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Evidence is growing that hydrothermal venting occurs not only along mid-ocean ridges but also on old regions of the oceanic crust
away from spreading centres. Here we report the discovery of an extensive hydrothermal ®eld at 308 N near the eastern intersection
of the Mid-Atlantic Ridge and the Atlantis fracture zone. The vent ®eldÐnamed `Lost City'Ðis distinctly different from all other
known sea-¯oor hydrothermal ®elds in that it is located on 1.5-Myr-old crust, nearly 15 km from the spreading axis, and may be
driven by the heat of exothermic serpentinization reactions between sea water and mantle rocks. It is located on a dome-like
massif and is dominated by steep-sided carbonate chimneys, rather than the sulphide structures typical of `black smoker'
hydrothermal ®elds. We found that vent ¯uids are relatively cool (40±75 8C) and alkaline (pH 9.0±9.8), supporting dense microbial
communities that include anaerobic thermophiles. Because the geological characteristics of the Atlantis massif are similar to
numerous areas of old crust along the Mid-Atlantic, Indian and Arctic ridges, these results indicate that a much larger portion of the
oceanic crust may support hydrothermal activity and microbial life than previously thought.
Most known hydrothermal ®elds along mid-ocean ridges are
located on young crust where the cooling of hot basaltic material
drives hydrothermal ¯ow1. In such systems, precipitation of ironand sulphide-rich minerals occurs during mixing of 200±400 8C
hydrothermal ¯uids with cold, oxygenated sea water. The compositions of the resulting sulphide chimneys re¯ect ¯uid±rock
reactions within the underlying basaltic±gabbroic substrate2,3. All
evidence indicates that such black smoker systems and associated
diffuse ¯ow typify hydrothermal activity directly on-axis in midocean-ridge environments. However, there is a growing body of
evidence from recent water column and sea-¯oor studies indicating that lower-temperature venting associated with older, tectonized portions of the oceanic crust may be common along much
of the mid-ocean-ridge spreading network4±6. Here we describe the
Lost City hydrothermal ®eld, which represents the ®rst observation of this type of low-temperature venting associated with
extensive chimney development. The Lost City ®eld is spectacular
in that it hosts numerous actively venting structures, one of which
reaches 60 m in height. The steep-sided pinnacles are composed
entirely of carbonate and magnesium hydroxide minerals, making
them distinctly different from other well known mid-ocean-ridge
hydrothermal vents.

Geology and tectonic setting of the Lost City hydrothermal ®eld

The Atlantis massif is located at the inside corner of the intersection
of the Mid-Atlantic Ridge (MAR) and the 75-km, left-lateral offset,
Atlantic transform fault (ATF) (Fig. 1)7,8. The massif is approximately 15 km across and the southern ¯anks are steep escarpments
with 3,800 m of relief adjacent to the ATF. The upper surface of the
dome is interpreted as a major low-angle normal or detachment
fault7,8 that has exposed variably metamorphosed peridotite and
gabbro. The top of the scarp is marked by a sharply de®ned
unconformity overlain by a laterally variable assemblage of very
gently dipping, undeformed sedimentary rocks. These include
carbonate cemented breccias with clasts of basalt, gabbro and
peridotite, and well lithi®ed, bedded carbonates. These are overlain
by variably consolidated pelagic ooze with dispersed blocks and
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rubble of basaltic and ultrama®c material. The unconformity
indicates that the southern end of the massif may have been near
or even above sea-level before subsiding to its current depth of
about 700 m. The south wall of the massif is a series of steep cliffs
that de®ne an extensive, south-facing embayment with several
steep-sided ridges that extend southward toward the transform
valley (Fig. 1). Magnetic anomaly patterns show that the centre of
the massif, about 15 km west of the spreading axis, is about 1.5 Myr
old, consistent with the local half-spreading rate of 12 mm yr-1
(ref. 8).

