition video and still imagery of the field and limited
rock samples. Hydrothermal carbonate structures are delineated by names given to them by the science
teams during the 2000, 2003, and 2005 field campaigns.

Figure 3. AUV ABE 2 m resolution bathymetry overlain with submersible dive tracklines illustrating the direct video and still image cover-
age used in this study. From upper left: 2000 Argo towed camera vehicle, 2000 Alvin HOV, 2003 Alvin HOV, and 2005 Hercules ROV.

Figure 2. AUV ABE bathymetry of the Atlantis Massif summit gridded to 2 m horizontal resolution. All AUV maps are displayed in the WGS-
1984 datum with a local planar Mercator projection. These data are available through the Marine Geoscience Data System hosted at
Lamont-Doherty Earth Observatory as part of IEDA [Kelley et al., 2015]
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2.1. Navigation
The AUV ABE and DSV Alvin
were navigated using an
onboard doppler velocity sen-
sor (DVL) and a long baseline
(LBL) transponder net to insure
high accuracy in positioning of
vehicles and resultant bathym-
etry, video transects, and sam-
ples. Postcruise, the track lines
were renavigated using Nav-
Proc with procedures estab-
lished by Ferrini et al. [2004] to
integrate DVL and LBL naviga-
tion for best fit of locations.
Directly adjacent to the core of
the LCHF, the navigation is
accurate to 64 m; away from
the transponder array, offsets
increased to 610 m for Alvin
navigation. The navigation
errors were due to uncertainty
in the position of the trans-
ponders within their tether
watch circle.

The 2005 dive program did not
use an LBL net, resulting in
comparatively poor dive navi-
gation. Consequently, video
imagery was predominantly
used to locate the ROV Hercu-
les in proximity to previously
located features. Because of
the superior navigation during
the 2003 dive program, unit
positions from 2000 and 2005
dives were relocated based on
landmarks fixed during 2003.
In addition to geomorphologi-
cal interpretations based on
the ABE bathymetry, all of the
2000 and 2003 Alvin and 2005
Hercules video and still imagery
were utilized to locate geologic
contacts.

2.2. Bathymetry
During 17 missions, ABE col-
lected 3.3 km2 of bathymetry
across the southern wall of
the Atlantis Massif directly

adjacent to the LCHF and southern summit of the massif using SM2000 multibeam sonar (Figure 2). The
SM2000 multibeam sonar on ABE was positioned in both a down-looking and side-looking orientation to
best image the near-vertical cliffs and hydrothermal spires on the southern summit of the Atlantis Massif

Figure 4. (top) Slope map derived from 2 m resolution bathymetry collected by the AUV ABE
and processed in ArcGIS. Values in red denote steep slopes, blue delineate more gentile slopes.
(middle) Rugosity map derived from 2 m resolution bathymetry collected by the AUV ABE and
processed with the GMET ArcGIS extension [Roberts et al., 2010]. Warmer colors delineate rougher
rugosity, cooler more smooth rugosity values. (bottom) DSL-120 side-scan sonar imagery crossing
the summit of the Atlantis Massif (adapted from Blackman et al. [2002]). The sidescan images are
overlain on coarse-scale TOBI sidescan data. The sidescan data clearly show the main Poseidon
edifice in the core of the Lost City Hydrothermal Field, as well as the surrounding active and inac-
tive carbonate towers. DSL-120 Sidescan was navigated by layback position. The DSL-120 data
are available through the Marine Geoscience Data System [Blackman et al., 2015].
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[Karson et al., 2006]. Bathymetric data were compiled in MBSystem [Caress and Chayes, 2014] and gridded in
Fledermaus to 2 3 2 m resolution. All bathymetry, dive tracks, and sample/transponder locations were col-
lated in ArcGIS, including derived products of slope (Figure 4, top) and rugosity (Figure 4, middle) created
with the MGET ArcGIS extension [Roberts et al., 2010]. Rugosity is a measure of the topographic roughness
based on the average difference in elevation of a reference cell to its eight adjoining cells. In this study,
rugosity was used to establish the locations of boulder fields and other geomorphologic features.

2.3. Mapping of Units
Geologic unit and fault contacts were established based on samples collected during dive missions corre-
lated to both dive video and down-looking still images. In concert, these data were used to define the out-
crop morphology of various units. Each contact was first delineated directly from the navigated location of
the submersible, and then corrected for position based on the vehicle depth. At distances in excess of
500 m from the LBL grid, vehicle depth provided the best N-S positional constraint. Lastly, mapped loca-
tions of unit contacts were connected by geomorphological characteristics, to create as best as possible, an
outcrop-scale interpretation of both basement rock and hydrothermal units. The varying levels of certainty
are noted in the geologic map by the line weight used and annotated in the legend. Solid lines denote
areas of direct observation and sampling. A dashed line is used where sampling or observation is sparse but
the geomorphologic indicators are reasonably clear. A dashed line with ‘‘?’’ is used where there is a high
level of uncertainty regarding the unit boundaries and composition.

