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With the submersible JAGO and by scuba diving we discovered three remarkable geothermal cones, rising
33, 25, and 45 m from the seafloor at a depth of 65 m in Eyjafjordur, northern Iceland. The greatest geothermal
activity was on the highest cone, which discharged up to 50 liters of freshwater per s at 72°C and pH 10.0. The
cones were built up from precipitated smectite, formed by mixing of the hot SiO2-rich geothermal fluid with the
cold Mg-rich seawater. By connecting a rubber hose to one outflow, about 240 liters of pure geothermal fluids
was concentrated through a 0.2-mm-pore-size filter. Among 50 thermophilic isolates, we found members of
Bacillus and Thermonema and a new unidentified low-G1C gram-positive member of the Bacteria as well as one
member of the Archaea, Desulfurococcus mobilis. Analysis of small-subunit rRNA genes PCR amplified and
cloned directly from environmental DNA showed that 41 out of 45 Bacteria sequences belonged to members of
the Aquificales, whereas all of the 10 Archaea sequences belonged to the Korarchaeota. The physiological
characteristics of isolates from different parts of the cones indicate a completely freshwater habitat, supporting
the possibility of subterranean transmittance of terrestrial organisms.

Since the discovery of hydrothermal activity on oceanic
spreading centers in the Eastern Pacific in 1977 and 1979, hot
springs have been found at numerous locations on ridge sys-
tems (7, 24). The Mid-Atlantic ridge is one of these systems,
and Iceland, with its volcanic activity, is the only place where it
emerges from the sea. The Eyjafjordur region, in northern
Iceland, is one of several localities in Iceland with known
submarine geothermal activity. The geothermal activity is in
basaltic lava 6 to 12 million years of age (5, 14) and seems to
be related to either one or both of two NNE- and NW-trending
fault zones with no known surface hot spring activity (4).

Oceanic hydrothermal vent fluids originate from seawater,
which percolates into the oceanic crust and is heated at the top
of magma chambers or in hot rock formations. The hot fluid,
discharged from the seafloor, is anoxic and acidic, with salinity
varying from 0.1 to 2 times that of seawater and with variable
chemical composition (29). Elements dissolved in the hydro-
thermal fluid precipitate around the vents, commonly forming
characteristic chimney-like structures (6, 9). In such an ex-
treme environment, diverse types of thermophilic microorgan-
isms have been detected and isolated (21).

Molecular phylogenetic studies on environmental DNA
from hydrothermal vent samples have been limited due to low
quantity and poor quality of the collected biomass. Part of the
problem at submarine hot springs is that they are difficult to
access and samples are therefore precious. A variety of sam-

pling devices have been used to collect hydrothermal vent
samples for chemical and microbiological analysis. These in-
clude samplers for collecting hot fluid, for collecting particles
from both warm and hot fluids, and for measuring in situ
microbial activity in hydrothermal fluids (3, 20).

We report here the discovery of a new type of microbial
habitat, where hot fresh water discharges from hydrothermal
vents on the seafloor, building up conical structures as high as
45 m above the seafloor. A new technique was developed for
sampling biomass from such an environment, and we showed
by cultivation and by molecular phylogenetic survey that a
community of thermophilic microorganisms of terrestrial ori-
gin is thriving in this unique ecosystem.

MATERIALS AND METHODS

Study site and sample collection. The bottom at the study site was surveyed
with an echo sounder, and a contour map was constructed by using SigmaPlot
(version 4.01). Solid samples were brought up to the surface in plastic bags, but
hot fluid was collected in syringes and by pumping large volumes to the surface.
A stainless steel tube (0.4 m by 10 mm) attached to a rubber hose was placed by
a scuba diver in a discharge opening at a depth of 27.5 m. Two successive 12-V
booster pumps were mounted inside the tubing a few meters below the sea
surface. The other end of the tube was attached to a rubber dinghy (Fig. 1). The
whole system was rinsed with the hot fluid (around 2 liters min21) for 30 min
before sampling hot fluid for chemical and microbial analysis. The vent fluid was
concentrated directly by cross-flow filtration through sterile hollow fiber car-
tridges (0.2-mm-pore-size filter; Amicon). The cells retained inside the cartridge
(600 ml) were concentrated further in the laboratory by centrifugation.