The Lost City ®eld

Investigations of the southern wall of the massif, using the remotely
operated imaging vehicle ArgoII and the submersible Alvin, resulted
in the discovery of the Lost City ®eld (LCF). The LCF rests on a
terrace at a water depth of 700±800 m on a south-trending spur that
protrudes from the crest of the south wall scarp (Fig. 1). The ®eld is
underlain by a diverse suite of ma®c and ultrama®c rocks that
crop out on the cliffs immediately below the edge of the scarp.
These include a complex assemblage of variably serpentinized and
deformed peridotites, massive gabbro to oxide gabbro, and metagabbros. The hydrothermal structures and related deposits overlie
and ®ll fractures in the capping carbonate unit and thus clearly postdate this assemblage. In addition, the vent structures lack pelagic
sedimentary cover, suggesting that they may be relatively young.
Initial surveys of the surrounding area with ArgoII and Alvin
indicate that the ®eld extends for at least 400 m across the terrace
and that it hosts at least 30 active and inactive structures (Fig. 2). To
the south, cliff exposures have extensive areas of active and inactive
white hydrothermal precipitates. These deposits ®ll fractures and
form hundreds of shelf-like overhanging ledges or `¯anges' that
protrude as much as 2 m from the cliff face.
Within the LCF, active and inactive vents exhibit a wide variety of
morphologies that include small spires, mounds and pinnacles
(Fig. 2a). The mounds are variably cemented, 10±20 m high,
steep-sided deposits composed of small toppled spires that have
been overgrown and cemented by hydrothermal precipitates. Larger
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isolated pinnacles are commonly 10±30 m tall. But the most
spectacular of the pinnacles is a giant columnar tower that rises
60 m above the sea ¯oor, making it the tallest hydrothermal deposit
yet discovered anywhere on the sea ¯oor. The top of this composite
structure is 15 m across and hosts four smaller spires. At least one of
these spires is actively venting 75 8C ¯uid from its top. On this and
other large pinnacles, ¯anges exhibit concave-down forms, which
trap highly re¯ective pools of 40±55 8C vent ¯uid (Fig. 2b). Delicate
®ngers and dendritic growth ornament the edges and tops of the
¯anges; stalagmite-like cones rise several metres from the tops of
some ¯anges. In most cases, fresh-looking white deposits indicate

that active venting occurs on the tops of the spires and pinnacles as
well as from the ¯anges.