3. Background Geology

3.1. Atlantis Massif
The southern exposure of the Atlantis Massif rises 3800 m from the base of the Atlantis Transform Fault, cul-
minating in a shear cliff face �200 m high. This cliff rises to a depth of 740 mbsl (meters below sea level). It
is deeply embayed due to mass wasting and faulting, which exposes massive serpentinite with lesser gab-
broic rocks. The wall terminates in a 50–100 m thick variably deformed zone that defines the main Atlantis
Massif Detachment Shear Zone (DSZ) at the summit of the massif (Figures 5a–5c) [Kelley et al., 2005; Karson
et al., 2006]. Five kilometers north of the LCHF, the Integrated Ocean Drilling Program (IODP) drilled Hole
U1309D into >1400 m of gabbro, with rare talc bodies [Expedition Scientific Party, 2005] (Figure 1, star).
Stratigraphic, petrologic, and geochemical analyses were consistent with variable melt intrusion along the
Mid-Atlantic Ridge axis in this area.

The central dome and southern ridge of the Atlantis Massif differ strongly in the exposure extent of ultramafic
material [Blackman et al., 2011]. A model proposed by Ildefonse et al. [2007] introduces the possibility that the
ultramafic material on the southern ridge is in fact a sheath of highly deformed rock surrounding large intru-
sive bodies. In this model, the southern wall is simply a region of anomalously deep intrusion of gabbroic
bodies, which caused the exhumation of a large body of ultramafic material only at this location. Although this
model provides both a proposed heat source for the LCHF and continuity with the IODP 304-305 expedition
coring results, it is not well substantiated by the LCHF fluid chemistry (high pH, absence of both metals, and
carbon dioxide). Warm peridotite rocks at depth may provide sufficient heat to drive fluid flow at this site [Pros-
kurowski et al., 2006, 2008].

3.2. Gabbro
Variably deformed and altered gabbro lenses and isolated gabbroic bodies comprise <30% of the outcrop
exposure of the southern wall [Karson et al., 2006]. This is in sharp contrast to results from IODP Expeditions
304/305 in which the core was dominated by gabbroic lithologies that lacked extensive ductile deformation
fabrics [Ildefonse et al., 2007]. Gabbroic lithologies collected at the southern wall include medium to coarse-
grained olivine gabbros with less abundant gabbro, gabbronorites, rare highly evolved oxide gabbros, and
local rodingites [Boschi et al., 2006; Schroeder and John, 2004]. The gabbros are dominated by primary plagi-
oclase and clinopyroxene, with minor oxide minerals, orthopyroxene, and olivine. Samples collected along
the eastern area of the southern wall provide evidence for multiple intrusions and melt-rock interaction.

The gabbroic rocks were impacted by multiple stages of alteration and deformation during uplift and cool-
ing (Figure 5). Granulite-facies mineral assemblages and deformation fabrics were overprinted by
amphibolite-facies assemblages during the early phases of exhumation [Schroeder and John, 2004;
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Boschi et al., 2006]. This high-temperature deformation is locally focused and results in mylonitic to ultramy-
lonitic textures. Petrographic and textural relationships indicate that high-temperature deformation
occurred during the initial faulting at depth below the ridge axis. The high-grade assemblages are over-
printed by greenschist-facies assemblages marked by tremolite-actinolite amphiboles 6 chlorite [Schroeder
and John, 2004; Boschi et al., 2006]. This stage of alteration is interpreted by Schroeder and John [2004] to be
due to unroofing of the core complex and fluid flow within the Detachment Shear Zone.

3.3. Serpentinized Peridotite
Variably altered and deformed serpentinized harzburgite comprises >70% of the exposed rock along the
southern wall [Karson et al., 2006; Boschi et al., 2006]. The ultramafic protolith is dominantly a spinel harzbur-
gite with medium to coarse-grained porphyroclastic texture [Boschi et al., 2006]. Alteration in the samples
collected is pervasive, with all samples showing >70% alteration to serpentinite. However, massive and
steep outcrops stratigraphically lower and outside of the DSZ may represent less altered ultramafic rocks
[Blackman et al., 2002]. The lack of fractures in these outcrops prevented sampling (Figures 5d–5f).

The serpentine mineral assemblage at all stages of alteration is fairly consistent, with lizardite 6 chrysotile
and trace antigorite present in pre, syn, and postmetasomatic textures [Boschi et al., 2006]. This constrains
the temperature of formation to >4258C [O’Hanley, 1996; Fr€uh-Green et al., 2003]. Brucite has not been
detected in samples collected to date. Talc is present as a minor high-temperature alteration mineral in the
peridoties and is a greenschist-facies mineral in the gabbroic rocks. In the peridotites, talc is an alteration
product of orthopyroxene. It commonly occurs with tremolite and/or chlorite in low-temperature
(<�4008C) metasomatic zones in the serpentinites [Boschi et al., 2006]. Talc overprinting is both synkine-
matic and postkinematic, with talc acting as a strain localizing mineral because of its low shear strength

Figure 5. Coregistered outcrop and hand-sample images of serpentinite rock units on the southern face of the Atlantis Massif. (a) Mylonitic serpentinite in outcrop with well-defined sub-
horizontal, anatomosing shear zones lacking blocky fracture (image from the ROV Hercules). (b) Hand-sample image of augen and focused mylonitic shear zones. (c) Hand-sample image
of talc-tremolite mylonite. (d) Massive serpentinite in outcrop with large blocky fracture and no pervasive shear fabric (image from the DSV Alvin). (e) Hand sample of serpentinite with
static alteration textures, patches of metasomatic talc-amphibole domains, and calcite veining. (f) Hand sample of statically altered gabbroic protolith with metasomatically altered ser-
pentinite domains. All outcrop image locations are shown in Figure 9b.
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[Schroeder and John, 2004]. Textural interpretation of the alteration sequence indicates a consistent over-
printing of lower temperature phases on higher-temperature minerals [Schroeder et al., 2002; Fr€uh-Green
et al., 2003; Boschi et al., 2006]. A progression of decreasing temperature with increasing brittle deformation
and localization within the detachment fault is highly characteristic of OCC’s [Buck et al., 2005].

