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A Serpentinite-Hosted Ecosystem:
The Lost City Hydrothermal Field
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The serpentinite-hosted Lost City hydrothermal field is a remarkable submarine
ecosystem in which geological, chemical, and biological processes are intimately
interlinked. Reactions between seawater and upper mantle peridotite produce
methane- and hydrogen-rich fluids, with temperatures ranging from <40° to
90°C at pH 9 to 11, and carbonate chimneys 30 to 60 meters tall. A low diversity
of microorganisms related to methane-cycling Archaea thrive in the warm
porous interiors of the edifices. Macrofaunal communities show a degree of
species diversity at least as high as that of black smoker vent sites along the
Mid-Atlantic Ridge, but they lack the high biomasses of chemosynthetic
organisms that are typical of volcanically driven systems.

In 1979, the world was astounded by the
discovery of hydrothermal chimneys and
black smoker vents driven by the cooling of
magma beneath mid-ocean ridges and host-
ing oases rich in chemosynthetically based
biological communities (/). Since that piv-
otal find, more than 200 vent fields have
been documented in the ocean basins (2).
The associated metal deposits and diverse
biota of clams, tubeworms, and swarming
shrimp have become the familiar hallmarks
of submarine hydrothermal vent systems.
Many of these high-temperature systems are
restricted to the axis of the global mid-ocean
ridge spreading network, where more than
85% of Earth’s magmatic output is localized
(3). This localization has led researchers to
focus on an extremely narrow corridor (<1 to
5 km wide) along the axis of the ridge.
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like any hydrothermal system found to date,
hosting diffusely venting carbonate monoliths
towering tens of meters above the seafloor
(4). The composition of its fluids derives
from reactions between seawater and uplifted
mantle peridotite rather than from interactions
between seawater and cooling basalts (4).
Subsurface, exothermic, mineral-fluid re-
actions associated with the oxidation of iron
in cooling mantle peridotite produce alkaline
fluids rich in hydrogen and methane at
venting temperatures up to 90°C (4, 5). These
high-pH volatile-rich fluids trigger carbonate
precipitation upon mixing with seawater and
serve as important energy sources for micro-
organisms that thrive in the porous chimney
walls.

These peridotite-hosted biotopes differ
substantially from axial, magmatically driv-
en vent systems in which carbon dioxide and
hydrogen sulfide are the dominant volatile
species (35, 6). Exposed serpentinized perid-
otites are widespread (7—10), and reactions
similar to those producing the Lost City
hydrothermal field (LCHF) are probably
common in these areas, implying that there
may be extensive unexplored regions of the
ocean basins harboring life forms that are not

In 2000, a hydrothermal field called Lost
City was serendipitously discovered more
than 15 km away from the spreading axis of
the Mid-Atlantic Ridge (MAR) at a water
depth of 750 to 900 m (Fig. 1). Initial studies
based on a single dive by the deep submer-
gence vehicle Alvin showed that it was un-

solely supported by magmatically driven
hydrothermal flow. In addition, peridotite-
hosted systems can be long-lived: “C dating
shows that hydrothermal activity at Lost City
has been ongoing for at least 30,000 years
(11). Modeling of this system suggests that
hydrothermal activity sustained by serpen-
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Fig. 1. (A) The Atlantis massif is located ~15 km to the west of the MAR axial valley. The
intersection of the Atlantis Fracture Zone and the MAR is marked by a ~6000-m-deep nodal basin.
Within a horizontal distance of ~20 km, the seafloor rises to within 700 m of the surface. On the
basis of magnetic data, the massif has been uplifted at rates comparable to those of the
Himalayan mountains (75). Well-developed corrugations on the surface of the massif are believed
to be traces of a long-lived detachment fault that dips gently beneath the axis of the MAR (75).
The flat elongate bench on the eastern side of the massif is interpreted as the hanging wall of the
fault and is composed of volcanic material. Lost City is located within the small box near the
central summit of the massif. (B) Shaded bathymetric map based on ABE data for the LCHF and
adjacent terrain. Most of the small mound-shaped structures are individual chimneys or clusters of
carbonate chimneys that delineate an east-west trend that marks a major lineament. A zone of
continuous carbonate composed of multiple edifices forms the core of the field. It extends nearly
200 m in length and several tens of meters down the cliff face to the south. Hydrothermal fluids
are weeping actively from many of these steep cliffs. S1, fig. S1.
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tinization reactions may last for hundreds
of thousands of years (71, 12). Alkaline
systems such as the LCHF may have been
characteristic of early Earth hydrothermal
environments, where the eruption of Mg-rich
komatiitic lavas was common (/3).

