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ABSTRACT In April 1991, submarine volcanic eruptions initiated the formation of numerous hydrothermal vents between
9!45# and 9!52#N along the crest of the East Pacific Rise (EPR). Dramatic changes in biological community structure and vent
fluid chemistry have been documented throughout this region since the eruptive event. By April 2004, mussels (Bathymodiolus
thermophilus) dominated the faunal assemblages at several of the vent sites formed during of after the 1991 eruptions, whereas
other habitats within the region were dominated by the vestimentiferan Riftia pachyptila. In the present paper, we build upon the
extensive data sets obtained at these sites over the past decade and describe a manipulative experiment (conducted at 9!49.94#N;
104!14.43#Won the EPR) designed to assess interrelationships between vent fluid chemistry, temperature, biological community
structure, and seismic activity. To this end, in situ voltammetric systems and thermal probes were used to measure H2S/HS– and
temperature over time in a denuded region of an extensive mussel bed in which an exclusion cage was placed to inhibit the
subsequent migration of mussels into the denuded area. Fluid samples were taken from the same locations to characterize the
associated microbial constituents. Basalt blocks, which were placed in the cage in April 2004 and subsequently recovered in April
2005, were colonized by more than 25 different species of invertebrates, including numerous vestimentiferans and remarkably few
mussels. Recorded temporal changes in vent fluid chemistry and temperature regimes, when coupled with microbiological
characterization of the vent fluids and seismic activity data obtained from ocean bottom seismometers, shed considerable light on
factors controlling biological community structure in these hydrothermal ecosystems.
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INTRODUCTION

In November to December 1989 an extensive survey
between 9!16# and 9!54#N along the East Pacific Rise (EPR)
was conducted using the ARGO-I optical acoustic system to
image 80% of the axial summit collapse trough (ASCT) with
video and 35 mm camera systems (Haymon et al. 1991a). A
return visit to this region in April 1991 revealed that the
distribution and character of vents and associated biological
communities located between 9!45# and 9!52#N along the EPR
had been altered by volcanic eruptions since the ARGO-I
survey. Well-developed faunal communities seen in ARGO-I
images taken 15 mo earlier were buried by new lava flows at
several sites along the floor of the ASCT. Evidence for
extremely recent eruptive events in this region has been
presented elsewhere (Rubin & MacDougall 1991, Haymon
et al. 1991b, Haymon et al. 1991c, Haymon et al. 1991d,
Haymon et al. 1993, Von Damm 1991, Rubin et al. 1994),
establishing, for the first time, a ‘‘time-zero’’ for a local eruption
along a deep-sea ridge crest (Haymon et al. 1991b, Haymon
et al. 1991c, Haymon et al. 1991d, Haymon et al. 1993). Of
particular biological note was the presence of extensive areas of
‘‘low-temperature,’’ diffuse vent flowwith no characteristic vent
megafauna but an abundance of thick, white ‘‘bacterial’’ mats

(Nelson et al. 1991, Lutz et al. 1994, Lutz et al. 2001; Shank
et al. 1998). The absence of these bacterial mat areas in 35 mm
or video recordings taken 15 mo earlier using the ARGO
imaging system suggested that these areas might represent early
successional stages of vent colonization and afford a unique
opportunity to follow temporal changes in vent community
structure (Haymon et al. 1993, Lutz & Haymon 1994). Since
April l99l, deep-diving submersibles have returned to various
regions between 9!45# and 9!52#Nalong the EPR at least once a
year. During the majority of these cruises, extensive imaging
surveys, vent fluid chemistry analyses and time-lapse, temper-
ature monitoring studies documented temporal changes occur-
ring since the eruption and provided invaluable background
data for the present study (VonDamm et al. 1994, Fornari et al.
1998, Shank et al. 1998). During March 1992, 210 markers
were deployed between 9!49.64# and 9!50.36#N along the EPR
to facilitate future studies in the region (see Shank et al. 1998 for
details). The present study, which was conducted in the region
of Marker 119 located at 9!49.94#N; 104!14.43#W, summarizes
results of an interdisciplinary study designed to assess inter-
relationships between vent fluid chemistry, temperature, seismic
activity, and biological community structure at this vent site.
This integrated study was originally designed as a multiyear
effort; however, in January 2006 an extensive volcanic eruption
on the seafloor completely obliterated the vent site in the*Corresponding author. E-mail: lutz_richard@hotmail.com
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Marker 119 region. All associated experiments and markers, as
well as the majority of ocean bottom seismometers that were
deployed throughout the region, were buried under fresh lava
flows. As a result, we were only able to obtain data during two
successive dive programs (one in April 2004 and the other in
April 2005) with the deep-diving submersible Alvin. Despite
the premature termination of our studies, results obtained
provide many significant insights into the nature of chemical,
physical and biological interrelationships at the site, yielding
invaluable background data sets for future research efforts
within this volcanically and tectonically active region of the
midoceanic ridge crest.

Hypotheses

The specific hypotheses to be addressed by our outlined
approach may be summarized as follows: (1) The presence of
extensive numbers of mussels within selected regions of the vent
faunal assemblage inhibits the colonization and subsequent
growth of vestimentiferan tubeworms through depletion of H2S
below critical levels; (2) If mussels were to be removed and sub-
sequently excluded from regions with elevated temperatures
and H2S concentrations within a mussel population at an active
vent site along the East Pacific Rise, then the area will be
colonized by numerous vent-endemic species, including Tevnia
jerichonana and Riftia pachyptila, which reportedly represent
‘‘early vent colonizers’’; see Shank et al. (1998); (3) During
later stages of succession, as H2S levels are reduced by the
overlying mussel population, the vestimentiferan Oasisia alvi-
nae remains as the last (‘‘climax’’) vestimentiferan in and among
themussel population; (4) Seismic events will alter the chemistry
and temperatures of diffuse hydrothermal vent fluids within
the region; (5) Specific bacteria are repeatedly found in newly-
established microbial filamentous communities from different
diffuse flow vents within the general area of our study site along
the EPR; and (6) Mesophilic facultative and obligate autotro-
phic microorganisms are important components of the micro-
bial assemblages in diffuse vent flows and associated thermal
plumes.