3.4. Detachment Shear Zone (DSZ)
The DSZ is composed of anastomosing zones of intense, focused deformation that forms mylonitic rocks,
which enclose lenses of less deformed serpentinite and gabbro [Karson et al., 2006; Boschi et al., 2006]. Rib-
bon serpentine 1 talc 6 tremolite commonly defines high strain deformation fabric, with primary serpentin-
ite textures found only in lenses (Figures 5b and 5c) [Schroeder et al., 2002; Boschi et al., 2006; Karson et al.,
2006; Delacour et al., 2008]. Within the DSZ, alteration of the harzburgite and gabbro protoliths is pervasive.
Here metasomatic rocks with varying proportions of talc, Ca-rich amphibole, and chlorite are common; in
some cases, only REE and Sr/Nd isotope ratios provide an unambiguous indication of the protolith material
[Boschi et al., 2006; Delacour et al., 2008]. The greenschist-facies mineral assemblages are overprinted by
lower-temperature phases with a distinct partitioning of talc-tremolite products into locally ultramylonitic
lenses. Regions of focused intense deformation are more common in the talc-tremolite dominated zones.
The mylonitic fabric dips gently to the west [Karson et al., 2006] and is highly variable through the upper
50–100 m of the massif’s southern exposure.

3.5. Cap Rock
A polymict breccia and carbonate caprock lie unconformably over the summit of the Atlantis Massif (Figure 6)
[Kelley et al., 2001; Fr€uh-Green et al., 2003; Karson et al., 2006]. The breccia is up to �1 m thick and composed

Figure 6. Coregistered outcrop and hand-sample images of polymict breccia and pelagic carbonate cap from the southern summit of the Atlantis Massif. (a) Outcrop image of mylonitic
serpentinite zone uncomformably overlain by a polymict breccia and pelagic carbonate caprock (image from the ROV Hercules). (b) Hand-sample image of carbonate caprock with
benthic invertebrate inclusions. (c) Hand-sample image of polymict breccia grading into pelagic carbonate sampled proximal to the contact with the underlying breccia with matrix-
supported clasts of basalt and serpentinite. (d) Outcrop image of mylonitic serpentinite with overlying polymict breccia, note the absence of an extensive carbonate caprock in this expo-
sure (image from the DSV Alvin). (e) Hand sample of matrix-supported breccia with clasts of basalt, serpentinite, and metagabbro. (f) Hand sample of large basaltic clast with manganese
crust found on top of a summit breccia exposure. All outcrop image locations are shown in Figure 9b.
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of variably rounded clasts of serpentinite, gabbro, talc-tremolite nodules, and subangular weathered basalt in
a micritic carbonate matrix. The micritic carbonate matrix weathers to a characteristic reddish brown color on
outcrop exposures. The unconformable contact between faulted mylonitic serpentinite and the overlying
breccia indicates that breccia formation postdates detachment faulting [Karson et al., 2006].

A pelagic carbonate cap forms a well-lithified, 1–2 m thick, nearly horizontal deposit on the summit of the
massif. It includes pelagic fossil-rich micritic carbonate and hydrothermal carbonate resulting from diffuse
flow [Fr€uh-Green et al., 2003; Ludwig et al., 2011] (Figures 6a–6c). The pelagic carbonate layer caps the south-
ern summit of the Atlantis Massif and acts as a barrier to underlying hydrothermal flow, except in regions
where the caprock is fractured. Based on C14 data, the cap rock age is at least 34 kyr [Fr€uh-Green et al.,
2003]; more recent analyses utilizing 230Th techniques indicate an age of 93 kyr [Ludwig et al., 2011]. The
cap rock is discontinuous across the summit: to the west of the summit, there are significant exposures of
breccia with little to no pelagic carbonate (Figure 6d).

3.6. Hydrothermal Chimney Morphology
Chimney morphologies across the entire LCHF are highly variable, which in part reflect their evolutionary stage
[Kelley et al., 2005; Ludwig et al., 2006]. Four stages of carbonate deposit evolution were defined by Ludwig et al.
[2006], for the Lost City structures. Stage I is the direct egress of high pH fluid from serpentinized peridotite. This
stage is exemplified in the far northeast portion of the field by nascent carbonate structures that grow directly
on and out of a steep face of serpentinite bedrock (Figures 7a, 7b, 8e, and 8f). All Stage I structures are <1 m tall
and composed of aragonite and brucite that typically show filamentous-like growth structures with high poros-
ity. Their location is heavily controlled by foliations in the mylonitic serpentinite. Stage II results in the formation
of delicate snow-white, highly friable carbonate towers, and flanges composed of aragonite and brucite (Figures
7c, 7d, 8a, and 8b). These precipitate from variable mixing of 40–908C hydrothermal fluids and seawater. Progres-
sive hydrothermal flow and mixing within the deposits fills in the highly porous deposits, providing cohesiveness
to the edifices. Mature Stage III structures host distinct channels, are well lithified, and show progressive altera-
tion of aragonite to calcite. Stage III structures reach up to 60 m in height. They are dominantly light to deep ivory
in color depending on the age of the carbonate (carbonate progressively darkens in color with age at LCHF) (Fig-
ures 8a and 8b). The final Stage IV/V structures are progressively more lithified and less porous. Aragonite is com-
pletely replaced by calcite, and brucite is removed entirely through dissolution (Figures 7e and 7f). These
structures are rounded, colonized by epifaunal populations; the oldest structures are dark brown. In the largest
edifices, multiple growth stages are commonly present, consistent with their complex evolutionary histories.