Mineral and ¯uid chemistry

X-ray diffraction analyses of samples from seven inactive and active
chimneys and ¯anges indicate that the structures are composed of
variable mixtures of calcite (CaCO3), aragonite (CaCO3), and
brucite (Mg(OH)2). The composition of the structures is re¯ected
in the chemistry of three vent ¯uid samples collected with Alvin
from a 40 8C and 75 8C site. The pH of the vent ¯uids measured at
25 8C is high (9.0 to 9.8 versus 8.0 for ambient sea water) (Table 1).
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Figure 1 The Mid-Atlantic Ridge and location of the Lost City ®eld. a, Location of active
hydrothermal sites along the Mid-Atlantic Ridge (dots) and the Lost City hydrothermal ®eld
on the Atlantis massif at 308 N. In addition to the Lost City, the Logatchev, Rainbow and
Saldanha ®elds are also hosted on peridotite and gabbroic material. Saldanha most
closely resembles the LCF in that it is also located on a peridotite massif at a water depth
of 700 m, it hosts ®lamentous bacteria, and no vent fauna were identi®ed. Venting of
clear, warm ¯uids was observed from small ori®ces through sediment6. b, Shaded relief
map showing the location of the Atlantic massif and the study site (box). Also shown is the
location of the Mid-Atlantic Ridge (MAR) and the Atlantis transform fault (ATF). The
southern face of the massif is a steep sided scarp with nearly 3,800 m of relief. The
hydrothermal ®eld is located at a water depth of about 700 m near the top of the massif.
The dotted line denotes the trace of the ATF.
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Figure 2 Hydrothermal deposits and microbial communities within the Lost City ®eld.
a, Photomosaic of an inactive 8-m-tall carbonate chimney in the eastern portion of the
Lost City ®eld. This mosaic was produced from digital still camera imagery collected every
15 s by the remotely operated vehicle ArgoII. The calcite, aragonite and brucite chimneys
form delicate to massive pinnacles that reach up to 60 m in height. b, Aragonite and
brucite ¯ange venting 40 8C ¯uids (shimmering water in left portion of the image). The
carbonate ledges grow horizontally out from the chimney walls and trap buoyant re¯ecting
pools of warm water, which seeps out from the main structure walls. Mixing of sea water
and diffusely venting ¯uids that spill out upward over the lip of the ¯anges, and up through
porous ¯ange tops results in outward growth and thickening of the ¯anges. The ¯ange
shown in this image is about 1 m in width and hosts abundant microbial communities.
c, Scanning electron image (SEM) of a piece of the ¯ange shown in b, collected with Alvin.
Elemental detection and X-ray diffraction analyses of this sample show that it contains a
®ne porous matrix of calcium carbonate (aragonite) (point 1), and magnesium hydroxide
(Mg(OH)2) minerals (points 2 and 3), which exhibit variable morphologies. The SEM used
was an ISI DS-130s with an operating voltage of 18 kV. The images were collected using
IXRF Iridium II EDS software. Molecular ratios were determined using ZAF (atomic number,
absorption, ¯uorescence) corrections after deconvolution through the IXRF software.
Specimens were sputter coated with palladium before being analysed. d, Epi¯uorescent
microphotograph of DAPI (49,6-diamidino-2-phenylindole)-stained ®lamentous microbial
communities in the ¯ange sample collected from the site shown in b. Continuous bio®lms
composed of several types of microbial cells were observed attached to mineral surfaces
within the active vent structures. Microbial cells ranged from 0.5 to 2.0 mm in diameter
and included cocci, rods and ®laments. Signi®cant biomass is observed within the active
samples recovered.
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These values are in marked contrast to vent ¯uids collected from
basalt-hosted environments where pH values measured at 25 8C are
typically 3.0 to 5.0 (Table 1). High pH and Ca concentration are
typical of ¯uids emanating from serpentinized ultrama®c rocks9,10
and promote carbonate precipitation upon mixing with sea water.
Lost City ¯uids have magnesium concentrations much lower
than sea water (9±19 mmol kg-1 versus 54 mmol kg-1) and the three
samples show nearly linear mixing trends when other major
elements are plotted against Mg. As there is brucite in the chimneys
and ¯anges, Mg is probably reactive within the edi®ces. Mg2+
activity derived from sea water in the ¯uids may favour the
precipitation of aragonite, which is present in many of the Lost
City samples and is commonly found associated with serpentinized
peridotites11±15. Ca is enriched more than twofold in the ¯uids, but K
is within 3% of the ambient seawater value. The 75 8C ¯uids have
slightly higher Ca concentration at zero Mg than the cooler samples,
consistent with progressive seawater mixing and carbonate precipitation. Reactive silicate (measured after two weeks of refrigerated
storage) is lower than ambient sea water in the 40 8C samples, but is
slightly higher than sea water in the 75 8C sample. Silica is a trace
component within the chimney minerals. Over 60 mmol kg-1 of
total H2S was detected after nine days of sample storage, and SO4 is in
excess over values predicted from mixing sea water and an upwelling
end-member with zero Mg and SO4. Na and Cl are both within
1% of the sea-water value (Table 1). Measured hydrogen and
methane concentrations were 249±428 and 136±285 mmol kg-1,
respectively.
The LCF is the ®rst known example of sea-¯oor vents capable of
producing the low Mn/CH4 plumes that are common along fracture
zones and non-transform offsets of the MAR. The high Ca, low Mg
and near-ambient silica content are consistent with peridotitedominated ¯uid±rock interaction16,17 producing an alkaline ¯uid
that precipitates carbonates and hydroxides below the sea ¯oor and
upon mixing with sea water.
Interaction of mantle materials with sea water during serpentinization is further supported by stable isotope analyses of carbonate
in the pinnacle structures. For the seven samples recovered, the d13C
values range from 1.0 to 2.1½ (VPDB, the Vienna Pee Dee
belemnite standard) and clearly re¯ect a marine source of

carbon14. The d18O values of 32.5 to 35.4½ (VSMOW, Vienna
Standard Mean Ocean Water) are slightly enriched in 18O relative to
marine carbonates, but they are typical values for aragonite associated with oceanic serpentinites (31±36½ VSMOW)12,14,15. Calculations based on published oxygen isotope fractionation factors and
a temperature of 7 8C (as measured for the ambient bottom water in
the area) indicate that most of the pinnacle and ¯ange carbonates
were precipitated from altered sea water with d18O values of 0.5 to
2½ (VSMOW). These values are consistent with d18O values of
serpentinizing ¯uids calculated from serpentine oxygen isotope data
from different tectonic environments13±15 and suggest that active
subsurface serpentinization reactions below the massif control the
oxygen isotope signatures of the ¯uids venting in the LCF.

Life within the vent system

Within this ®eld, the active carbonate chimneys are typically awash
in buoyantly rising mixtures of warm shimmering vent ¯uid and
cooler sea water. These diffusely venting areas support dense
microbial communities that commonly form white to light grey
coloured ®lamentous strands several centimetres in length. Preliminary investigations of microbial communities show extensive
bio®lm development on mineral surfaces within the carbonate
structures (Fig. 2d). Samples obtained from a 75 8C site at the top
of the 60-m-tall structure contain abundant biomass, which exists
primarily as microcolonies and isolated cells on the surfaces of
carbonate minerals (Fig. 2d). Enrichment culturing of chimney
material in aerobic and anaerobic media yielded microorganisms in
the thermophilic (50 8C, 70 8C) and mesophilic (25 8C) temperature
regimes. Preliminary results of DNA extraction and analysis from
recovered ¯ange and chimney material indicates that Archaeal
and Eubacterial lineages are both present at Lost City. However,
macrofaunal assemblages that typify most vent environments18 are
extremely rare within the LCF and are limited to a few crabs, sea
urchins, and abundant sponges and corals.