Biological Community Structure

After the April 1991 eruptive events, biological communities
associated with numerous nascent hydrothermal vents between
9!49.64# and 9!50.36#N along the EPR underwent successional
changes from assemblages characterized by massive microbial
mats and a few, small bythograeid crabs in April 1991 to ones
characterized by large populations of mussels in April 2000.
Details of these successional changes have been described
by Shank et al. (1998) and Lutz et al. (2001) and we have
documented further changes in community structure during
various cruises to this portion of the EPR since April 2000. The
successional changes in faunal community development that
have occurred in the vicinity of Marker 119 from April 1991
through April 2004 are depicted in Figure 1.

Vent Fluid Chemistry

Shank et al. (1998) reported time-series fluid chemistry
data, including maximum levels of H2S, from December 1993
to November 1995 at three separate hydrothermal vent sites
within a kilometer of the Marker 119 site. From subsequent

in situ voltammetric studies conducted by Luther et al. (2001a,
2001b), it is now recognized that the H2S figures reported in
Shank et al. (1998) actually represent values for total sulfide
(FeS + H2S/HS–). At one of these sites, total sulfide values
measured in December 1993, October 1994, and November
1995 were, respectively, 0.94, 0.88, and 0.72 mmol/kg (respec-
tive in situ temperatures of sampled fluids were 26!, 29!, and
27!C). At a second site, total sulfide values at these same times
were, respectively, 0.98, 0.68, and 0.30 mmol/kg (respective
in situ temperatures were 35!, 28!, and 18!C). At the third site,
total sulfide values of 0.40 and 0.26 mmol/kg were measured in
October 1994 and November 1995, respectively (respective
in situ temperatures were 20! and 18!C). These total sulfide and
temperature measurements were invariably taken from areas of
maximum temperature within the community, at the base of
vestimentiferan assemblages. In situ voltammetric studies (con-
ducted in May 1999) of total sulfide and free H2S/HS–) have
yielded maximum values of approximately 100 and 40 mmol/l
(approximately 0.10 and 0.04 mmol/kg), respectively, for fluids
surrounding the plumes ofRiftia in populations at another vent
site, also within a kilometer of the Marker 119 site (in situ
temperature of the fluids adjacent to the plumes was 8.5!C)
(Luther et al. 2001a). The lower sulfide values reflect the fact
that measurements were made at the tubeworm plumes, which
are a considerable distance above the base of the vestimenti-
feran tubes where temperature and sulfide values are higher.
Earlier studies conducted in a variety of vent environments
(Johnson et al. 1988a, Johnson et al. 1988b, Johnson et al. 1994)
have generally shown a positive correlation between tempera-
ture and total sulfide concentration in diffuse flow fluids.
However, in November 1995 vent fluids associated with a mori-
bund colony ofR. pachyptila approximately 0.5 km north of the
Marker 119 site had a maximum temperature of 29!C, but a
total sulfide concentration below the detection limit (3 mmol/kg).

Temperature Regimes

Temperatures of hydrothermal vent fluids can provide
important proxy measurements of the physical and chemical
state of midocean ridge hydrothermal and magmatic phenom-
ena and the effects they have on biological communities that
inhabit these systems (Fornari et al. 1998, Scheirer et al. 2006).
Since December 1993, there have been over 90 deployments of
self-recording, time-lapse (Vemco) temperature probes to mea-
sure both long- and short-term spatial and temporal variability
in vent fluid temperatures at various vents within a kilometer
of the Marker 119 site, with individual probes recording up to
64,000 measurements per deployment. Spectral analyses of
temperature profiles have been undertaken to determine the
extent to which (1) coupling of temperature changes between
high- and low-temperature fluids occurs; (2) recent fracturing
of volcanic events influence low- and high-temperature venting
(Fornari et al. 1998); (3) geochemical changes in vent fluids
correlate with fluid temperature; and (4) temporal and spatial
variations in biological community development within and
between distant communities can be correlated with changing
temperature regimes (Shank et al. 1998). Initial results from
these analyses have been summarized by Shank et al. (1995,
1997) and Fornari et al. (1998) and more detailed analyses un-
dertaken by Scheirer et al. (2006). These profiles provide invalu-
able background records of short- and long-term temperature
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variability at vents within the general region of the Marker 119
site for comparison with temperature measurements obtained
in the present study.

Microbiological Studies

Microorganisms modify the vent chemical environment
primarily through oxidation and reduction of sulfur and

thereby play a fundamental role in altering hydrothermal fluids

transported through porous substrates prior to contact with

biological communities at the seafloor.Work on the isolation of

bacteria from low-temperature, diffuse-flow vents was initially

focused on sulfur oxidizers because of the predominance of

reduced sulfur compounds in vent fluids (Ruby et al. 1981,

Jannasch et al. 1985, Jannasch et al. 1989, Nelson et al. 1989).

Figure 1. Succession of organisms around Marker 119 located at 9!49.94#N; 104!14.43#W on the East Pacific Rise. Shortly after an eruptive event in
April 1991, microbial mats began to form near the vents and pieces were ejected from the vent (a and b). Juvenile Tevnia jerichonana grew and
proliferated within a year of the eruption but were gradually supplanted by the larger Riftia pachyptila (c and d). The mature Riftia community (e)
supported perhaps the most biomass of any stage in this cycle. After 8 y, the musselBathymodiolus thermophilus had displacedmany of theRiftia (f) and,
by April 2004, eventually completely dominated the area with only a few remaining Riftia (g). Modified from Lutz et al. (2001).
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Many types of sulfur-oxidizing bacteria are found in dense
microbial mats exposed to the hydrogen sulfide/oxygen interface.
These mats generally consist of filamentous bacteria belonging
to the g- and e-Proteobacteria (Gundersen et al. 1992, Taylor &
Wirsen 1999). Recent reports suggest that the e-Proteobacteria
may play an important role in the biogeochemistry of deep-sea
hydrothermal vent ecosystems (Corre et al. 2001, Longnecker &
Reysenbach, 2001, Campbell et al. 2001, Moyer et al. 1995). In
particular, e-Proteobacteria were found to largely dominate the
microbial communities associated with the vent polychaeate
Alvinella pompejana and tubeworm Riftia pachyptila on the
EPR at both 9! and 13! North (Cary et al. 1997, Lopez-Garcia
et al. 2002) and were abundant in microbial communities asso-
ciatedwith a diffuse flowvent on the Juan de FucaRidge that was
sampled at different times after an eruptive event (Huber et al.
2003). Finally, a culture-dependent analysis of diffuse flow vents
on the Juan de Fuca Ridge showed that heterotrophic Halomo-
nas spp. andMarinobacter spp. were the most abundant species
that could be cultured in the laboratory (Kaye & Baross 2000).