In 2003, a second expedition returned to the
LCHF to study the linkages between hydro-
thermal alteration of mantle peridotite, fluid
geochemistry, and biological activity. The field
program included 19 dives with the submers-
ible Alvin and an unconventional mapping
effort with the Autonomous Benthic Explorer
(ABE) in this area of extreme topography
(14). Ten discrete active vent sites were
sampled for the first time for co-registered
fluids, rocks, and biota (Figs. 1 and 2 and fig.

Fig. 2. Three-dimensional
view, looking toward the
northeast, of the LCHF.
This image is based on
17 ABE missions using
the SM2000 sonar sys-
tem in a down-looking
and side-looking mode.
The LCHF is in the fore-
ground; at depths less
than ~900 m, the area
is characterized by near-
ly continuous carbonate
chimneys, spires, and
debris. The massive
pinnacles at the sum-
mit of this platform are
the composite, actively
venting edifices that
make up the massive
60-m-tall structure

S1). Here we present an integrated summary
of our field studies and laboratory findings.
Our results provide a comprehensive over-
view of the geological and structural controls
on fluid flow at Lost City and elucidate the
consequences of fluid/rock interaction in the
basement for fluid chemistry and chimney
growth and for the life that can be supported
in these environments.

Geologic setting. The Alvin and ABE
surveys delineate the southern scarp of the
massif and the major fault lineaments that
intersect it (Figs. 1B and 2 and fig. S1).
Variably foliated serpentinite, talc-amphibole
schist, and metagabbroic rocks make up the
nearly continuous cliffs at the top of the
scarps to the northwest and northeast of

called Poseidon. The area is characterized by extreme topographic relief, with vertical-to-subvertical cliffs
and overhanging ledges in the serpentinite bedrock. The smooth surface in the background is the summit of

the Atlantis massif.
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The networks of carbonate veins and carbonate cemented breccias associated with this field are very similar to
ophicalcite deposits found in Alpine ophiolites and in other more ancient ophiolites.
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the LCHF. Near the summit of the massif,
we identified a ~50-m-thick mylonitic-to-
cataclastic shear zone that includes lenses
of less deformed material (Fig. 3 and fig. S1).
This shear zone is probably the long-lived
detachment fault that exposed the mantle
and lower crustal rock sequences that make
up the massif (/5). This zone grades down-
ward into massive jointed rocks that lack a
strong deformation fabric. The basement rocks
in the vicinity of the field are cut by veins of
calcite and aragonite, which derive from
some of the oldest hydrothermal activity at
this site (/7).

The summit of the massif is capped by 1
to 3 m of flat-lying sedimentary breccias
overlain by variably lithified, fossiliferous
pelagic limestone with sparse bedrock clasts.
The breccias probably represent debris slide
deposits shed onto the sloping detachment
fault surface when it defined the median
valley wall. As that surface moved off axis
and flattened into its present subhorizontal
orientation, the sedimentary regime changed
from clastic to pelagic. Exiting high-pH hydro-
thermal fluids generated by serpentinization
probably enhanced carbonate precipitation and
cementation of these sediments (/6). The re-
sulting cap rock was important in the forma-
tion of the LCHF, acting as an impervious
lid trapping both fluids and heat.

The LCHF. The LCHF lies atop the
sedimentary cap rock, on a triangular down-
dropped block that forms a terrace on the edge
of the south wall (Figs. 1B and 3). Our
mapping indicates that the largest and most
active vents are along an east-west trending
lineament more than 300 m long (Fig. 1B and
fig. S1). The lineament is intersected by a fault
trending approximately north-south, which
exposes massive jointed outcrops of relatively
undeformed serpentinized harzburgites that
form the major north-south ridge just south of
the field. Toward the top of the scarp, these
rocks are strongly foliated and are overlain by
the sedimentary cap rocks. This distinctive
surface is seen in the higher scarps to the
northeast and northwest. The difference in
depth between equivalent outcrops indicates
that there has been at least 150 m of vertical
displacement on a fault that trends west-
northwest. This fault and faults with similar
trends are essentially parallel to the nearby
Atlantis Transform fault. Transform-parallel
faults with extensive vertical offsets are typical
of many other oceanic massifs (7, 17).

The fracture and fault network in the
basement provides permeable pathways that
control outflow at the main vent sites. In addi-
tion to the subvertical faults that channel flow
to the largest structures, much of the sub-
surface flow emanates from surfaces that are
parallel to basement foliation and subparallel to
gently west-dipping faults (Fig. 3). The steep
faults expose relatively old inactive stockworks
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of carbonate veins and subhorizontal-to-
subvertical open fractures in the basement
rock. These are actively leaking hydro-
thermal fluid and feeding young white
hydrothermal precipitates (Fig. 4).