Global signi®cance of off-axis venting

During the past two decades hydrothermal ®elds have been explored
at over 40 sites along the mid-ocean-ridge spreading network1,6,19±21.
Eight of these occur along the axis of the MAR and three are hosted

Table 1 Summary of vent ¯uid data
Location

Host rock

T (8C)

pH

Ca
Na
Cl
SO4
H2S
CH4
H2
Mg
(mmol kg-1) (mmol kg-1) (mmol kg-1) (mmol kg-1) (mmol kg-1) (mmol kg-1) (mmol kg-1) (mmol kg-1)

Reference
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Sea water
Lost City; 308 N MAR
Peridotite + gabbro
Rainbow; 368 149 N
Peridotite + gabbro
Broken Spur; 298 N MAR
Basalt
Lucky Strike;
Basalt
378 179 N MAR
Menez Gwen;
Basalt
378 509 N MAR
Conical seamount²
Peridotite
Endeavour, JdF³
Basalt
218 N EPR
Basalt
Oman Ophiolite§
Peridotite
Experimentsk
Harzburgite
Lherzolite
Basalt
Theoretical

Peridotite

553
546±549
.750
469
417±472
424±514
357±381

28.6
5.9±12.9

0
0.064
,2.5
9.30
2.1±3.0
2.0±3.0
1.3±1.8

4 ´ 10-7
4 ´ 10-4
0.13±0.28 0.25±0.43
2.2
13.0
0.06
0.43
0.3±0.7
0.04±0.72
0.4±0.8 0.003±0.27
1.5±2.1
0.02±0.05

3
9.28
346±370 4.2±4.5
0
13.8±42.9 260±391
350±370
273±355 3.3±3.8
0
11.7±20.8 432±510
489±579
23
11.4±11.6 0.002±0.01 1.5±1.9 11.5±35.9 9.67±26.1