Chemical analysis. The hydrothermal vent fluid was analyzed as described by
Kristmannsdottir et al. (16), and the cone composition was determined by X-ray
diffraction, X-ray fluorescence, and energy-dispersive X-ray analysis (EDX) elec-
tron microprobe.
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Microscopy. Cultivated and noncultivated cells were observed with a Leica
DM LB light microscope equipped with a phase-contrast oil immersion objective
(magnification, 3100). In situ hybridizations were performed as described by
Harmsen et al. (12). Fixed cells were applied to gelatin-coated slides, dried,
rinsed in a series of ethanol concentrations, and hybridized with ARC915 and
EUB338 fluorescein-labeled probes. The cells were viewed in a Leica microscope
equipped with a 100-W halogen light source for fluorescence and I3 blue BP (for
fluorescein) and N2.1 green BP (for rhodamine) filter cubes.

Enrichments and isolations. Rock samples and concentrated water samples
were used to enrich for chemolithotrophic and chemorganotrophic organisms in
different media under both aerobic and anaerobic conditions. A small chimney,
approximately 40 cm high and 15 cm wide (Fig. 2), located close to the top of the
main cone was brought to the surface in one piece. Subsamples across the
chimney were inoculated into standard medium for aerobic thermophiles (8) but
also in modified media with different salinities and pHs. The following agar and
liquid media were used: marine broth (MB; Difco) diluted in 1/4 and 1/2 (des-
ignated MB4 and MB2) with 0 to 1% (wt/vol) NaCl, DT medium (19) with 0 to
2% (wt/vol) NaCl, R2A medium with 0 to 1% (wt/vol) NaCl (19), and 166
medium (22) with 0 to 2% (wt/vol) NaCl. All media were prepared with distilled
water, but 166 medium and MB were also prepared with the vent fluid. Agar
media had 28 g of agar per liter. The pH was also increased to 9.5 in 166 medium
with 0 to 1% (wt/vol) NaCl. Aerobic enrichments were incubated at 60, 65, and
72°C until growth was observed. Colonies were selected and purified by streaking
onto the same agar medium.

Anaerobic enrichments were incubated at 65 and 83°C. Anaerobiosis was
achieved by applying a vacuum to the medium and saturating it with N2 or
H2-CO2 (80% H2 and 20% CO2). Finally, the medium was reduced by adding a

sterile solution of Na2S z 9H2O (final concentration, 0.025% [wt/vol]). The
following media were used: medium prepared with the vent fluid, supplemented
with 0.4% (wt/vol) yeast extract and S° (5 g liter 21), and cultivated with H2-CO2

as the gas phase; modified Thermotoga medium (20) with and without NaCl; and
YPS medium (10).

Physiological tests. The physiological characteristics of all aerobic isolates and
of one anaerobic isolate were examined. Fresh cultures were used as inocula to
test growth at different temperatures, pHs, and salinities. Aerobic strains were
tested for growth at 60, 65, 72, and 76°C in liquid and on solid agar medium.
Salinity testing was performed at 65°C on 166 agar medium and on MB2. The
salinities were 0, 1, 2, 3, and 4% (wt/vol) NaCl. The pH was adjusted with NaOH
and checked after sterilization. HEPES (Sigma) buffer (1 g liter 21) was used for
pH tests at 9.0, and AMPSO (Sigma) buffer was used at pH 10.0. The anaerobic
strain was tested for growth at 55, 65, 90, and 93°C and at 0, 0.5, and 1% (wt/vol)
NaCl.

DNA extraction and PCR amplification. DNA was extracted from the biomass
obtained by filtration and from the isolated strains. The biomass pellet was
homogenized by using a homogenizer before incubation at 50°C for 3 h in a lysis
buffer (1% [wt/vol] sarcosyl, 1% [wt/vol] sodium dodecyl sulfate, proteinase K [1
mg/ml; Sigma], lysozyme [2 mg/ml; Sigma]). DNA was extracted with phenol–
chloroform-isoamyl alcohol (24:1) and precipitated with ethanol. The PCR am-
plifications were performed as described by Skirnisdottir et al. (23). The oligo-
nucleotide primers used for detection of Archaea were 1391R, 23FPL, and
R1544; F9B was used for Bacteria.