The white hydrothermal deposits range
from arrays of delicate fingerlike crystals to
beehivelike masses that are a few tens of
centimeters across, growing directly out of
cracks (Fig. 4E). Individual conduits are
sealed by growths of calcium carbonate.
Overgrowths and swaths of younger carbonate
cutting across older material suggest re-
activation and multiple stages of fracturing.
Control of the hydrothermal outflow by
fractures is particularly obvious where walls
of massive shingled carbonate have been
deposited on the steep scarps, highlighting
the fact that much of the LCHF plumbing

Fig. 4. Hydrothermal
deposits at Lost City.
(A) Graceful, 10-m-tall,
actively venting car-
bonate chimney grow-
ing directly out of a
serpentinite cliff on
the eastern side of the
field. The small carbon-
ate deposits in the
background mark sites
of active and inactive
seeps along the steep
walls. (B) One of four
actively venting peaks
that make up the mas-
sive hydrothermal struc-
ture called Poseidon.
Young and/or actively
venting material is white
in color; inactive areas
are brown to cream-
colored. This pinnadle is
~4 m across. (C) The
base of the "IMAX”
flange, which is a three-
story-tall spirelike growth
on the side of Poseidon.
This area is actively
venting 55°C fluids that
support dense microbial
communities. (D) Active-
ly venting 50°C pinnade
on the east side of the
field, showing young
feathery growths of car-
bonate. This edifice is
growing in a large verti-
cal crevice within the
wall. Actively venting
carbonate flanges, which
are several meters across,
form overhanging ledges
above and to the sides
of the chimney. The
green-capped black
cylinder at the notch

system is in marked contrast to the vertical
conduits that typify black smoker environ-
ments and continental sulfide deposits.

The core of the field is dominated by the
actively venting carbonate monolith called
Poseidon (fig. S1), an edifice that rises >60 m
above the seafloor (~800 m of water depth).
This composite structure is composed of four
large columns that are several meters in
diameter (Figs. 2 and 4B). These pinnacles
coalesce at their base to form a massive east-
west trending structure extending at least
50 m. Parasitic chimneys, resembling inverted
stalactites, are particularly abundant on the
northwest face, as are actively venting flanges,
or ledges that protrude several meters from
the main trunk (Fig. 4C).

The most visually striking region is just
northeast of Poseidon, in an area about 70 m

between the two pinnacles was a biological experiment placed in active flow; it is ~20 cm in
diameter. (E) Feathery carbonate growth rising from a vein within the serpentinite bedrock.
Many of these veins are several centimeters across. Near the summit of the massif they form
dense cross-cutting networks that mark fossilized stockwork systems, which fed past sites of

venting.

in length at a water depth of 800 to 900 m
(markers 7 and H, fig. S1). In this area, the
vertical serpentinite cliffs are draped with
deposits that have astoundingly diverse mor-
phologies. Fluids weeping from the scarp face
have produced clusters of delicate multi-
pronged carbonate growths that extend out-
ward like the fingers of upturned hands.
Multipinnacled chimneys, some reaching
10 m in height, grow vertically out of the cliff
faces (Fig. 4A), and single chimneys that
sprout from more gently dipping bedrock
reach 30 m in height (Fig. 4D and movie
S1). These structures form a nearly continu-
ous carbonate deposit that can be traced for
over 200 m in length along the 850- to 900-m
contour (fig. S1).

The northern portion of the field is bounded
by a shallow depression (Fig. 1B) that is closed
to the east and gradually deepens to the west.
Nicknamed ““Chaff Beach” (fig. S1), this
gently sloping area is covered by variably
cemented foraminifera, pteropod shells, coral
debris, urchin spines, and hydrothermally
derived carbonate crust. Concentrations of
CH, in the water column here are 30 times
(55 nM) those in background ocean water at
depths ~50 m above the seafloor [supporting
online material (SOM) text and fig. S1].
Hydrogen concentrations are over 100 times
(349 nM) those of background seawater
values. This ground fog of volatile-enriched
fluids may represent the leaking of diffuse
alkaline fluids through the underlying serpen-
tinites, leading to rapid lithification of the pe-
lagic sediments. Hydrocasts conducted ~75
to 100 m east of the main field also detected
volatile enrichment up to 150 m above the
seafloor; the highest concentrations of CH,
were measured here, reaching values of
180 nM.

Carbonate fluid chemistry. Geochemi-
cal and petrologic analyses of the carbonate
rocks reveal distinct differences between the
active and extinct structures. Actively venting
chimneys and flanges are highly porous, friable
formations composed predominantly of arago-
nite and brucite (Fig. 5). Brucite commonly
encloses dendritic feathery growths of arago-
nite, showing that it is a later phase probably
formed through mixing of magnesium-rich
seawater and hydrothermal fluid. Distinct
annular orifices, which are common in black
smoker systems, are rare at Lost City. In-
stead, fluids emerge from complex networks
of centimeter-sized channels. Petrographic
analyses of the carbonate chimneys show
fine anastomosing networks of carbonate lined
with brucite, indicating mixing of seawater
and hydrothermal fluids within the interior
walls.