4. Results

Detailed analysis of the bathymetry, dive video and still images, and recovered samples yield new geologi-
cal interpretations and an evolutionary model of the LCHF and the Atlantis Massif summit. This investigation
also resulted in the discovery of previously unreported proximal and distal extinct fields. Results from this
study allow previous work at the LCHF to be placed in the broader evolutionary context. The following inter-
pretations are based on direct submersible observation, and derived sonar products.

4.1. Faults
High-angle normal faults control the morphology of the south face of the Atlantis Massif, resulting in the
formation of 800 m across embayments bounded by steep ridges (such as the one that hosts the LCHF).
The embayments offset the OCC surface to the north up to 200 m and are constrained by the north-south
trending high-angle normal faults (Figures 9a and 9b). The high-angle faults intersect and cut the basement
rocks, and focus slope instability on the southern extent of the Atlantis Massif summit. There are two gener-
ations of high-angle normal faults expressed on the southern massif summit. One set of faults is oriented
north-south. These faults have offsets of 10–20 m and extend >2 km south of the Atlantis Massif summit
forming steep ridges that terminate at the Atlantis Transform Fault (Figure 9a). These faults control hydro-
thermal flow [Kelley et al., 2005; Karson et al., 2006; Ludwig et al., 2006] and show a sinusoidal expression
due to recent mass wasting. The second set of faults has a smaller surficial expression. They mostly occur
within, and just below the DSZ. They trend northwest-southeast and show far more variation in trend than
the larger, north-south faults. These faults offset the basement rock by <10 m and are mainly evident by
the relative thickness of the DSZ. Downslope and to the south, the expression of both types of normal faults
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is concealed by rubble and debris, obscuring the total fault throw. None of the high-angle normal faults
interact with the breccia or carbonate caprock, indicating that these layers were deposited after secession
of fault movement.

Superimposed on the large (800 m) embayments are smaller 200 m long by 30 m wide scarps that appear to be
controlled by the secondary, variable striking normal faults. These scarps expose the caprock and basement rock
units and are present along the entire southern summit of the Atlantis Massif. Rubble from mass wasting events
litters the slope below these arcuate scarps, indicating an extensive history of mass wasting (Figures 6 and 9a).

4.2. Detachment Shear Zone
Pervasive manganese coating on all exposed serpentinized peridotite and extant gabbroic lenses make
these units difficult to distinguish from submersible observations. Therefore, these units are grouped

Figure 7. Examples of hydrothermal carbonate at the LCHF. Outcrop example of nascent venting (a) on the summit of the Atlantis Massif
immediately to the north of LCHF and (b) on exposed serpentinite to the northeast of the LCHF. (c) Carbonate tower on razorback ridge run-
ning north from the central Poseidon complex and (d) accompanying hand sample of Stage II/III carbonate. (e) Well-rounded and indurated
carbonate towers to the south of the Poseidon complex. The heavily indurated towers were not directly sampled due to their shape and
robustness that prevented obtaining ‘‘handholds’’ with manipulators on the vehicles. (f) Hand sample of Stage IV/V carbonate collected from
detrital slopes (shown in Figure 12). All seafloor images were taken with the ROV Hercules. All outcrop image locations are shown in Figure 9b.
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Figure 8. Examples of active and extinct hydrothermal carbonate at the LCHF. Clockwise from left: (a) the ‘‘Ryan’’ tower, due east of the
main Poseidon complex, grows out of the base of a north-south trending fault scarp. Note the extensive carbonate talus surrounding this
chimney complex. Photomosaic of this 14 m tall edifice is composed of images taken with the ROV Hercules. (b) The summit of the ‘‘Nature’’
tower 15 m east of Ryan. This structure hosts numerous active venting sites from both flanges and beehive-type structures at the summit.
(c) Base of the IMAX tower on the northern flank of the Poseidon complex. It hosts myriad flanges with inverted pools of 60–708C hydro-
thermal fluid. The mature structure extends �10 m up the flank of Poseidon. (d) Beehive structure on the southern flank of Poseidon
actively venting 918C fluid, the highest temperature recorded at the LCHF. (e and f) Hand samples of Stage I and Stage II deposits, both
recovered from the summit of Poseidon. Figures 8b–8d were taken with the ROV Hercules. All outcrop image locations are shown in
Figure 9b.
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together for mapping purposes in this study. This combined unit has a massive blocky structure, with frac-
tures spaced 10 cm to 1 m apart (Figures 5d and 5f). With increased proximity to the high-strain zones, frac-
tured block sizes are reduced and fractures are progressively oriented E-W with the DSZ fabric.

The seafloor expression of high-strain deformation along the detachment fault at the summit of the Atlantis
Massif is uneven. The detachment zone is cut by numerous, high-angle normal faults that displace the
deformation fabric and underlying massive serpentinite. The throw on these faults is difficult to determine
because of a lack of definitive penetrating features within the complex high-strain fabric. However, given an
overall mylonite thickness of 50–100 m, it is likely that these faults offset the deformation zone by <10 m.