Cloning and sequencing of 16S ribosomal DNA (rDNA). The PCR products
from the biomass were cloned directly by the TA cloning method by using the
TOPO TA cloning kit according to the manufacturer’s instructions (Invitrogen).

FIG. 1. Contour map of the new vent site showing the giant cone structures and the sampling technique.
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Plasmid DNAs from single colonies were isolated and sequenced with universal
reverse and forward M13 vector primers, with the reverse primer R805 (59-GA
CTACCCGGGTATCTAATCC-39) and with an ABI 377 DNA sequencer by
using BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied
Biosystems). PCR products from isolates were sequenced with the ABI 377
sequencer by using the R805 sequencing primer. The 16S rRNA PCR products
from strain SEA were cloned and 1,351 bp was sequenced. The following Ar-
chaea-specific sequencing primers were used: forward primers 23FPL, F515, and
F23 and reverse primers R805 and R1391.

Phylogenetic analysis. The sequences (400 to 500 bp) were analyzed with DNA
Sequencing Analysis software, version 3.2 (PE Applied Biosystems). Sequences
from isolates and environmental sequences were selected and identified with
BLAST searches. The sequence from strain SEA was manually aligned (1,351
bp) with closely related sequences obtained from the Ribosomal Database
Project. Phylogenetic analysis was performed with the ARB program (http://
www.mikro.biologie.tu-muenchen.de), omitting regions of sequence ambiguity.
A phylogenetic tree was constructed using the neighbor-joining algorithms with
the Jukes and Cantor correction included in the ARB package and maximum-
likelihood analyses of the data sets.

RESULTS

Discovery of the geothermal cones. The new submarine hy-
drothermal field is located 1.8 km offshore in the northeastern
part of the fjord Eyjafjordur, near 65°49.739N latitude and
18°06.699W longitude (Fig. 3). The vents occur on the east
slope, which rises from a depth of 100 m from the center of the
fjord. At about a depth of 65 m, three giant silicate cone
structures have grown at the site to heights of 33, 25, and 45 m
above the sea bottom (Fig. 1). The 33-m cone was first discov-
ered in 1997 with the German research submersible JAGO
(25), but the 45-m cone was unexpectedly discovered in 1998
during a scuba diving expedition. Most of the hydrothermal
activity is in the highest cone, with fluid of 60 to 72°C flowing

from small chimneys and fissures located all over it. Very little
activity was found on the two smaller cones. Estimating the
flow rate was difficult, but the cumulative flow could be on the
order of 50 liters per s. The underlying mound is made of
sediments, shells, and precipitates from the fluid. The cones
contain a high proportion of poorly crystalline clay-like sili-
cates. The vent system appears to be related to the intersection
of two main fault zones, one NW trending and the other
parallel to the predominant NE tectonic trend in the area and
the main dyke direction. The chimneys follow the NE trend
(Fig. 1).

Chemical analysis of the fluid. The sampled hydrothermal
fluid had only about 0.1% contamination by seawater and was
very similar in composition to the geothermal waters in springs
and wells onshore (26) (Table 1). Both the chemical properties
and stable isotope ratios of the fluids were almost identical to
those of waters of similar temperature from other geothermal
fields in the Eyjafjordur region. The conductivity of the purest
water obtained was 290 mS/cm, but the conductivity was 415
mS/cm in the sample used for chemical analysis. The pH was
10.0. The concentration of hydrogen sulfide was 0.3 mg liter 21,
and concentrations of heavy metals were also low. Small vol-
umes of the vent water taken in syringes were contaminated by
1.5% seawater.

Chemical analysis of chimney material. The solid samples
were mainly composed of poorly crystalline clay minerals,
amorphous silica, and minor carbonate. No metallic sulfides,
typical of deep-sea hydrothermal chimneys, were observed,
reflecting the low sulfide and metal content of the dilute hy-
drothermal fluid. A bulk sample from one chimney contained

FIG. 2. (a) Small chimney; (b) top part of the chimney; (c) bottom part of the chimney; (d) schematic diagram of the chimney showing the
different sampling zones.