In contrast to the active structures, extinct
chimneys are less porous, well lithified, and
have a higher abundance of calcite. Prolonged
lower-temperature interactions with seawater
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and hydrothermal fluids within the chimneys
result in the conversion of aragonite to calcite,
the enrichment of some trace metals (such as
Mn, Sr, and Ti), and the dissolution of brucite
(SOM text). They also promote the incorpo-
ration of foraminifera within the outer ce-
mented walls of the carbonate structures.
Mineralogical transformations are reflected
in the bulk rock chemistry of the structures.
The most active structures contain up to 27
weight % (wt %) Mg and down to 5 wt % Ca,
whereas the extinct structures contain as little
as <1 wt % Mg and up to 36 wt % Ca.
Changes in strontium isotopic compositions
accompany these transformations, with the
youngest active samples yielding mantle-
influenced #’Sr/%¢Sr values of 0.7076 to
0.7079. Inactive samples yield ratios of up to
0.7090, which is near that of seawater (/7).

Analyses of stable isotopes in >50 vent
and fissure-filling carbonates sampled in
2000 and 2003 yielded highly variable
carbon and oxygen isotope compositions
(SOM text). Although >70% of the samples
have §'3C wvalues close to marine values
within 2 per mil (%o) of 0 versus Vienna Pee
Dee belemnite (VPDB) values, the range
extends from —7 to +13%o. The oxygen
isotope compositions vary from —7 to +5%o
(VPDB). A large number of samples have
3180 values >2%o and probably reflect en-
richment in '80 during fluid/rock interac-
tion, either within the vent structures or in
the basement. Discrete carbonate veins and
bulk carbonate in the basement have §'3C
values of —6 to +3.5%o and §'80 values down
to —19%o. Large differences occur within
single samples and at different locations, but
the greatest variations are in vent samples with
abundant brucite. This variability suggests that
fluid compositions, temperatures, and micro-
bial activity fluctuate geographically as well
as through time.

The LCHF provides a rare example of
seawater interacting directly with peridotite
exposed on the seafloor. The chemistry of the
fluids (and vent structures) is controlled by
relatively low-temperature (<~150°C) re-
actions between seawater and peridotite be-
neath the Atlantis massif. The hottest samples
collected from Poseidon (91°C) have Mg
concentrations of <1 mmol/kg, verifying that
a zero-Mg end member is produced in the
serpentinization reaction zone (SOM text).
Oxygen isotopic compositions of vent waters
(0.2 < 8'80 < 0.7%o0 Vienna standard mean
ocean water) increase linearly with tempera-
ture and depletion of Mg. Concentrations of
sulfate in the hydrothermal end members are
1 to 4 mmol/kg. Significantly lower values
would be expected if anhydrite were being
precipitated. Accordingly, fluid temperatures
within the massif under Lost City currently
must be less than 150°C. The measured
venting temperatures overlap with temper-

atures calculated from 8'80 analyses of the
chimneys but are lower than those recorded in
some basement samples, which locally indi-
cate paleotemperatures up to ~185°C (/7).

In the high-pH (10 to 11) end-member
fluids, carbonate ion (CO,?") is the dominant
form of dissolved inorganic carbon (DIC), and
carbonate alkalinity is less than one-third of
seawater values, whereas calcium concentra-
tions are elevated (up to 30 mmol/kg). Carbon
dioxide normally contributed by magmatic
sources at mid-ocean ridges is absent in the
LCHF fluids (5, 8). Thus, autotrophic orga-
nisms living in vents must be adapted to a low-
DIC, CO,-poor, and H,-rich environment.

Isotopic compositions (8!3C) of DIC in the
fluids range from —8 to —2%o in low-sulfate
end-member fluids and —1 to +3%o in samples
with sulfate concentrations closer to those of
seawater (SOM text). S-isotope compositions
of sulfate (84S) range from +30%o (Vienna
Canyon Diablo troilite) in the end-member
fluids to +21%o in those fluids with higher
sulfate concentrations (SOM text). Although
we consider the 8'*C (DIC) values to be
minimum estimates (SOM text), the observed
compositions are consistent with those of the
vent carbonates and reflect the '3C-enriched
nature of carbon components in the LCHF
system. This covariance suggests local sulfate
reduction in the vent structures and/or in the
shallow subsurface.