30±40
0±2
0±0.6
0.05±0.14

2.1
3.0±8.1
6.6±8.4

0.001
1.8±3.4
0.06±0.09

0.16±0.42
0.23±1.7

11, 12
39±41
40, 41
42

0.066
ND
1.0

0.10±0.33
ND
0.2

16
16
43

20.96±164.9

17

7
40±75
360
356±360
308±324
185±284
275±284

8.0
9±9.8
2.9±3.1

3.8±6.4
3.8±3.9
4.2±4.8

54.0
9±19

10.4
21.0±23.3

475
479±485

0
0
0
0

11.8±12.8
32.3±36.7
31.3±38.2
29.7±33.1

419±422
347±426
363±428
312±319

300
200
350

6.4±11.6 0.002±0.02 0.29±5.24
5.4±8.0
10.7±49.4 7.5±35.7
4.8
0.050
18.3

549±576
467±500
492

512±541
534±560
581

12.1±17.8
2.04±24.8
0.069

0.6±0.8
ND
7.3

350

6.5±6.6

471±543

550±612

p1.0

3.2±6.3

0.07±0.1

27.6±35.6

This work
19
38
20
20
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Fluids were sampled in titanium, non gas-tight samplers with Alvin. Ten millilitres of ¯uid was drawn into 20-ml syringes and 10-ml headspace air was added. The samples were immediately frozen at -70 8C
to halt biological oxidation of gas species. Methane and H2 values for Lost City are a minimum as gases were probably lost during sampling and/or diffusively during storage. H2S concentrations are also
minimum values because samples were not run onboard, but after ,2 weeks in cold storage. It is therefore likely that oxidation occurred. MAR, Mid-Atlantic Ridge; JdF, Juan de Fuca ridge; EPR, East
Paci®c Rise; ND, not detectable.
² Conical seamount is located in the Mariana forearc and contains sedimentary serpentine. It was drilled during Leg 125 of the Ocean Drilling Program. Trace element and stable isotopic compositions of
carbonate chimney samples and serpentinized matrix material has been interpreted to re¯ect ¯uids with either a forearc mantle or subducted slab component, or both12.
³ Carbon isotopic values of d13C in CH4 of -55% in the Endeavour ¯uids are interpreted to indicate a microbial source for the methane40.
§ Meteoric fed springs emanate from serpentinized harzburgite. The spring waters are oversaturated with respect to both serpentine and brucite. Mixing of bicarbonate-rich ¯uids and surface water results
in precipitation of calcite or aragonite.
k This experimental work involved reaction of harzburgitic material and an Mg-free solution at 300 8C, 500 bar, and a water-rock ratio of 10. The harzburgitic runs lasted 0±17,147 hours; additional
experiments included reacting lherzolite with sea water at 200 8C, 500 bar and at water±rock ratio of 10 for 0±4,869 h.
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by serpentinized peridotites (Fig. 1b). Few data are published on
these three sites, but both the Rainbow and Logatchev sites host
black smoker chimneys (350±360 8C)19±22. High CH4 and H2 concentrations at these two sites indicate a peridotite in¯uence; however,
much of the chemical data (low pH values, moderate silica, Cu and
Zn enrichment) are consistent with reactions involving gabbroic or
basaltic material19,22,23.
Recent studies suggest that hydrothermal systems similar to the
LCF may be common along a signi®cant portion of the ridge system
(for example, the MAR, and the Indian and Arctic ridges). The sea¯oor morphology in the vicinity of the ATF is typical of that near
many large transform faults that offset the MAR and Southern
Ocean ridges4±7. Serpentinite bodies routinely crop out at these sites
and the recovered peridotities are typically pervasively altered to
serpentine minerals, indicating extensive interaction with hydrothermal ¯uids14,21,24. Serpentinization processes have been the focus
of much attention of late because of their potential importance to
early Earth hydrothermal systems and because they generate signi®cant CH4, H2 and possibly organic compounds during mineral±
¯uid reactions25±29. Manifestation of such reactions is commonly
inferred from CH4 and H2 anomalies in the water column at
numerous uplifted serpentinite massifs, at highly tectonized zones
believed to be peridotitic in composition, and at serpentinite outcrops along rift valley walls4±6,9,30±33. A signi®cant number of these
venting sites are located on old, highly tectonized crust away from
the neovolcanic zone4,5. The extensive nature of these plumes
suggests that such venting may play a signi®cant role in chemical
and thermal exchanges between the upper mantle and the
lithosphere4,5,9. However, except for the Saldanha ®eld at
368 309 N, located near the southern tip of the FAMOUS segment6,
few of these sites have ever been visited.
There are many features of slow- and ultraslow-spreading systems
which favour venting from off-axis environments. For example,
tectonic emplacement of inside corner highs, faulting associated
with transform displacements, isostatic uplift, and exfoliation
induced by mass wasting probably create permeable pathways in
the serpentinite basement. Within these environments, the combination of exothermic serpentinization reactions, active fracturing,
and topographic forcing may drive ¯uid ¯ow. Compressive stresses
may also be generated on steep scarps due to the large positive
volume changes (,20%) associated with serpentinization reactions. In concert, these factors promote low-temperature venting
of high-pH, methane- and hydrogen-rich ¯uids in hydrothermal
systems associated with uplifted, ultrama®c massifs that are
common along slow- and ultraslow-spreading ridges.

Implications for biology and early Earth hydrothermal systems

We anticipate that this newly discovered class of sea-¯oor hydrothermal system may provide insights into hydrothermal processes of
the early Earth and the life forms that they supported25,34. The
reducing conditions associated with serpentinization of ultrama®c
material may be similar to those present in the Hadean (4.5±3.8 Gyr
ago) ocean during early Earth formation and it has been suggested
that such high-pH systems may have been a requirement for the
emergence of life on the ocean ¯oor25,35,36. Model calculations based
on thermodynamic considerations suggest that synthesis of numerous organic compounds is favoured during mixing of warm
serpentinite-derived, high-pH, reducing ¯uids with cool, oxygenated sea water25. The warm, organic- and volatile-rich environment
present within the porous interior of ancient hydrothermal deposits
may have been extremely suitable habitats for the emergence of
thermophilic or hyperthermophilic anaerobic organisms that may
represent the most ancient of lifeforms on Earth37.
The LCF is an example of a previously unknown type of sea-¯oor
chemosynthetic system that may be much more widespread than
the highly localized, magmatically driven hydrothermal vent systems present along mid-ocean-ridge axes. It is a reminder of the
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discoveries remaining to be made on the sea ¯oor, which may hold
M
important clues to the origin and diversity of life.
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