4.3. Rubble Fields
Regions with steep slopes (>608), especially proximal to two major high-angle normal faults and the main
detachment fault, are dominated by massive serpentinite. Regions of less steep slopes (30–608) bounding
the LCHF are covered with pelagic carbonate and polymict rubble (Figure 10a). In the few regions of slopes
with <308, pelagic carbonate is much more abundant and cements the rubble that is sourced from all units
upslope (Figure 10b). Some rubble regions are well lithified with varying degrees of hydrothermal and
pelagic carbonate acting as the lithification agent. The degree of lithification depends on the distance from
the LCHF venting region: lithification is highest adjacent to the LCHF.

Breccia deposits fall into two broad categories: (1) on the summit of the massif accumulations of exposed
brecciated basalt, which were likely sourced from hanging wall blocks on the detachment surface [Karson
et al., 2006] (Figure 9, orange unit; Figure 6d). (2) Immediately below the summit, most of the southern mas-
sif is covered in variably cemented breccia and unconsolidated talus produced by collapse of the OCC sum-
mit rocks and from the carbonate chimneys (Figure 9, yellow unit; Figure 10).

4.4. Hydrothermal Structures
The LCHF is a unique discovery, no other active field dominated by massive carbonate edifices has been
found far off axis on an OCC. Other fields such as the TAG (Trans-Atlantic Geotraverse) [Canales et al., 2007],
Rainbow [Marques et al., 2009], and Logatchev [Petersen et al., 2009] hydrothermal fields all host high-
temperature sulfide deposits on mafic or ultramafic substrate that occur on or near the axial valley or axial
bounding fault. In contrast to the Lost City carbonate towers that emit low to moderate temperature, high
pH, low metal, and carbon-dioxide (CO2)-absent fluids, the sulfide chimney fluids are acidic, metal rich, and
contain high concentrations of CO2 [Charlou et al., 2002; Schmidt et al., 2007]. Localized areas of fossiliferous
carbonate sediments have been identified near the Rainbow hydrothermal field [Lartaud et al., 2011;
Andreani et al., 2014]; however, to date, Lost City is the only known extensive, active carbonate hydrother-
mal field on an OCC.

The LCHF is perched along the southern wall of the Atlantis Massif at the intersection of a north-south
trending, high-angle normal fault, and the main capping detachment fault (Figure 9a). The main part of the
field is at a water depth of �740 m. The field is directly atop a down-dropped block of pelagic carbonate
caprock. The curved slab, composed of breccia overlying mylonitic serpentinite, is 250 3 400 m across and
it is down dropped from the summit proper by �70 m (Figure 9b). The core of the field is dominated by the
Poseidon complex comprised of four adjoining massive edifices [Kelley et al., 2005]. Discrete chimneys, and
chimney arrays extend from the Poseidon complex northward along a razorback ridge to just below the
summit (water depth 745 m) (Figure 9b), and to the east, where hydrothermal fluids seep from a near-
vertical, faulted cliff.

4.5. Central Lost City Field
The Poseidon edifice is a massive complex structure that is composed of four main edifices [Kelley et al.,
2005]. The main tower rises 60 m above the seafloor and tapers to a summit 15 m in diameter. The summit
is �15 m taller than any surrounding structure [Kelley et al., 2001, 2005]. The bulk of the main tower is com-
posed of indurated carbonate (Stage III) [Ludwig et al., 2006] heavily crosscut with more recent Stage II car-
bonate veins, indicating a long history of channel avulsion. The summit of the tower hosts two carbonate
structures venting fluids at up to 888C [Ludwig et al., 2006]. The flanks of Poseidon host several actively vent-
ing fissures, for example, a �1 m tall ‘‘Beehive’’ structure venting fluids at up to 918C (Figure 8d) and para-
sitic flanges with large stalagmite-type growths extending above them. One of these flanges, on the
northern face of the Poseidon is called IMAX. It forms an impressive 30 m tall, multipronged chimney, which
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is parasitically growing from the main trunk of Poseidon (Figure 8c) [Kelley et al., 2005]. In total, the Poseidon
complex forms a linear E-W trending feature approximately 100 m in length.

Surrounding the Poseidon tower, the complex spreads out to the west as a series of hydrothermal struc-
tures that diminish rapidly in activity and size. The nearest deposits are separated from the Poseidon tower
by a saddle filled with debris nearly entirely composed of large urchin spines (Chaff Basin). The western tow-
ers rise �40 m above the seafloor and are composed of mature carbonate structures heavily crosscut with
more recent carbonate veins that lack clear evidence of active venting (similar to Figure 7c).

Age dating, by Ludwig et al. [2011], of 67 carbonate deposits within the central LCHF yields modern to
120,000 years ages. Spatial-age relationships show that there is a strong tendency for the oldest samples to
occur on the south side and down slope from the main Poseidon complex [Ludwig et al., 2011] (see Figure
10). Samples older than 4000 years were not documented to the north of the field (excluding the carbonate
caprock). It should be noted, however, that distribution of dated samples was highly dependent on the abil-
ity to sample the deposits; the most well lithified, ‘‘older-looking’’ deposits, which typically also occurred in
the southern portion of the field were difficult, if not impossible, to sample. Consequently for this study, the
age dates and morphological interpretations were combined to examine the probable age distribution of
various hydrothermal features.
4.5.1. Poseidon West
Continuing to the southwest and separated from the larger towers by �30 m, there is a ridgeline of mature
carbonate structures that extend all the way to the edge of the defined Poseidon carbonate deposit (Figure
9b). These towers are �20–30 m tall and are adjoined, forming a 75 m long ridge that progressively dimin-
ishes in size to the west. This ridge is heavily indurated, with substantial rounding, and overgrowth by
benthic organisms.