Methane concentrations are elevated rela-
tive to seawater, but fall within a narrow
range between 1 and 2 mmol/kg. In contrast,
hydrogen concentrations vary from <I to
15 mmol/kg, spanning the range for nearly all
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vents measured along the global mid-ocean
ridge system (5, 18, 19). The extreme en-
richment of hydrogen with lesser methane is
characteristic of fluids formed through serpen-
tinization reactions (20—-24). Methane of the
LCHEF fluids has high 8'3C values of —13.6%o
to —8.8%0 VPDB. These compositions are 5 to
10%o enriched relative to CH, from East
Pacific Rise and southern Juan de Fuca fluids
(25-27), but are similar to CH, sampled near
ultramafic sequences of the Oman ophiolite
(28). They are slightly depleted (2 to 6%o)
relative to CH, at the Zambales ophiolite (29).
As discussed in detail below, a determination
of the CH, source cannot be made from the
stable isotope data alone.

Life in high-pH systems. The metabolic
menu for autotrophic microbes at hydro-
thermal vents is defined by the fluid chemis-
try. In this respect, the LCHF offers markedly
different fare from that at magmatically
hosted sites on ridge axes. Hydrogen is the
dominant reduced product of serpentinization
reactions beneath the massif, and it is also the
most abundant energy source for microbes.
Methane is also found in these vent fluids.
Together, H, and CH, account for more
reducing power at the LCHF than sulfide,
which is the most abundant reduced product
in solution at hydrothermal sites associated
with basaltic volcanism (/8). Concentrations
of dissolved metals are much lower at the
LCHEF, and the suite of hydrothermal precip-
itates is completely different from that at
typical sulfide-hosted mid-ocean ridge vent
sites. These differences are reflected by the
distinct microbial communities found within

Fig. 5. Active vent deposits from Lost City. (A) Aragonite-rich sample recovered from near the
summit of Poseidon. The sample was bathed in 59°C hydrothermal fluids. (B) Closeup of sample
shown in (A), highlighting characteristic fragile intergrowths of aragonite and brucite. Carbonate
chimneys and vein material in areas of active venting are snow white in color, extremely friable,
and very porous. (C) Photomicrograph showing anastomosing aragonite intergrowths that are
reminiscent of filamentous bacteria present in areas of diffuse flow (movie S2). This sample was
recovered from a several-centimeter-wide “artery” of carbonate cutting the massif flanks of
Poseidon. Feathery growths of carbonate several centimeters long protrude from the vein in a

similar fashion to the deposit shown in Fig. 4E.
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carbonate samples in contact with the warm
high-pH hydrothermal fluids (30) (movie S2).

A suite of >60 active and inactive carbonate
structures and venting hydrothermal fluids
collected during the 2000 and 2003 cruises to
the LCHF were investigated to quantify the
numbers of microorganisms and their phylo-
genetic diversity (Table 1, Fig. 6, fig. S2, and
SOM text). A range of biotopes harboring
distinct microbial communities appear to be
present at the LCHF. Carbonate samples in
contact with active venting of warm volatile-
rich hydrothermal fluids consistently harbored

large numbers of microbes, nearly 107 to 108
cells per gram of wet weight (gww) (Table 1).
In contrast, there were lower densities (<107
gww) in extinct samples (Table 1).

Overall, 29 to 57% of the cell population
associated within active hydrothermal vent-
ing was counted by fluorescence in situ
hybridization (FISH), and all of the higher-
temperature (>50°C) samples yielded a high-
er proportion of archaea than bacteria. These
results confirm our initial findings on a lim-
ited number of carbonate samples from the
2000 cruise, which showed the predominance

of a single phylotype related to the archaeal
order Methanosarcinales in spatially distinct
sites on the Poseidon edifice (SOM text)
(30). Between 70 and >90% of the archaeal
cells in all of the higher-temperature samples
hybridized with an oligonucleotide probe tar-
geting this phylotype (Table 1) (30). The more
recent samples support this conclusion and
further suggest that both methane-producing
and methane-consuming Archaea are present,
on the basis of analyses of the mcrAd (Fig. 6)
and 16S ribosomal RNA (rRNA) genes (fig.
S2). Our analyses indicate that the methano-
sarcinal phylotype found at the LCHF appears
to be associated with carbonate-hosted environ-
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9 LCM1228-3 mcrA clones isolated  member fluids. In contrast, both 165 rRNA and
= Kuro-mcrA-6.03 (AB176925) from carbonate samples  mcrA genes related to the anaerobic methane-
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=" etnanocand /(NP_247840) clones are AY760633 fore, they may play a critical role in the
ialii (E27793) through AY760639. . )

01 The scale bar represents ecology of hlgh-tempe.rature environments at
0.1 changes per nucleo-  the LCHF. The bacterial sequences found at
tide base. the LCHF included relatives of sulfur- and