Other Relevant Studies

In addition to the studies outlined earlier, which have been
conducted within the general area of the Marker 119 site, there
have been several studies that provide essential background
data and technological developments critical for testing our
hypotheses outlined earlier. (1) Mullineaux et al. (2000) have
shown that the presence of T. jerichonana may facilitate the
settlement of other species of vestimentiferans. We hypothesize
that the removal and subsequent exclusion of mussels from
selected vent areas as part of our experimental design will
facilitate the settlement of T. jerichonana and the subsequent
colonization of these areas by the vestimentiferansR. pachyptila
andOasisia alvinae. (2) Lutz et al. (1994) have provided evidence
that growth rates (increase in tube length per unit time) of the
vestimentiferan R. pachyptila under certain conditions exceed
85 cm/yr. More recently, Thiebaut et al. (2002) have estimated
that the tube growth rate of this species in certain populations
within the vicinity of 9!50#N along the EPR may be as high as
160 cm/yr. The duration of the initial phase of our manipulative
experiment described below (which, because of the January 2006
eruptive event, ultimately ended up being the entire duration of
our experiment) focused on tubeworm colonization, survival
and growth and ran from April 2004 to April 2005. Given the
remarkably rapid growth rates reported in the above studies, it
is reasonable to expect that significant tubeworm growth (up to
several mm/day) could occur during the time interval of our
outlined experiment. (3) Micheli et al. (2002), working at a
variety of vent areas within the 9!50#N region, demonstrated
that the use of cages with 6-mm plastic Vexar mesh provides an
effective means of excluding predators such as zoarcid fish,
crabs, whelks, and octopi. Caging experiments have illustrated
that the abundance of small mobile grazers (e.g., gastropods)
significantly increases within exclusion cages over time.Whereas
such mobile grazers may directly consume newly-settled larvae
and juveniles or may increase their postsettlement mortality, no
statistically significant differences were found in the abundance
of sessile invertebrates (e.g., mussels and vestimentiferans) on
caged or uncaged substrates. (4) In the studies conducted by
Mullineaux et al. (2000) and Micheli et al. (2002), caged and
uncaged cubic basalt blocks (approximately 10 cm on each side)

left in various diffuse flow vent environments for periods
ranging from 5–13 mo were colonized by substantial numbers
of vestimentiferans (up to 403 individuals over a 5-mo period
and up to 731 individuals over a 13-mo period). (5) At the Rose
Garden hydrothermal vent field along the Galapagos Spreading
Center, Johnson et al. (1988a, 1994) made a spectrum of in situ
measurements of vent fluid chemistry. Their system used a flow
injection analysis technique to measure acid-volatile sulfide
(AVS ¼

P
[free H2S/HS– + FeS]) (¼ total sulfide), together

with temperature, silicate and oxygen, before and after removal
of mussels from selected regions of an extensive mussel pop-
ulation. In modest flows, such as those typical of many mussel
habitats, the mussels reduced the sulfide content of the venting
water as it passed through their aggregations. In a mussel
‘‘clearance’’ experiment, more than 50% of the total sulfide
present in the hydrothermal source solutions seemed to be
removed by the mussel community. The Rose Garden area had
changed over a 9-y period (1979–1988) (see also, Hessler et al.
1988) from one dominated by vestimentiferans (Riftia pachyp-
tila) to one dominated bymussels. Johnson et al. (1988a) evoked
two hypotheses to account for the observed successional
changes: (1) there are regular periods of low flow that would
be accompanied by low temperature and limited availability of
sulfide; the mussels divert sufficient sulfide under these con-
ditions to ‘‘starve’’ the worms; and (2) the mussels may be able
to physically displace or interfere with the worms through the
mussels’ growth in place, as well as their ability to move. The
authors believed that both of these mechanisms may be
important. In the present study, we build on these studies by
measuring the biologically available (free) H2S/HS– using in situ
voltammetric techniques recently developed by Luther et al.
(2001a) and by conducting a manipulative organism removal,
exclusion, and colonization experiment to assess the validity of
the hypotheses proposed by Johnson et al. (1988a).

It is important to recognize that our conducted experiment is
designed to build on the pathfinding experiments conducted by
Mullineaux et al. (2000) and Micheli et al. (2002). Given the
extensive replicates and controls that were used in their
experimental design, there is no need to duplicate their design
or retest any of the hypotheses that were so elegantly addressed
by these authors. From their results, as well as from extensive
measurements we have made in the region over the past decade,
we recognize that the spatial and temporal heterogeneity of
temperature and chemical regimes associated with the vent
microhabitats at the site does not allow the deployment of
multiple settlement substrates (i.e., basalt blocks) that could be
considered true ‘‘replicates.’’ Our experiment described later is
thus designed to obtain in situ temperature and chemical
measurements at each of our deployed basalt blocks and assess
the associated recruitment and colonization of vent endemic
organisms on the blocks over time to provide further insights
into factors responsible for the results obtained by Mullineaux
et al. (2000) and Micheli et al. (2002), as well as those obtained
earlier by Johnson et al. (1988a, 1994).

MATERIALS AND METHODS

Dates of Study

Results summarized in the present paper were obtained
during two separate cruises of the R/V Atlantis, each with an
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associated DSV Alvin dive program, during April 2004 (Alvin
Dives 3996–4012 from April 8 to April 24) and April-May 2005
(Alvin Dives 4099–4113 from April 23 to May 15).

Exclusion Cage and Basalt Blocks

A cage measuring approximately 0.75 m long 3 0.75 m
wide 3 0.50 m high that was designed to inhibit the migration
of mussels from adjacent populations to within or beneath the
cage was constructed using PVC piping for the frame and 6 mm
Vexar plastic mesh identical to that used byMicheli et al. (2002).
A bottom weighted, fine-mesh ‘‘skirt,’’ designed to conform to
contours of the seafloor, was attached to the bottom of the cage
to inhibit mussels from migrating under the cage after deploy-
ment at the Marker 119 site. Nine basalt cubes (measuring
10 cm on each side) identical to those used by Mullineaux
et al. (2000) and Micheli et al. (2002) were evenly spaced within
the cage in a 3 3 3 lattice arrangement. Figure 2 depicts the
cage, with the associated basalt blocks inside, as seen on
the front of the basket of DSV Alvin just prior to launching
the submersible for deployment of the cage on the bottom at the
Marker 119 site.