VOL. 67, 2001 SUBMARINE SMECTITE CONES IN ICELAND 829



about 50% (by weight) SiO2 and up to 25% (by weight) MgO.
The main Mg-bearing mineral was Mg-rich smectite (sapo-
nite), which has an approximate formula of (Ca, Na)0.2Mg6

Si7.2Al0.8O20 (OH)4 z nH2O, based on electron microprobe and
EDX analyses. Anhydrite (CaSO4) was not present.

Microscopic observation. From a vent at a depth of 27.5 m,
about 240 liters of hot vent fluid (71.6°C) was pumped; it was
concentrated to 600 ml by filtration and then centrifuged and
pelleted in an Eppendorf tube. In the concentrated fluid, coc-
coid and rod-shaped bacteria were detected by phase-contrast
and epifluorescence microscopy (acridine orange staining). Spe-
cific-fluorescence oligonucleotide universal 16S rRNA probes
for Bacteria (EUB338) and Archaea (ARC915) revealed coc-
coid and rod-shaped cells belonging to both domains (data not
shown). rRNA detection by this technique indicated that the
cells were still intact. Spores were detected in 44 out of 50
isolated aerobic strains.

Enrichments and isolations. Growth was observed mainly
on MB2 and 166 agar medium. The time of development of
colonies varied from 2 days to 3 weeks. Only colonies from
agar plates were selected and purified by streaking on the same
agar media at least six times. A total of 50 aerobic strains
whose colonies were gray, transparent, or pale yellow were
isolated. Thirty strains were isolated from the inner zone of the
chimney after enrichment at 65 to 72°C. Twenty-six were iso-
lated on MB2 plates, one was isolated on 166 medium with 1%
NaCl (pH 9.5), and one was isolated on R2A medium with 1%
NaCl. Two strains were isolated on MB2 and on 166 agar

FIG. 3. Map showing the geothermal fields in Iceland. The arrow shows the location of the submarine hydrothermal vent field in the Eyjafjordur
fjord.

TABLE 1. Chemical composition of the hydrothermal vent fluid

Parameter Vent fluid
Onshore

geothermal
water (26)

Seawatera

Temp (°C) 71.4 80
pH temp (°C) 10.03/24 9.95/20 8.0/25
H2S (mg/liter) 0.32 0.09 0
Carbonate (mg/liter) 25 13 102
Total dissolved (mg/liter) 291 223
Silica (mg/liter) 93.7 92.3 2.9
Sodium (mg/liter) 79.2 53 10,800
Potassium (mg/liter) 1.62 1.0 390
Calcium (mg/liter) 2.45 3.6 410
Magnesium (mg/liter) 2.59 0.006 1,290
Sulfate (mg/liter) 19.5 43 2,700
Chloride (mg/liter) 44.7 11 19,400
Fluoride (mg/liter) 0.86 0.47 1.3
Bromide (mg/liter) 0.19 67.3
Boron (mg/liter) 0.19 0.16 4.45
Aluminum (mg/liter) 0.122 0.10 0.001
Iron (mg/liter) 0.0081 0.012 0.003
Manganese (mg/liter) 0.0001 0.002 0.0004
d 18O (‰) 213.13 214.12 0
d D (‰) 292.9 2102.2 0
d 13C (‰) 29.44
Apparent 14C age (yrs) 11,000 6 90
Mercury (mg/liter) 0.000014 0.00015
Copper (mg/liter) 0.0012 0.0009
Arsenic (mg/liter) 0.0208 0.0026
Cadmium (mg/liter) 0.00011 0.0001
Lead (mg/liter) 0.0002 0.00003
Chromium (mg/liter) 0.0010 0.0002
Zinc (mg/liter) 0.0008 0.005

a Seawater according to Turekian (28); not measured.
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medium from enrichment in complementary liquid media.
Twelve strains from pure vent fluid were isolated on various
agar media with low salt concentrations at 60 to 72°C. Five of
the strains were enriched in liquid media and isolated on com-
plementary agar media. Seven pale yellow strains were isolated
from the outer part of the chimney where the vent fluid mixes
with seawater. Only two anaerobic enrichments yielded growth.
The enrichments, inoculated in medium that consisted of the
hydrothermal fluid with 0.4% yeast extract and elemental sul-
fur (5 g liter 21), showed coccoid cells after incubation at 65
and 85°C. One strain (SEA) was isolated at 85°C after six
successful serial dilutions.