Table 1. Biological Communities at Lost City.
Microscopy Phylogenetic analyses§
Sample T (°C)* Cells FISHE Archaea Eubacteria mcrA
(gww)f A B MS MS AN-1 MGl y & & Fm Cx MS AN-1
Poseidon

Marker 2 (IMAX)flange 53-60 0.6 x 108 to 5.2 x 108 33 18 29 + + + + +

Marker 3: top 59-75 0.02 x 108to 1.3 x 108 41 12 33 + +

Marker C: flange and spire® 54-70 0.1 x 108to 84 x 108 28 23 19 + + + +  + + + +

Beehive 91.4 5.8 x 106 21 8 18

Other chimneys
Marker 7: spire 24 <LOD = 4.7 x 108 22 24 17
Marker H: spire and flange 17-67 003 x 108t0o 3.1 x 108 19 38 10 + + + +
Peripheral (diffuse) regions >7 0.1x 108to 48 x 108 8 29 5 + + +
Near wall

Spire on wall >7 23 x 108to 74 x 108 25 13 14

Carbonate veins >7 <LOD =22 x 108 19 15 9 + + + +
Extinct samples Ambient <LOD = 1.4 x 107 5 17 <1 + +

*Temperature (T) measured in situ either with Alvin's temperature probe or with a sensor mounted on the hydrothermal fluid particulate sampler.

of detection (LOD) = ~ 10* cells gww.
Lost City methanosarcinal phylotype.

1432

+Number of organisms in gww; limit

iFluorescence in situ hybridization (FISH). FISH data are in % of total cell numbers. Abbreviations are as follows: A, Archaea; B, Eubacteria; MS,
§Phylogenetic abbreviations are as follows: MS, Lost City methanosarcinal phylotype; AN-1, ANME-1; MGI, marine group 1 Crenarchaeota; v,
gamma proteobacteria; 3, delta proteobacteria; €, epsilon proteobacteria; Fm, Firmicutes; Cx, Chloroflexi.
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methane-oxidizing phylotypes and sulfate-
reducing delta proteobacteria. The presence
of distinct methane- and sulfur-cycling micro-
bial communities at multiple temperature and
environmental settings indicates a complex
interaction between subseafloor geochemical
processes at this site and chemolithotrophic
microbial activity.

Structural and isotopic studies of lipid bio-
markers in the LCHF samples document the
presence of particular microbial lineages and
the importance of specific metabolic processes.
The carbonate vent structures contain up to
0.6 wt % total organic carbon (TOC), indicating
a relatively high content of living and dead bio-
mass within the vent structures. Abundances
of 3C, . varied widely from —3.1 to —18.1%o
(SOM text and table S1). Lipid extracts yield-
ed abundant archaeal biomarkers consistent
with results of the DNA analyses. The ether
lipids archaeol, sn-2 and sn-3 hydroxyarchaeol,
a putative dihydroxyarchaeol, and the hy-
drocarbon 2,6,10,15,19-pentamethylicosane
(PMI), all found in the LCHF samples, have
been linked to archaeal methanogens and
methanotrophs (32, 33). Less prevalent at the
LCHF were biomarkers indicating the presence
of eukaryotes (sterols) and bacteria (hopanoids).
However, the presence at several vents of
glycerol mono- and diethers with saturated and
unsaturated C, 5 to C,, n-alkyl chains indicates
that bacterial sulfate reduction may also be an
active metabolic pathway. These data are also
consistent with the observed strong negative
correlation between concentrations of total
sulfide and sulfate in LCHF vent fluids.

The archaeal populations are unusually
enriched in '3C. Values of §'3C for TOC are
positively correlated with the abundance of
archaeal lipids. TOC from chimneys on the
far eastern side of the field and from near the
base of Poseidon is enriched in 13C (8§ = —4.6,
-3.1%0 VPDB) and relatively rich in archaeal
lipids, whereas a sample from a 91°C beehive
structure on Poseidon has low concentrations
of archaeal lipids and TOC with & = —18.5%o.
The causes of this trend can be examined by
means of compound-specific isotopic analy-
ses. The archaeal lipids discussed above have
§ values ranging from —8.5 to +4.8%0 VPDB
and they average —0.3%o. Glycerol mono- and
diethers are similarly enriched in '3C, whereas
bacterial fatty acids are significantly depleted
at —25%o. The isotopic composition of TOC
must therefore represent a mass balance of
isotopically distinct components.