Seismic Monitoring

Ten Ocean Bottom Seismometers (OBSs) were deployed
in the vicinity of the Marker 119 site in an array depicted in
Figure 3. The primary array of seven OBSs that had been con-
tinuously recording since October 2003 was supplemented by
an additional three OBSs that were deployed in close proximity
to Marker 119 from April 13 through April 19, 2004. The
individual OBS instruments were subsequently recovered and
the data downloaded and processed to record the number and
magnitude of seismic events that occurred during the deploy-
ment period. Another primary array of nine OBSs recorded
data from April 2004 through May 2005, the same general
configuration as the 2003–2004 primary array.

Arrival times of seismic P- and S-phases recorded at
individual OBSs were automatically picked from the seismo-
grams and then associated with individual earthquakes using
standard tools provided by the Incorporated Research Institu-
tions for Seismology (IRIS). Each set of phase picks and
associated earthquake was subsequently inspected and, if
necessary, revised by hand to assure a high quality of the
resulting earthquake bulletin. For the 2003–2004 data-set this
involved revising phase picks for over 16,000 earthquakes
recorded on up to 10 OBSs. Phase arrival time picks of 476
well-recorded earthquakes were inverted to determine the 1D
velocity structure beneath the array. The layered 1D model was
subsequently used to compute absolute hypocenter locations
using the programHypoinverse (Klein 2002), and high-precision
relative locations using the double-difference algorithm
HypoDD (Waldhauser & Ellsworth 2000). The resulting catalog
of earthquakes that occurred within the OBS array includes
7,071 events.

Vent Fluid Chemistry Systems

In Situ Electrochemical Analyzers

In situ analyses of vent fluids at the Marker 119 cage site
were conducted using two different Analytical Instrument
Systems, Inc. electrochemical systems. The first (Model AIS-
ISEA-I; hereafter referred to as the in situ voltammetric probe),
which was used to obtain discrete measurements of

P
H2S/HS–

(hereafter referred to as H2S) and temperature during the
April 2004 and April-May 2005 Alvin dive programs, is a
voltammetric analyzer powered via a cable from Alvin (Nuzzio
et al. 2002). This instrument contains a potentiostat and a
multiplexer to monitor up to four electrodes one at a time;
working details of the analyzer, as well as standardization and
conditioning of the electrodes are described in Brendel and
Luther (1995) and Luther et al. (2001a, 2001b, 2002). The
voltammetry hardware is linked to an IBM-compatible com-
puter inside Alvin’s sphere. The working electrode wand or
holder is constructed of Delrin, encasing a stainless steel handle,
so that the manipulator (arm) can hold and deploy the electro-
des without breaking them. The counter and reference electro-
des were placed in the submersible’s basket and were not
moved. The second electrochemical system (Model AIS-
ISEA-II) is similar in design, but is modified to serve as a
totally unattended in situ electrochemical analyzer (ISEA)
(hereafter referred to as the ISEA system), which is powered
by a separate battery pack. Every four minutes, the instrument
runs a sequence of four cyclic voltammograms (taking approx-
imately 10 sec each) per electrode that are recorded and
subsequently analyzed to generate H2S values; analytical details
may be found in Luther et al. (2001a, 2001b, 2002).

Selective Mussel Removal and Discrete Exclusion Cage Measurements

On April 10, 2004 Alvin’s temperature probe was used to
locate an area measuring approximately 1 m 3 1 m, with
elevated temperatures (>5!C) in the midst of an extensive
population of mussels (Bathymodiolus thermophilus). The
in situ voltammetric probe was inserted as far as possible into
a clump of mussels located approximately in the center of the
1 m 3 1 m area and the highest temperature and associated H2S
concentration measured were recorded. Mussels were then

Figure 2. The mussel exclusion cage on the basket of Alvin before
deployment on the bottom at the Marker 119 study site. The nine basalt
settlement blocks are kept in place with rubber bands and have a nylon
rope attached to an embedded eyebolt for later retrieval with the
manipulator arm of Alvin. The weighted, netted skirt around the bottom
of the exclusion cage serves to seal the cage to the uneven seafloor, in-
hibiting the migration of mussels under the cage.
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removed from the 1 m 3 1 m area, exposing the bare basalt,
and the in situ voltammetric probe was used again to record the
highest temperature and associated H2S concentration found
within the denuded area; the highest temperature encountered
was located approximately in the center of the 1 m 3 1 m
denuded area. The temperature and associated H2S concentra-
tion in the water column 1m above the approximate center of
the 1 m 3 1 m area was also recorded. The exclusion cage was
then placed directly over the denuded area. Temperatures and
associated H2S concentrations were measured at the base of
each of the basalt blocks (Block #s 1, 3, 7, and 9) located at the
corners of the cage, as well as at the base of the basalt block

(Block #5) located in the center of the cage. An identical series
of temperature and H2S concentration measurements were
obtained at the base of each block that was recovered in April
2005 (see Basalt Block Recovery and Analysis section later),
with the exception of Block #7, at which measurements could
not be obtained because of an electrical failure of the probe.

In situ Chemistry and Temperature Measurements

The autonomous ISEA systemwas deployed at the exclusion
cage site from April 13–19, 2004 (Fig. 4). One of the system’s
electrodes, which was placed adjacent to the basalt block in the

Figure 3. Seismicity recorded on the ocean bottom seismometer (OBS) array centered at 9!50#N on the East Pacific Rise. White dots indicate the
locations of earthquakes recorded during the period of April 13th through April 18th, 2004. Events were all less than a magnitude 2.0 (ml) with most less
than a magnitude 1.0 (ml)—see Figures 5 and 6. Locations of OBSs are shown as blue circles, and the Marker 119 site is shown as a red star. Event
locations are calculated using standard software provided by the Incorporated Research Institutions for Seismology (IRIS) based on a simple 1-D
velocity model. The three OBSs closest toMarker 119 were deployed for approximately one week in conjunction with the focused vent fluid chemical and
temperature monitoring at the site. The other OBSs were deployed as an array for 7 mo including this time period.
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center of the cage (Block #5), successfully recorded the con-
centration of H2S for an approximate 10-h period from 18:00
on April 14–04:00 on April 15, 2004. The Vemco temperature
probe, which was attached to the tip of the electrode, recorded
a temperature every eight seconds from April 13–18, 2004.