Figure 9. (a) Geologic map of the LCHF and adjacent Atlantis Massif (AM). (b) Detail of the LCHF proper, including the current LCHF and
newly discovered fields. Carbonate age dates from Ludwig et al. [2006] are also shown as are locations of photographs in Figures 5–8. The
geologic units are defined as follows: hydrothermal Carbonate—’’Active’’—actively venting, white, friable hydrothermal carbonate;
‘‘Fresh’’—recently active carbonate, white and moderately friable, but with no visible venting. ‘‘Old’’—grey, indurated and rounded carbon-
ate with incorporated coral polyps; ‘‘Pelagic Carbonate 6 Rubble’’—pelagic carbonate with small clasts of serpentinite rubble, also as thin
pelagic carbonate covering rubble, that are not part of the sediment cap; ‘‘Polymict Breccia’’—carbonate-cemented polymict breccia with
clasts of basalt, gabbro, and serpentine; ‘‘Pelagic Carbonate Caprock’’—1 to 5 m thick, discontinuous pelagic carbonate on the summit of
the AM, subhorizontal and infilling the polymict breccia surface; ‘‘Mylonite 6 Ultramylonite’’—50 to 100 m thick mylonitic serpentinite layer
with low-angle, southwest-dipping anastomosing normal faults that define the detachment fault zone along the AM summit [Karson et al.,
2006]. This layer contains lenses of highly deformed talc-tremolite schists that like represent metasomatically altered serpentinites [Boschi
et al., 2006]; ‘‘Serpentinite 6 Gabbro’’—massive, blocky serpentinite with rare, irregular gabbroic lenses.
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4.5.2. Poseidon South
South of the Poseidon tower, there is
a 60 m across expanse of carbonate
pavement sporadically sedimented
and covered in urchin spines. Here
three extinct, mature carbonate tow-
ers form a deposit �12 m in diame-
ter. These towers are morphologically
similar to the western-most deposits,
but are disconnected from any other
deposit. One hundred meters to the
south, a row of short, 2–4 m tall,
extinct structures mark the edge of
the hydrothermal field. These towers
form a chain spaced �4 m apart and
extend east-west for at least 70 m.
The edifices are all heavily indurated
and thickly overgrown with benthic
fauna, with no evidence of recent
venting activity (Figure 7e).
4.5.3. Poseidon East
East of the main Poseidon tower, a
series of three carbonate towers
extend to the edge of the high-angle
normal fault scarp. These structures
are actively venting, but at a much
lower flow rate than those at the
summit and on the sides of the Posei-
don tower. Most of the activity in this

region is marked by small flanges and miniature Stage I towers growing from the flank of a larger structure.
Stages I–II hydrothermal deposits drape over the high-angle normal fault face, with numerous >1 m tall chim-
neys growing up through a thick deposit of hydrothermal talus The draping hydrothermal carbonate deposit
extends to the base of the fault scarp, with only minor exposure of mylonite and serpentinite visible (Figure 10).
4.5.4. Poseidon North
Extending north along the fault scarp, a large array of 3–8 m tall towers form a continuous chain to within
�10 m of the Atlantis Massif summit. These structures are 1–2 m in diameter, Stages II–III carbonates with
little visible venting. They host small deposits of snow-white carbonate.

All of the large hydrothermal carbonate structures within the field follow a rough E-W orientation, indicating
that there may be an underlying high-angle, E-W trending normal fault that is controlling subsurface flow
directly beneath the field. The region is covered in either hydrothermal carbonate or pelagic sediment,
masking any fault expression.

4.6. Nascent Venting
The breccia and pelagic carbonate caprock are locally cut by fissures that are commonly in-filled with friable
Stage I hydrothermal carbonate [Kelley et al., 2005; Ludwig et al., 2006]. The fissures are most pronounced
on the edge of the massif summit (Figure 7a) adjacent to expansive blocks of down-dropped material from
the summit. Although shimmering water was not commonly detected issuing from the fissures, it is likely
that the hydrothermal deposits are young because (1) the fissures cut the caprock; (2) they are highly friable
and snow white in color; (3) they are highly porous. The deposits occur only in fissures oriented east-west
and north-south, where they form clusters that extend 1–5 m along strike, reaching �15 cm in height. The
variably in-filled fissures are localized at the summit of the massif and within �100 m of steep escarpment
marking the south face (Figure 9b).

Stage I deposits are also found northeast of the main field, directly emanating from mylonitic serpentinite
(Figure 7b). These deposits typically occur in ‘‘sconce’’-like deposits sympathetically oriented with the

Figure 10. Outcrop images of hydrothermal carbonate rubble that litters the slope
below the Lost City Hydrothermal Field. Images were taken with a down-looking cam-
era on Alvin provided by D. Fornari, Woods Hole Oceanographic Institution.
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pervasive regional mylonitic fabric. They are patchy in occurrence, and many are reminiscent of ‘‘upturned
hands.’’ In areas of long-term seepage, they form deposits> 1–4 m long.