Physiological characterization. The isolates were character-
ized according to maximum growth temperature, salt tolerance,
and pH (Table 2). All the aerobic strains grew at 60 and 65°C, and
all except two grew in the presence of 1% NaCl. Forty isolates
grew at 72°C and 25 grew at 76°C. At least 40 isolates grew at
2% NaCl, and 7 grew at 4% NaCl. All strains grew at pH 9.0
but only 20 grew at pH 10. The anaerobic strain SEA did not
grow at 0.5% NaCl or above 93°C.

Cloning and sequence analysis of SSU rRNA. DNA was
successfully extracted from environmental biomass and from
isolated strains. Analysis of small-subunit (SSU) rRNA partial
sequences (ca. 400 bp) revealed that all the aerobic isolates
belonged to the Bacteria and that the anaerobic strain SEA
belonged to the Archaea. Most of the Bacteria isolates belong
to the genus Bacillus, but seven belong to Thermonema (Table
2). Total sequencing of the SSU rRNA gene (1,351 bp) from
the Archaea strain SEA placed it in the genus Desulfurococcus,
and the generated similarity matrix put it as 99.5% similar to
D. mobilis. Sequencing of environmental clones revealed both
Bacteria (45 clones) and Korarchaea (10 clones) sequences
(Table 3). Most of the Bacteria clones were closest to the order
Aquificales, and one was close to unidentified Nitrospira. Three
clones were closest to the divisions Proteobacteria and Firmi-
cutes. None of the isolated strains belonged to the genus Ther-

mus, nor was this genus represented by any of the cloned
sequences.

DISCUSSION

Our findings indicate that this freshwater hydrothermal vent
system, located on the seafloor at a depth of 65 m, is a new kind
of submarine geothermal vent system and a novel environment
for thermophilic microorganisms that extends the known eco-
logical habitats for thermophiles.

Sampling large quantities of hydrothermal vent fluid from
submarine hot springs has been very difficult until now. Here
we describe a simple technique that can provide large quanti-
ties of pure hydrothermal fluid from sites that can be reached
by scuba diving. To our knowledge, such large volumes have
never before been retrieved from submarine hydrothermal sys-
tems.

The location of the vent site places it within submarine hot
springs, and its large precipitate cone structures resemble
chimney structures in the deep-sea hydrothermal vents. How-
ever, the chemical composition of the cones and the discharg-
ing fluid was different from that of any previously described

TABLE 2. Origin and characterization of aerobic isolates

Sample type or source

No. of growing isolates

Identificationa Match (%)Temp of
76°C

NaCl concn in medium of: pH of
10.01.0% 2.0% 3.0% 4.0%

Concentrated fluid (total, 12 isolates) 3 2 0 0 0 3 Bacillus thermoleovorans 95
1 1 1 1 0 1 Bacillus caldotenax 98
0 8 6 0 0 8 Bacillus flavothermus 97–99

Total isolates (%) 33 92 58 8 0 100

Chimney inner zone (total, 30 isolates) 14 15 14 14 0 3 Bacillus thermoleovorans 97–99
1 1 1 0 0 1 Bacillus caldotenax 98
1 2 0 0 0 2 Bacillus caldovelox 96–97
0 2 2 2 0 0 Bacillus thermodenitrificans 97–98
2 2 2 2 0 0 Bacillus caldoxylolyticus 96
3 7 7 5 0 2 Gram1, low G1C content 93–96

Total isolates (%) 70 97 87 77 0 27

Chimney outer zone (total, 7 isolates) 0 7 7 7 7 0 Thermonema sp. 96–99

Total isolates (%) 0 100 100 100 100 0

a Database (BLAST) match of the SSU rRNA gene.