Microbiology

Collection of Samples

Titanium bottles triggered using Alvin’s manipulator were
used to collect water samples at the source (seafloor) and 1 m
above the source of the diffuse flow vent fluids at the Marker
119 cage site during both the April 2004 and April-May 2005
Alvin dive programs. Samples of microbial filaments were also
collected from basalt block #5 at the time it was retrieved on
April 30, 2005 (see Basalt Block Recovery and Analysis section
below). In situ temperatures and H2S concentrations of the
sampled fluids were measured at the time of sampling. Once on
board the ship, samples were promptly transferred in the
laboratory and subsamples were placed in stoppered tubes
and stored at 4!C.

Isolation and Characterization of Pure Cultures

Autotrophic, thiosulfate-oxidizing bacteria were isolated
and routinely grown in a variation of medium 142 (http://www.
dsmz.de/microorganisms/html/media/medium000142.html),
which contained: NaCl, 25.0 g/L; MgSO4"7 H2O, 1.5 g/L;
(NH4)2SO4, 1.0 g/L; KCl, 0.64 g/L; CaCl22 H2O, 0.42 g/L;
NaHCO3, 0.046 g/L; KH2PO4, 0.5 g/L; Na2S2O3, 5.0 g/L; vi-
tamin B12, 15 g/L; 1 mL of a trace element solution containing:
FeSO4"7 H2O, 2.1 g/L; MnCl2"4 H2O, 100 mg/L; CoCl2"6 H2O,
190 mg/L; ZnSO4"7 H2O, 144 mg/L; H3BO3, 6 mg/L; NiCl2"6
H2O, 24 mg/L; and Na2MoO4"2 H2O, 36 mg/L; and 8.5 mL of
37% HCl. The pH of the medium was adjusted to 7.2 with a
sterile solution of Na2CO3 (0.4% w/v). For growth of hetero-

trophic organisms, the medium was supplemented with 10 mM
acetate. When necessary, the medium was solidified by adding
Nobel agar (15 g/L). Enrichment cultures were initiated ship-
board by inoculating an aliquot (0.1 mL) of each sample in
liquid medium, and pure cultures were obtained by repeated
isolations of single colonies on solid medium. To facilitate the
isolation of quantitatively representative organisms, in some
cases the isolation of pure cultures was initiated from serial
dilutions of primary enrichments. All culture experiments were
carried out at temperatures ranging between 28!C and 47!C.

Basalt Block Recovery and Analysis

Five (Block #’s 2, 3, 5, 7, and 9) of the 9 blocks within the
exclusion cage were recovered on April 30, 2005 and placed
in individual containers identical to those used by Micheli
et al. (2002) to insure retrieval of all associated organisms.
Once on board the ship, the basalt blocks were immediately
placed in the ship’s constant temperature room at 4!C. Micro-
bial filaments that were evident on the block recovered from the
center of the cage (Block #5) were removed for subsequent
microbiological characterization and all metazoan colonists
were sorted and counted under the dissecting microscope.
Organisms too small for unambiguous morphological identifi-
cation were frozen and placed in an ultra-low freezer on board
the ship for subsequent identification using a variety of
molecular techniques (e.g., DNA extraction, targeted gene re-
gion amplification, restriction fragment length polymorphism
(RFLP) analyses; see Shiozawa et al. 1992, France & Kocher
1996, Dowling et al. 1996, Comtet et al. 2000) routinely used in
the laboratory of one of the authors (TS). In addition to these
more standard molecular techniques, an amplified fragment
length polymorphism (AFLP; Vos et al. 1995) genotyping
technique that has been successfully used to identify even larval
stages of vent organisms was used as necessary for identification
purposes (Shank & Halanych 2007).

RESULTS AND DISCUSSION

Seismicity

The 2004–2005 seismic dataset indicates a gradual ramping
up of activity levels between the 2004 and 2005 experiments,
with average background activity levels being on the order
of 100 events per day in April 2004, and on the order of 500
events per day by April 2005. This apparent long-term trend
is superimposed by short-term fluctuations in seismicity rate,
most likely associated with swarm-like activity. As suggested by
Tolstoy et al. (2006), the gradually increasing number of events
per day from April 2004 to April 2005 might well portend the
January 2006 eruption.

Vent Fluid Chemistry and Temperature

Selective Mussel Removal and Discrete Exclusion Cage Measurements

The highest temperatures and associated H2S concentra-
tions measured at approximately the center of the 1 m 3 1 m
exclusion cage site before and after removal of mussels on April
10, 2004 (see Materials and Methods section for details) are
summarized in Table 1, together with the temperatures and H2S
concentrations in the water column 1 m above the approximate

Figure 4. The in situ electrochemical analyzer (ISEA system) (left) with
its associated voltammetric electrode system and time-lapse (Vemco)
temperature probes. One of the system’s electrodes, which was placed
adjacent to the basalt block in the center of the cage (Block #5),
successfully recorded the concentration of H2S for an approximate 10-h
period from 18:00 onApril 14–04:00 onApril 15, 2004, whereas the Vemco
temperature probe, which was attached to the tip of this electrode,
recorded a temperature every 8 sec from April 13–18, 2004.
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center of the 1 m 3 1 m area before and after mussel removal.
The measured increase in the highest temperature from 7.9 ±
0.5!C to 13.9 ± 0.5!C and the associated increase in the
concentration of H2S from 43.30–73.67 mmol/L at the source
of the diffuse flow vent fluids (seafloor) are consistent with the
results from the mussel ‘‘clearance’’ experiment reported by
Johnson et al. (1988a, 1994), which suggested that a substantial
quantity of the total sulfide present in the hydrothermal source
solutions at a vent field along the Galapagos Rift was removed
by the mussel community. The postcage-deployment temper-
atures and associated H2S concentrations at the base of each
of the basalt blocks (Block #s 1, 3, 7, and 9) located at the cor-
ners of the cage, as well as at the base of the block (Block #5)
located in the center of the cage are summarized in Table 2.
The lower temperature (12.8 ± 0.5!C) and H2S (34.76 mmol/L)
values measured at the center of the cage (base of Block #5)
relative to the temperature and H2S values reported in Table 1
‘‘after removing mussels’’ are likely a reflection of the fact that
the Vexar mesh on the bottom of the cage resulted in an eleva-
tion of Block #5 a few centimeters above the seafloor where
diffuse flow temperatures and sulfide concentrations should be
higher.