The close association of archaea with
sulfate-reducing bacteria that produce glycerol-
ether lipids invites comparisons with micro-
bial consortia operative at methane seeps
(33, 34). In seep environments, the two fam-
ilies of ether-linked lipids (archaeal and bacte-
rial) have similar isotopic compositions. At the
LCHF, the archaeal lipids are highly enriched
in 13C and are associated with relatively heavy

813C values of CH, in the vent fluids. The high
H, concentrations, the occurrence of !3C-
enriched carbonate minerals (up to +13%o),
and the abundance of '*C-enriched archaeal
lipids are all consistent with a role for H,-
consuming methanogens that use seawater DIC
as a substrate and thus produce both CH, and
biomass that is unusually enriched in '3C.
Therefore, in addition to an abiogenic origin of
methane, produced by Fischer-Tropsch—type
reactions involving H, and either mantle CO,
or seawater bicarbonate, microbial activity is a
viable source of CH, at Lost City. Given the
wide variations in temperature and redox state,
it is likely that further investigations will
reveal a mosaic of processes, both abiotic and
microbially catalyzed.

The highly sculpted large surface area of
the Lost City structures provides ample space
for faunal habitats, and many invertebrates
were located within the porous channels and
crevices of the carbonate. Actively venting
carbonate habitats (~10° to 40°C) were
dominated by several species of gastropods
and amphipods, including Bouvierella affn.
curtirama. The most abundant nonvent fauna
were deep-sea euphausids and the amphipod
Primno evansi (SOM text), which were
probably attracted to the submersible lights
during their diurnal vertical migrations. The
hydrothermally active portions of friable
flanges and spires were inhabited by nu-
merous species of endemic polychaectes,
nematodes, ostracods, stomatopods, and bi-
valves. Nonventing habitats less than a few
meters away (such as the sides of inactive
solidified carbonate structures, sedimented
areas, and breccia cap rock) were dominated
by nonendemic Lophelia, gorgonian, and
Desmophyllum corals; galatheid crabs; turrid
gastropods; foraminifera; pteropods; urchins;
asteroids; ophiuroids; and typical deep-sea
barnacles (such as Poecilasma aurantia and
Metaverruca inermis). Thus, the boundary
between vent and nonvent habitats is strong-
ly demarcated at Lost City.

Initial in situ visual observations of the Lost
City edifices suggested a notable absence of
fauna (4), and even a cursory biomass compar-
ison between the dominant Lost City fauna and
Mid-Atlantic Ridge, East Pacific Rise, and
Juan de Fuca vent fauna revealed significant-
ly lower macrofaunal biomass at Lost City.
The largest contributor to biomass at Lost City
is the large mobile megafauna, including the
wreckfish (Polyprion americanus), cut-throat eels
(Synaphobranchus kaupi), and large geryonid
crabs, which were all readily visible around
active vents. The high-pH CH,- and H,-rich
fluids are poor in the sulfide species that are
typically relied on by vent faunal assemblages,
and these factors may contribute to the rel-
atively lower biomass observed at Lost City.

Despite the absence of readily observable
fauna, the LCHF supports a species diversity
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that appears to be as high as that of any other
known Mid-Atlantic Ridge vent site. Vent
sites on the Mid-Atlantic Ridge typically host
30 to 50 macrofaunal species, with a total
~100 species residing within the eight major
Mid-Atlantic Ridge sites (35, 36). Initial
analyses of >40 faunal samples recovered
revealed that over 65 morpho-species repre-
senting 13 phyla are present. The majority
(>90%) of these fauna were on the order of
hundreds of micrometers or less in size. These
were sampled via suction sampler from >10
active vent edifices and showed qualitative
differences in species abundance and compo-
sition with substrate type.

Four morphospecies of gastropods were
the most abundant fauna sampled from the
carbonate. The most diverse group of inverte-
brates dominating the flange areas was poly-
chaetes, including the families Dorvelleidae
(including new species of Ophiotrocha),
Ceratulidae, Glyceridae, Amphinomidae, and
Polynoidae. A minimum of nine species were
found, one-third of which are new. Current
assessments of vent-dependent fauna within
the Lost City field reveal that 58% of these
fauna are endemic.