TABLE 3. Molecular diversity analysis of environmental
DNA from the Eyjafjordur cones

Type
sequence

No. of
clones

Bacterial
division

Closest database
match (%)

Bacteria library
ST22 1 Nitrospira group Unidentified (OPB67A) (97)
ST56 15 Aquificales Hydrogenobacter thermo-

philus TK-6 (90)
ST10 26 Aquificales EM17 (97)
ST43 1 Firmicutes Propionibacterium acnes (96)
ST12 1 a-Proteobacteria Caulobacter crescentus (99)
ST50 1 b-Proteobacteria Alcaligens sp. (99)
Archaea library ST89 10 Korarchaeota Clone pJP78 (99)
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submarine hydrothermal vent system. The Mg-rich clays have
formed as hot alkaline SiO2-rich, geothermal fluids have mixed
with cold Mg-rich seawater. Anhydrite is the dominant chim-
ney-building mineral in deep-sea hydrothermal vents but was
not present in the Eyjafjordur vent. The cones were composed
mainly of clay minerals that are rare in most seafloor hydro-
thermal chimneys and have never before been found as the
dominant mineral phase. However, these minerals are com-
monly encountered as precipitates in geothermal wells in Ice-
land (18). The chemical and microbial analyses indicated that
the fluid originates from the surrounding terrestrial ground-
water that has been filtrated through the crust below the Ey-
jafjordur fjord. The apparent 14C age of the vent fluid is 11,000
years, similar to that of onshore geothermal water in the region
(26). The stable isotopic ratios (d D and d 18O) suggest that the
water has recharge, from the high inland mountains located
about 100 km south of Eyjafjordur (17).

The maximum temperature measured in the system was
about 72°C, but the reservoir temperature is unknown. How-
ever, the silica geothermometer (11) indicated reservoir tem-
peratures of about 80°C. Moreover, the highest growth tem-
perature of the isolates was approximately 92°C; this also
indicates a higher reservoir temperature than 72°C.

The presence of apparently purely terrestrial thermophiles
in the submarine hot hydrothermal fluid confirms the freshwa-
ter origin of the fluid and that the seawater does not penetrate
the principal geothermal channels below the seafloor. How-
ever, small chimneys located on the giant cones have porous
structures and are made of two mineralogical zones. Ambient
aerobic seawater could possibly penetrate these zones, mix
with the hot fluid, and form small niches for thermophilic
microorganisms that are influenced by different environmental
factors. The origin and the characterization of the strains (Ta-
ble 2) isolated from small chimneys suggest habitats of vari-
ous temperatures, pHs, and salinities. The most halotolerant
strains were isolated from the outer zone of the chimney. They
grew aerobically at pH 9.0 and in the presence of 4% (wt/vol)
NaCl, but not at pH 10.0 or at 76°C. This suggests that cold
seawater mixes into the vent fluid in the outer zone with in-
creasing salinity and decreasing temperature. Strains isolated
from the inner part had broader growth ranges. None of them
grew at 4% NaCl, many grew at 3% NaCl (77%) and at 76°C
(70%), but only a few grew at pH 10.0 (27%). This indicates
decreasing seawater mixing in the inner part of the chimney.
All 12 aerobic strains isolated from concentrated fluid grew at
pH 10.0, but only 1 grew above 2.0% NaCl. Moreover, the
anaerobic strain D. mobilis SEA was halosensitive and oxygen
sensitive, indicating a very deep origin. Furthermore, molecu-
lar phylogenetic analysis of biomass from the pure vent fluid
identified terrestrial microorganisms that have been detected
in terrestrial hot springs in Iceland (23) and Yellowstone Na-
tional Park in the United States (2). Most of the cloned se-
quences were closely related to either Aquificales or Korarcha-
eota (2).

Surprisingly, no Thermus strain was isolated from the sam-
ples, although this genus is widely distributed in terrestrial and
coastal springs in Iceland (1, 15). Most of the isolates belonged
to known Bacillus species widely found in Icelandic hot springs,
but some new, unidentified species with a low G1C content
were also isolated. This new group was more halotolerant than

the Bacillus species and showed the closest database match to
strains isolated from a marine environment in Japan (27).
Seven marine species belonging to the genus Thermonema
were isolated only from the outer zone of the chimney, but
members of this genus have not been isolated before from
Icelandic hot springs.

The origin of the microbial community in the submarine hot
springs is at present unclear. Nevertheless, it is likely that the
thermophilic marine species have disseminated in the sea to
the vent fields (13). Spore-forming terrestrial thermophiles
could also have disseminated by air or runoff water from land
to the vent field at the sea bottom. However, it is more likely
that terrestrial anaerobes, such as D. mobilis, have penetrated
though dikes and faults at least 1.8 km from land to the vent
site (Fig. 3). This hypothesis is further supported by the ap-
parently complete absence of halotolerant Thermus species in
this system.
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