In situ Chemistry and Temperature Measurements Correlated with
Seismic Activity

Earthquakes can potentially influence fluid chemistry and
temperature in a number of ways. The small earthquakes ob-
served represent tiny cracking events related to tectonic stresses,
magma-induced stresses, or hydrothermal cooling. These events
can impact the fluids either directly by impacting flow patterns
or indirectly be changing the stress fields through the passage of
seismic waves. A distant event can have a significant impact if it
is of large enough magnitude, and a very small event can have a
significant impact if it directly impacts the path of the fluid being
monitored. Figure 5 depicts the magnitude of the total number

of seismic events (as well as the magnitude of events within 1 km
of the Marker 119 site) from the period April 13–19, 2004,
together with vent fluid temperatures (adjacent to Basalt Block
#5 at the center of the exclusion cage) and the modeled tidal
amplitude during this same period. Of particular note is that,
from April 13 to April 15, the higher average temperatures
appear to correlate with the higher number and magnitude of
seismic events occurring during this time period. However,
whereas these preliminary, short-term data sets offer some
intriguing hints of correlations between the magnitude and
number of seismic events, vent fluid temperatures, and tidal
periodicities, further studies and detailed analyses of longer-
term data sets are necessary to confirm the existence of
statistically significant correlations. The number (per 15 min
bin) andmagnitude of seismic events (total number of events, as
well as those within 1 km of theMarker 119 site) recorded by the
OBS array, vent fluid temperatures, and vent fluid H2S con-
centrations during an approximate 10-h period from 18:00 on
April 14–04:00 on April 15, 2004 are graphically depicted in
Figure 6.

Whereas the concentration of H2S frequently positively
covaries with temperature, there is a very poor correlation
coefficient (r2 ¼ 0.03); it is obvious from examination of the
graphs that the relationship between temperature and the H2S
concentration of the vent fluids at this site is complex. Temporal
changes in bottom currents passing over the ISEA system’s
electrode and the attached Vemco temperature probe, which
were adjacent to the basalt block, also undoubtedly contributed
to the observed variation in both H2S concentrations and
temperatures. Notwithstanding such complexities, there are
hints in the data presented in Figure 6 of relationships between
seismic activity and the vent fluid H2S concentration. The top
graph in this figure depicts three seismic events (black dots)
within 1 km of the Marker 119 site that occur near 01:00. These
events occur 12–16 min before three prominent peaks in the

TABLE 1.

Temperature and hydrogen sulfide concentrations before and after removing the mussels from the exclusion cage site
at Marker 119 in April 2004.

Before Removing Mussels After Removing Mussels

Temperature (!C) H2S (mmol/L) Temperature (!C) H2S (mmol/L)

Seafloor 7.9 ± 0.5 43.30 13.9 ± 0.5 73.67
1 m above seafloor 2.4 ± 0.5 0.60 1.5 ± 0.5 0.00

TABLE 2.

Temperature and hydrogen sulfide concentrations measured at the base of individual basalt blocks within the
exclusion cage in April 2004 and April 2005.

2004 2005

Temperature (!C) H2S (mmol/L) Temperature (!C) H2S (mmol/L)

Block 2 NA NA 6.9 ± 0.5 24.94
Block 3 3.9 ± 0.5 9.02 3.4 ± 0.5 4.41
Block 5 12.8 ± 0.5 34.76 7.6 ± 0.5 22.62
Block 7 2.5 ± 0.5 2.45 NA NA
Block 9 2.1 ± 0.5 0.00 1.3 ± 0.5 0.0
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concentration of H2S depicted in the bottom graph (differences
in offset timemay be, in part, because of the sampling frequency
of the ISEA system electrodes). It is also worth noting that a
peak in the concentration of sulfide that occurs at approxi-

mately 01:40 is correlated with the highest seismic event
magnitudes (as well as with a relatively large number of seismic
events) recorded during the 10-h period that the ISEA system
was functioning. Finally, increased numbers and magnitudes of

Figure 5. The total number of seismic events recorded by theOBS array in 15min bins (top graph, bars), the magnitude of seismic events within the OBS
array (grey x’s) and the magnitude of seismic events within 1 km of theMarker 119 site (black dots) recorded by the OBS array (middle graph), vent fluid
temperatures (bottom graph: grey circles are individual temperature measurements, whereas the solid line connects points representing the mean
temperature for each 15 min bin), and modeled tidal amplitude (all graphs, solid black curves) from April 13–19, 2004. Temperature data were collected
at 8-sec intervals using a Vemco temperature probe, which was attached to a microelectrode associated with the ISEA system and positioned adjacent to
the basalt block (Block #5) in the center of the cage. Note that from April 13–15, the higher average temperatures appear to correlate with the higher
number and magnitude of seismic events occurring during this time period.

Figure 6. The number of seismic events in 15 min bins recorded by the OBS array (top graph, grey bars), the magnitude of seismic events within the OBS
array (top graph, grey x’s) and the magnitude of seismic events within 1 km of the Marker 119 site (top graph, black dots) recorded by the OBS array,
vent fluid temperatures (middle graph), and vent fluid H2S concentrations (bottom graph) during an approximate 10-h period from 18:00 on April 14–
04:00 on April 15, 2004. Temperature values were obtained at 8-sec intervals. Every 4 min, four cyclic voltammograms (taking approximately 10 sec
each) were recorded and subsequently analyzed to generate the plotted H2S values.
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seismic events just prior to 02:00 are correlated with a relatively
broad and pronounced peak in temperatures recorded at
approximately this same time. Again, whereas these data are
certainly very preliminary and not statistically significant
because of the short monitoring period, further studies focused
on potential relationships between seismic activity and vent
fluid chemistry, and temperature are clearly warranted.