4.7. Talus Field
An extensive skirt of extinct carbonate debris defines the flanks of the Poseidon complex. Most of the debris
pieces are >1 m across and are extinct, variably lithified portions of carbonate chimneys. On the north side
of Poseidon, massive carbonate slabs several meters across and variably covered with smaller fragments
form an extensive talus field. On the south side of the edifice, thick talus deposits of extinct chimneys litter
the slopes immediately beneath the field (Figure 10). The central hydrothermal structures are relatively
unstable and prone to collapse, allowing for the buildup of a significant apron of debris around active or
recently extinct structures. The rare, massive discrete slabs likely reflect past catastrophic chimney collapse.

4.8. Extinct Fields
Two relict fields were discovered during detailed investigation of dive imagery, side scan data, and bathym-
etry (Figure 9b). The first field is downslope 300 m and to the west of the LCHF. It covers an area �120 m 3

80 m, at a depth range of 1000–1065 m. The second extinct field is 450 m west-southwest of Poseidon at a

Figure 11. Field progression from a proposed future field location to the present location. The ancient (dark green) hydrothermal system is inferred from DSL-120 sidescan and geomor-
phologic interpretation. The old (light green) field location is based on observations of indurated carbonate mounds that represent an earlier generation of hydrothermal flow within the
debris field of the current LCHF proper. The present (blue) field extent was mapped based on 2003 chimney locations. Future (pink) field progression is based on the current presence of
nascent venting structures and the instability of the southern massif face. The black region to the East of the current field is a data gap.
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water depth of �1000 m. This extinct deposit is identified by a 15 m tall, roughly conical feature, and several
towers 35 m to the east of the main tower. The morphology and appearance in side scan are remarkably
similar to Poseidon. A single CTD cast over the latter field showed no evidence of active flow, though direct
imaging is required to confirm that the field is extinct. None of the dive programs in this study covered
either location. However, a Russian expedition aboard the R/V Academik Keldysh is reported to have discov-
ered an ancient relict field (Lost Village) to the south of the main LCHF [Dara et al., 2009]. That study, how-
ever, does not provide navigation information to confirm or reject this identification.

5. Discussion

Results of detailed bathymetric, direct imaging, and side scan analyses provide the foundation for a new
model of the geologic and hydrothermal evolution of the LCHF and upper Atlantis Massif summit. The evo-
lution of the vent field is constrained by structural and unit relationships revealed by the high-resolution
geologic map, age dates of carbonate deposits from Ludwig et al. [2011], and the inferred tectonic structure
of the Atlantis Massif. The evolutionary model proposed for the Lost City system is one in which controlling
faults progressively migrate to the north with exhumation of the Atlantis Massif and continued develop-
ment of embayments that expose fresh wall rock. This model is predicated on the assumption that the
extinct fields located in this study were not venting at the same time as the current LCHF. Additional age
dating is required to test this model.

The extinct fields discovered in this study lie 300 m south and 450 m southwest of the LCHF and are sepa-
rated from the currently active field by extensive talus slopes. The two fields are at a depth of 1000 and
1050 m, respectively, and extend as far as 750 m downslope from the current locus of hydrothermal out-
flow. These results are interpreted to indicate that venting and field development have migrated to the
north intermittently due to punctuated changes in flow channels associated with faulting and mass wasting
events (Figure 11). Based on CTD results of the most western field in which a water column anomaly was
absent, it is thought that this deposit is inactive.

The deeper ancient field likely occupied a similar position to the current LCHF at the intersection of a
detachment fault and a near-vertical normal fault. The morphology of the relict field (Figure 11a) indicates
that it is possibly on a down-dropped block of carbonate caprock. It is proposed that due to punctuated
mass wasting events, the plumbing system to the field was disrupted, resulting in the shutdown of the old
field. Other mechanisms for the termination of hydrothermal flow (i.e., cementation of the fluid flow pathway
or depletion of the hydrothermal heat source) are deemed less likely given the clear structural control on the
current LCHF and the similar down-dropped placement of the southern field.

Following cessation of flow at the southern, now deeper field, venting shifted to the north at the present LCHF
site (Figure 11b). Initial venting was focused at the (now) extinct chimneys on the southern edge of the present
carbonate deposit, where the oldest carbonate dates were measured at �169,000 to 120,000 years in age [Lud-
wig et al., 2011]. Over the next �100,000 years, venting progressively moved to the north where the Poseidon
edifice is now located and where the youngest carbonate dates are obtained (4800–17 years in age) (Figures
11b and 11c).