Implications. The range and complexity
of environments hosting peridotites and other
ultramafic rocks is vast. Under appropriate
conditions, any of these might support hydro-
thermal systems similar to the LCHF. From
ancient komatiitic rocks of the Early Archae-
an (37) to ophicalcite deposits within the
Apennine ophiolites (38) comes evidence that
hydrothermal systems have indeed been oper-
ative within ultramafic environments for
much of Earth’s history. Within the contem-
porary oceanic crust, there is a diverse array
of submarine environments affected by
ongoing serpentinization reactions, which
include systems such as the Mariana forearc
(39, 40), the Arctic (9), the Antarctic (10), the
Southwest Indian and Mid-Atlantic Ridge
spreading networks (41, 42), major transform
faults (17, 43), and highly extended rifted
margins (44). Any of these tectonic settings
could host LCHF-type ecosystems. Such
systems may also have played a role in the
origin and evolution of life on this planet and
perhaps elsewhere (45).
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Segmental duplications in the human genome are selectively enriched for
genes involved in immunity, although the phenotypic consequences for host
defense are unknown. We show that there are significant interindividual and
interpopulation differences in the copy number of a segmental duplication
encompassing the gene encoding CCL3L1 (MIP-1aP), a potent human im-
munodeficiency virus—1 (HIV-1)-suppressive chemokine and ligand for the
HIV coreceptor CCR5. Possession of a CCL3LT copy number lower than the
population average is associated with markedly enhanced HIV/acquired
immunodeficiency syndrome (AIDS) susceptibility. This susceptibility is even
greater in individuals who also possess disease-accelerating CCR5 genotypes.
This relationship between CCL3L7 dose and altered HIV/AIDS susceptibility
points to a central role for CCL3L1 in HIV/AIDS pathogenesis and indicates
that differences in the dose of immune response genes may constitute a
genetic basis for variable responses to infectious diseases.

Duplicated host defense genes that are known
to have dosage effects are thought to contribute
to the genetic basis of some complex diseases,
although direct evidence for this is lacking. We
surmised that a hotspot for segmental duplica-
tions on human chromosome 17q might be
relevant to immunity against infectious dis-
eases such as HIV-1 because it encompasses
two CC chemokine genes, CC chemokine
ligand 3-like 1 (CCL3LI; other names, MIP-
loP and LD78B) and CCL4L1 (MIP-1B-like),
which represent the duplicated isoforms of the
genes encoding CCL3 and CCLA4, respectively
(I-3). As a consequence of these duplications,
the copy number of CCL3LI and CCL4LI
varies among individuals (2, 3) (fig. SI1A).
This is important because CCL3L1 is the
most potent known ligand for CC chemokine
receptor 5 (CCRS), the major coreceptor for

HIV, and it is a dominant HIV-suppressive
chemokine (3).

In light of this relationship between CCL3L1
and its in vitro effect on HIV infection, we
selected HIV infection as a model system in
which to test our hypothesis that segmental
duplications causing dosage effects of host
defense genes are associated with phenotypic
effects in vivo. To test this hypothesis, we
determined the distribution of chemokine gene—
containing segmental duplications in 1064
humans from 57 populations and 83 chimpan-
zees (4). We next analyzed 4308 HIV-1-positive
(HIV*) and HIV-1-negative (HIV™) individu-
als from groups with different geographical
ancestries (e.g., Africans and Europeans) to
determine if the risk of acquiring HIV and the
rate at which HIV disease progressed were
sensitive to differences in the dose of CCL3LI

4 MARCH 2005 VOL 307 SCIENCE www.sciencemag.org

Downloaded from http://science.sciencemag.org/ on January 28, 2017


http://science.sciencemag.org/

EXTENDED PDF FORMAT
SPONSORED BY

Sample-Size Antibodies
Now Available

RDsystems
RDserms

www.rndsystems.com

A Serpentinite-Hosted Ecosystem: The Lost City Hydrothermal

Field

Deborah S. Kelley, Jeffrey A. Karson, Gretchen L. Frih-Green,

DanaR. Yoerger, Timothy M. Shank, David A. Butterfield, John M.

%‘ Hayes, Matthew O. Schrenk, Eric J. Olson, Giora Proskurowski,
AAAS Mike Jakuba, Al Bradley, Ben Larson, Kristin Ludwig, Deborah

Glickson, Kate Buckman, Alexander S. Bradley, William J.
Brazelton, Kevin Roe, Mitch J. Elend, Adélie Delacour, Stefano M.
Bernasconi, Marvin D. Lilley, John A. Baross, Roger E. Summons
and Sean P. Sylva (March 3, 2005)

Science 307 (5714), 1428-1434. [doi: 10.1126/science.1102556]

Editor's Summary

This copy isfor your personal, non-commercia use only.

ArticleTools  Visit theonline version of thisarticle to access the personalization and
article tools:
http://science.sciencemag.org/content/307/5714/1428

Permissions  Obtain information about reproducing this article:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week
in December, by the American Association for the Advancement of Science, 1200 New Y ork
Avenue NW, Washington, DC 20005. Copyright 2016 by the American Association for the
Advancement of Science; all rights reserved. Thetitle Science isaregistered trademark of AAAS.

Downloaded from http://science.sciencemag.org/ on January 28, 2017


http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1415986277/Top1/AAAS/PDF-Bio-Techne.com-WEBOE-W-009269/RNDsytems.raw/1?x
http://science.sciencemag.org/content/307/5714/1428
http://www.sciencemag.org/about/permissions.dtl
http://science.sciencemag.org/