Microbiological Studies

Microorganisms isolated fromwater samples collected at the
seafloor and 1 m above the seafloor before and after removing
mussels from the 1 m 3 1 m exclusion cage site, together with
associated in situ temperatures and H2S concentrations of the
sampled fluids, are summarized in Table 3. A total of 14 pure
cultures were isolated from fluid samples collected at the
Marker 119 site. All isolations were carried out under aerobic
conditions. Out of the 14 organisms, 7 were isolated from fluids
collected at the source of the vent, and six were isolated from
fluids collected 1 m above the seafloor. Eight out of 14
organisms were isolated under conditions that facilitated the
growth of heterotrophic bacteria (i.e., medium 142 supple-
mented with 10 mM acetate). These heterotrophic bacteria were
predominantly represented by the genus Pseudomonas (P.

stutzeri appeared to be the closest relative to the vent isolates),
although members of the genera Alcanivorax andMarinobacter
were also isolated (Table 3). The remaining seven pure cultures
were isolated under conditions that only allowed for growth of
organisms that coupled carbon dioxide fixation to the oxidation
of thiosulfate (Table 3). Strictly autotrophic organisms were
related to members of the genera Thioclava, Thiomicrospira,
and Halothiobacillus, whereas facultative autotrophs were
related to the genera Halomonas and Salinisphaera. Based on
analyses of the sequence similarity of the 16S rRNA genes, we
calculated that the sequence similarity of strains EPR 70 and
EPR 71 to their closest relative, Salinisphaera shabanensis (a
moderately halophilic bacterium that was recently isolated
from the brine-seawater interface of the Shaban Deep in the
Red Sea [Antunes et al. 2003]), was only 95%. Therefore, we
concluded that these bacteria represent a yet-to-be-described
species (and possibly a new genus) of theGammaproteobacteria.
Detailed studies aimed at the description of these novel bacteria,
isolated from the source fluids and those collected 1m above the
seafloor at the Marker 119 site are currently underway. Serial
dilutions of primary enrichments for autotrophic bacteria
resulted in the isolations of Thiomicrospira and Halomonas
species (from 10–3 and 10–4 dilutions, respectively), suggesting
that these bacteria are relatively abundant in the hydrothermal

TABLE 3.

Microorganisms isolated from water samples collected at the seafloor and 1 m above the seafloor before and after removing
mussels from the exclusion cage site in April 2004.

Sample Location Strain Closest Relative1 Growth T Autotrophy

2004
Seafloor
Before mussel removal EPR44 Pseudomonas sp. 28!C No2

T: 7.9 ± 0.5!C EPR48 Pseudomonas sp. 28!C No
H2S: 43.30 mmol/L EPR56 Pseudomonas sp. 28!C No

EPR68 Thioclava sp. 28!C Obligate
EPR70 Salinisphaera sp. 28!C Facultative
EPR82 Marinobacter sp. 47!C No

2004
1 m above seafloor
Before mussel removal EPR49 Alcanivorax sp. 28!C No
T: 2.4 ± 0.5!C EPR71 Salinisphaera sp. 28!C Facultative
H2S: 0.60 mmol/L
2004
Seafloor
After mussel removal EPR53 Pseudomonas sp. 28!C No
T: 13.9 ± 0.5!C
H2S: 73.67 mmol/L
2004
1 m above seafloor
After mussel removal EPR55 Pseudomonas sp. 28!C No
T: 1.5 ± 0.5!C EPR63 Thioclava sp. 28!C Obligate
H2S: 0 mmol/L EPR77 Thiomicrospira sp. 30!C Obligate

EPR84 Halomonas sp. 30!C Facultative
2005
Filaments on block #5 in cage
T: 7.6 ± 0.5!C EPR94 Halothiobacillus sp. 30!C Obligate
H2S: 22.62 mmol/L

1 Identified based on their 16S rRNA gene sequence similarities with EPR strains
2 Indicated inability to fix CO2
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fluids at the Marker 119 site. The acetate-utilizing, heterotro-
phic bacteria that were isolated most frequently from both
the source (seafloor) fluids and those 1 m above the seafloor at
the Marker 119 site were members of the genus Pseudomonas.
These bacteria grow at relatively fast rates and, therefore, they
are likely to out compete slower-growing organisms. Within the
autotrophic cultures, Halomonas, Halothiobacillus and Thiomi-
crospira species were previously isolated from deep-sea hydro-
thermal vent environments (Jannasch et al. 1985, Durand et al.
1993, Wirsen et al. 1998, Kaye & Baross 2000, Kaye et al. 2004),
whereas Thioclava pacifica was previously isolated from a
shallow-water marine geothermal system in Papua NewGuinea
(Sorokin et al. 2005). Furthermore, organisms related to
Halothiobacillus hydrothermalis (Durand et al. 1993) were
cultured from samples of filamentous bacteria collected from
the surface of basalt Block #5, as well as from the surface of
other natural substrates in vent areas (e.g., in a microbial mat
growing on native basalt in a nearby hydrothermal vent area at
9!50#N) and on various pieces of scientific equipment deployed
within diffuse vent flows in adjacent areas for periods of ap-
proximately 1 y. Overall, we did not detect significant differences
in the types of microorganisms that were isolated from samples
collected at the seafloor and 1 m above the seafloor, or prior and
after the removal of mussels from the Marker 119 area.

Basalt Block Analyses

Only 3 unidentified serpulids were present on Block #7 and
only one unidentified gastropod and 2 unidentified cnidarians
(all potentially nonvent-endemic species) were present on Block
#9; the temperatures measured at the base of these blocks in
both April 2004 and April 2005 ranged from 1.3 ± 0.5!C to 2.5 ±
0.5!C (with associatedH2S values ranging from below detection
limits to 2.45 mmol/L) and were the lowest associated with any
of the five recovered blocks (Tables 2 and 4). Organisms present
on Blocks #2, #3, and #5 are summarized in Table 4. Of
particular note were the presence of 2 specimens of Tevnia on
Block #5, the presence of 50, 1, and 15 specimens of Riftia on
Blocks #2, #3, and #5, respectively; and the presence 3 speci-
mens of Oasisia alvinae on Block #5. Also notable was the
remarkably few number of mussels (Bathymodiolus thermophi-
lus) on any of the blocks (only one mussel present on Block #3,
one on Block #5, and none on any of the other blocks). These
findings are consistent with the two hypotheses evoked by
Johnson et al. (1988a) that: (1) there are regular periods of
low flow that would be accompanied by low temperature and
limited availability of sulfide; the mussels divert sufficient
sulfide under these conditions to ‘‘starve’’ vestimentiferans;
and (2) the mussels may be able to physically displace or
interfere with the vestimentiferans through the mussels’ growth
in place, as well as their ability to move. Thus, despite the
unfortunate, premature termination of our experiment, which
was destroyed by the January 2006 eruption, our preliminary
results suggest that the removal and subsequent exclusion of
mussels from a region of elevated temperatures and H2S
concentrations within a mussel population inhabiting an active
vent site has permitted the colonization and subsequent growth
of two species of vestimentiferans (T. jerichonana and R.
pachyptila) that otherwise would have been unable to colonize
and grow at this site because of the presence of large numbers of
mussels.