Table 1. Selected Volatiles and Hydrocarbons in Ultramafic/Gabbroic Hydrothermal Systems

Site T8C H2 (mmol/kg) CH4 (mmol/kg) CO2 (mmol/kg)
C2H6 ethane

(nmol/kg)
C2H4 ethylene

(nmol/kg)
C3H8 propane

(nmol/kg) d13CH4 &

Rainbow 323–370a–c 4.8–16a,c 2.50c 10.1–30a–c 1097c n.m 48c 215.8 to 17.7b,c

Logatchevc 352 12 2.10 2.5 n.m n.m n.m 213.6
Lost Cityd 44–90 0.48–14.38 1.03–1.98 0.0001–0.026 910–1790 2–21 73–160 29.4 to 13.6
Endeavour 300–380 0.12–1.38d 3.40e 6.14–110.65f n.m n.m n.m 251.7e

EPRg 307–396 0.21–27.07 20.05 to 0.16 44.76–220.0 n.m n.m n.m 19.9–34.6

aSeyfried et al. [2011].
bKonn et al. [2009].
cCharlou et al. [2002] (d13CO2 5 23.15& Rainbow; 24.3 Logatchev).
dProskurowski et al. [2006]
eLilley et al. [2003].
fProskurowski et al. [2004] (d13CO2 5 26.8 to 9.85&).
gProskurowski et al. [2008] (d13CO2 5 23.7 to 4.36&); n.m. indicates not measured; EPR 5 East Pacific Rise.
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Venting at the current LCHF is strongly controlled by the N-S striking normal faults as demonstrated by the
locus of venting perched directly on the faults. These faults are interpreted to predate the exhumation of
the detachment fault because they do not offset the detachment fault surface. The final generation of fault-
ing/fracturing is the NW-SE trending faults that crosscut both the detachment surface and the older N-S
trending faults. There is very little relative offset on these features, which may indicate that they are related
to incipient fracturing and expansion of the detachment surface.

Nascent venting systems are developing in the far northeast of the field along the steep eastern wall, and
on the down-dropped block to the east. Shallower and more northerly crosscutting arrays of carbonate-
filled fissures that cut the caprock (Figure 7a) reflect either expansion of LCHF venting, or initiation of a new
field on the summit of the massif. This interpretation is supported by the results of Ludwig et al. [2011],
which show that three carbonate deposits formed within the caprock range in age from 52 6 13 to
1061 6 844 years. The close proximity of the angular fissure sets to the edge of the near-vertical cliff bound-
ing the summit and to large, calved off angular, down-dropped blocks of breccia and carbonate caprock
immediately below the summit, are consistent with formation by expansion fractures. Hence, it is possible
that they represent nascent venting features on the summit of the massif and the beginning of a new
plumbing system for the next Lost City field (Figure 11d).

In contrast to other known hydrothermal systems associated with OCCs, the LCHF is the furthest off axis,
has the highest pH values measured in a mid-ocean ridge submarine venting environment, and has fluid
chemistry that is a hallmark of serpentinization reactions at depth; e.g., very low metals, low CO2, and high
elevated CH4 and H2 concentrations (Table 1) [Kelley et al., 2005; Proskurowski et al., 2008]. Although the
TAG field is similar in age to Lost City [Lalou et al., 1995], it is a high-temperature black and white smoker
system hosted in basalt on the hanging wall block with fluid sourced along the active detachment fault
[Canales et al., 2007; deMartin et al., 2007]. Fluid signatures are consistent with a basaltic-gabbroic domi-
nated system with low pH values, moderate CO2 concentrations, and low CH4 and H2 concentrations. Both
Logatchev and Rainbow are high-temperature black smoker systems hosted on variable mixtures of ultra-
mafic, gabbroic, and basaltic material. Logatchev is situated �7 km from the spreading axis on the inner rift
valley wall [Petersen et al., 2009]. It is one of the best studied systems on the MAR where active high-
temperature serpentinization reactions occur at depth [Pedersen et al., 2010]. Here it is thought that low-
angle detachment faults serve as fluid flow channels with gabbroic intrusions as the heat sources to drive
flow. The Rainbow hydrothermal field is hosted on a fault-bounded block of ultramafic rocks with lesser
basaltic material and hosts 11 major vent sites [Charlou et al., 2002, 2010; Marques et al., 2007]. Fluid chemis-
tries at both Logatchev and Rainbow reflect the influence of high-temperature subsurface reactions involv-
ing both gabbroic and ultramafic rocks. These characteristics include high-temperature venting of high pH,
metal-rich, high CO2 fluids with values similar to those of basaltic-dominated systems such as Endeavour
and the East Pacific Rise. However, they also include high CH4 and H2 concentrations reflecting an ultra-
mafic influence (Table 1) [Charlou et al., 2002; Schmidt et al., 2007; Konn et al., 2009; Seyfried et al., 2011].
From these data, it is clear that LCHF is an end-member for hydrothermally active systems associated with
mid-ocean ridge environments.

6. Conclusion

The LCHF is a long-lived hydrothermal system (>120,000 years) [Ludwig et al., 2011] that has gone through
numerous discrete stages of development. Given the discovery of multiple, currently unexplored fields that
are inactive and spatially separated from the present locus of venting, and because prior age dating focused
on samples most easily recovered, it is suggested that hydrothermal venting on the Atlantis Massif is much
longer lived than the current age dating indicates. The newly identified extinct fields are of unknown age,
but are hypothesized to be older than the current venting field, and possibly hold information on the initia-
tion of hydrothermal flow on the Atlantis Massif. Direct sampling of these extinct features is essential to for-
ward our understanding of the development and evolution of both hydrothermal flow and associated
microbial assemblages in this area [Brazelton et al., 2010].

The ubiquity of massifs [Blackman et al., 2009] and exposures of variably altered and deformed peridotites
along slow and ultraslow spreading ridges allows the assumption that additional Lost City-type fields are
present within these environments. The discovery of the LCHF on the Atlantis Massif was a fortuitous
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occurrence. A focused exploration of candidate massif structures is required to expand our understanding
of these features from a single example to a global phenomenon with currently unconstrained impacts on
marine biogeochemical cycles.
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