CONCLUSIONS

Whereas conclusions drawn from the present study should
be considered preliminary in light of the January 2006 eruption
prematurely terminating our experiment, they are placed below
in the perspective of the hypotheses specified at the beginning of
the paper. (Hypothesis 1): The presence of extensive numbers of
mussels within selected regions of the vent faunal assemblage
inhibits the colonization and subsequent growth of vestimenti-
feran tubeworms through depletion of H2S below critical levels.
(Conclusion): The increase in H2S concentrations after removal
of mussels from our study site and the subsequent colonization
and growth of vestimentiferan tubeworms is compatible with
validity of this hypothesis. (Hypothesis 2): If mussels were to be
removed and subsequently excluded from regions with elevated
temperatures and H2S concentrations within a mussel popula-
tion at an active vent site along the East Pacific Rise, then the
area will be colonized by numerous vent-endemic species,
including T. jerichonana and R. pachyptila, that reportedly rep-
resent ‘‘early vent colonizers’’; see Shank et al. (1998). (Con-
clusion): It seems that an area (with elevated temperatures and
H2S concentrations) from which mussels were removed and
subsequently excluded was indeed colonized by numerous vent-
endemic species, including T. jerichonana and R. pachyptila.
(Hypothesis 3): During later stages of succession, as H2S
levels are reduced by the overlying mussel population, the

TABLE 4.

Species abundances of fauna present on individual basalt blocks
placed in the exclusion cage at the Marker 119 site in April 2004

and recovered 1 y later in April 2005.

Block
2

Block
3

Block
5

Block
7

Block
9

Riftia pachyptila 50 1 15 0 0
Tevnia jerichonana 0 0 2 0 0
Oasisia alvinae 0 0 3 0 0
Nicomache venticola 1 0 0 0 0
Amphisamytha galapagensis 59 3 7 0 0
Ophryotrocha akessoni 57 3 16 0 0
Archinome rosacea 3 0 2 0 0
Branchipolynoe symmytilida 0 0 1 0 0
Lepidonotopodium williamsae 0 0 1 0 0
Eulepetopsis vitrea 3 11 8 0 0
Lepetodrilus ovalis 29 42 16 0 0
Lepetodrilus elevatus 226 441 260 0 0
Lepetodrilus pustulosus 16 47 0 0 0
Rhynchopelta concentrica 5 0 0 0 0
Provanna sp. 1 0 0 0 0
Cyathermia naticoides 0 0 77 0 0
Phymorhynchus major 0 0 1 0 0
Bathymodiolous thermophilus 0 1 1 0 0
Ventiella sulfuris 11 67 54 0 0
Levensteinella sp. 0 3 0 0 0
Dahlella calderiensis 0 0 1 0 0
gastropod (unidentified) 39 43 24 0 1
polycheate (unidentified) 7 3 9 0 0
polynoid polychaete
(unidentified)

6 0 2 0 0

serpulid (unidentified) 0 0 0 3 0
cnidarian (unidentified) 0 0 0 0 2
isopod (unidentified) 0 0 2 0 0

VENT CHEMICAL, BIOLOGICAL AND PHYSICAL DYNAMICS 187

JOBNAME: jsr 27#1 2008 PAGE: 11 OUTPUT: Saturday March 1 02:11:38 2008

tsp/jsr/159953/27-1-18



vestimentiferan Oasisia alvinae remains as the last (‘‘climax’’)
vestimentiferan in and among the mussel population. (Conclu-
sion): If one assumes that T. jerichonana, two specimens of
which were present on the recovered basalt blocks, was a very
early colonizer that was subsequently ‘‘out-competed’’ by R.
pachyptila, 66 specimens of which were present on the recovered
blocks, then the presence of only three small O. alvinae on only
one of the blocks (Block #5, at which temperature and H2S
values were the highest) is consistent with this species being the
last (‘‘climax’’) vestimentiferan in and among the mussel
population. (Hypothesis 4): Seismic events will alter the chem-
istry and temperatures of diffuse hydrothermal vent fluids
within the region. (Conclusion): Whereas our results are indeed
preliminary and nondefinitive, several correlations between
seismicity, vent fluid temperatures, and the concentration of
H2S in vent fluids were present within the obtained data and
suggest that seismic events may indeed alter the chemistry and
temperatures of diffuse hydrothermal vent fluids within the
region. (Hypothesis 5): Specific bacteria are repeatedly found in
newly-established microbial filamentous communities from
different diffuse flow vents within the general area of our study
site along the EPR. (Conclusion): The reported occurrence of
Halothiobacillus sp. as part of the filamentous microbial
community on the block (Block #5) in the center of the
exclusion cage and on pieces of equipment left in nearby vent
areas, as well as on natural substrates in adjacent vent fields,
suggests that these microorganisms may serve as newly-formed
biofilms associated with diffuse flows. These biofilms, in turn,
might be an important factor controlling the settlement of
larvae and subsequent colonization of vent metazoans.
(Hypothesis 6): Mesophilic facultative and obligate autotrophic
microorganisms are important components of the microbial

assemblages in diffuse vent flows and associated thermal
plumes. (Conclusion): The isolation of obligatively autotrophic
Thiomicrospira spp. and facultatively autotrophic Halomonas
spp. from 10–3 and 10–4 dilutions of the hydrothermal fluids at
the Marker 119 site (and from even higher dilutions in fluids
collected at other nearby vents in the region) clearly indicates
that both these species are abundant (and likely relevant)
constituents of the microbial communities that inhabit diffuse
flow vents on the EPR.
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