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image taken at the east pacific rise 
integrated Study Site mussel exclu-
sion experiment at 9°50'N in 2004. 
mussels communities were cleared 
to increase hydrothermal flux and 
colonization substrates arrayed with 
the in Situ electro-chemical tool 
(iNSect) and temperature probes 
to capture the fluid chemistry in 
which microbial and faunal commu-
nities colonized available habitat.

chemistry, temperature, and Faunal distributions 
 at diffuse-Flow hydrothermal Vents

comparison of two geologically distinct ridge Systems

B y  g e O r g e  W .  L u t h e r  i i i ,  a m y  g a r t m a N ,  m u S ta F a  y ü c e L , 

a N d r e W  S .  m a d i S O N ,  t O m m y  S .  m O O r e ,  h e at h e r  a .  N e e S ,  d O N a L d  B .  N u z z i O , 

 a r u N i m a  S e N ,  r i c h a r d  a .  L u t z ,  t i m O t h y  m .  S h a N k ,  a N d  c h a r L e S  r .  F i S h e r



Oceanography  |  march 2012 235

aBStr ac t. Diffuse-flow, low-temperature areas near hydrothermal vents 
support life via chemosynthesis: hydrogen sulfide (and other reduced chemical 
compounds) emanating from the subsurface is oxidized with bottom-water oxygen 
through bacterial mediation to fix carbon dioxide and produce biomass. This article 
reviews the in situ diffuse-flow chemistry (mainly H2S and O2) and temperature data 
collected in 2006 and 2009 along the Eastern Lau Spreading Center (ELSC), and from 
2004 to 2008 at 9°N along the East Pacific Rise (9 N EPR), predominantly around 
macrofauna that contain endosymbionts at these two hydrothermal vent regions. 
More than 48,000 and 20,000 distinct chemical and temperature data points were 
collected with a multi-analyte electrochemical analyzer in the diffuse-flow waters at 
9 N EPR and the ELSC, respectively. Despite their different geological settings and 
different macrofauna (two different species of snails and mussels at the ELSC versus 
two different species of tubeworms and mussels at 9 N EPR), there are similarities 
in the temperature and chemistry data, as well as in the distributions of organisms. 
The pattern of water chemistry preferred by the provannid snails (Alviniconcha spp., 
Ifremeria nautilei) and Bathymodiolus brevior at the ELSC is similar to the water 
chemistry pattern found for the siboglinid tubeworms (Tevnia jerichonana, Riftia 
pachyptila) and the Bathymodiolus thermophilus mussels at 9 N EPR. The eruptions 
at 9 N EPR in 2005 and 2006 resulted in increased H2S concentrations, increased 
H2S/T ratios, and an initial change in the dominant tubeworm species from Riftia 
pachyptila to Tevnia jerichonana after the eruption created new vent habitats. In 2005, 
two sites at 9 N EPR showed major increases in the H2S/T ratio from 2004, which 
suggested a probable eruption in this basalt-dominated system. At the ELSC, there 
was a decrease in the H2S/T ratio from northern to southern sites, which reflects 
the change in geological setting from basalt to andesite and the shallower water 
depths at the southern sites. 

iNtrOduc tiON
This paper compares and integrates 
temperature and diffuse-flow chemical 
data (primarily O2 and H2S) obtained at 
two Ridge 2000 Integrated Study Sites 
(ISSs): the Eastern Lau Spreading Center 
(ELSC) and 9°50'N on the East Pacific 
Rise (9 N EPR; Figure 1). Several papers 
have documented various aspects of the 
diffuse flow chemical data collected at 
the ELSC in 2005 (Waite et al., 2008; 
Podowski et al., 2009), 2006 (Mullaugh 
et al., 2008; Podowski et al., 2010), and 
2009 (Gartman et al., 2011), and at 
9 N EPR from 2004–2008 (Luther et al., 
2008; Lutz et al., 2008; Nees et al., 2008, 
2009; Crespo-Medina et al., 2009; Moore 
et al., 2009), including the change in 
chemistry after the 2005–2006 eruptions 
described by Tolstoy et al. (2006). In 
these studies, an in situ electrochemical 
analyzer (Luther et al., 2008) that can 
measure dissolved O2, H2S, and other 
sulfur species simultaneously with one 
applied voltage versus current scan at 
the solid state gold amalgam working 
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Figure 1. (left) east 
pacific rise study sites 
from 2004, 2005, 2006, 
2007, and 2008; east 
Wall is north of tica 
and L vent is north of 
9°46’N. (right) Locations 
of the four major vent 
fields surveyed along the 
eastern Lau Spreading 
center in 2006 and 2009. 
Map courtesy of V. Ferrini 
(Ferrini et al., 2008; Ryan 
et al., 2009)

electrode was used in conjunction with 
the deep-submergence vehicle (DSV) 
Alvin at 9 N EPR or the remotely oper-
ated vehicle (ROV) Jason 2 at the ELSC. 
For 9 N EPR, over 3,000 individual 
chemistry data points unique in space 
and time were obtained, whereas over 
20,000 were collected at the ELSC. 
Also, an autonomous electrochemical 
instrument (Luther et al., 2008; Moore 
et al., 2009) was deployed several 
times at different 9 N EPR locations, 
and over 45,000 individual chemistry 
data points around a total of 13 organ-
isms were obtained. Regardless of the 
instrument used, we collected most 
of the data near macrofauna-hosting 
chemosynthetic endosymbiont bacteria 
to improve our ecological understanding 

of these organisms, and to constrain 
the effects of temperature, chemistry, 
and biological interactions on faunal 
distributions in diffuse-flow vent 
waters. Because of the Ridge 2000 
Program’s emphasis on ISSs, the data 
sets described here offer a first-order 
comparison between two geologically 
different vent regimes and the different 
species that inhabit their diffuse-flow 
areas, which was not previously possible 
(Johnson et al., 1988; Luther et al., 2001; 
Le Bris et al., 2006a,b).

The primary or foundation species 
responsible for chemosynthetic primary 
productivity for 9 N EPR (Shank et al., 
1998) are the sessile tubeworms Riftia 
pachyptila and Tevnia jerichonana, 
and the mobile mussel Bathymodiolus 

thermophilus (Figure 2), whereas at the 
ELSC (Podowski et al., 2009, 2010), 
the dominant macrofaunal organisms 
are the mobile snails Alviniconcha spp. 
and Ifremeria nautilei, and the mobile 
mussel Bathymodiolus brevior (Figure 3). 
At 9 N EPR, the distance between sites 
investigated is 6 km, whereas at ELSC 
the distance between the northernmost 
and southernmost sites studied is about 
150 km. At 9 N EPR, the dominant 
geological substrate is basalt, and at the 
ELSC there is a transition from basaltic 
lavas to more andesitic lavas going from 
north to south (Vallier et al., 1991), with 
the steepest transition between TowCam 
(TC) and ABE sites (Bézos et al., 2009; 
Escrig et al., 2009). 

Oceanography |  Vol.  25, No. 1236
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Figure 2. photographs of the major macrofaunal organisms 
found at the east pacific rise. (top) The tubeworm Riftia 
pachyptila with the mussel Bathymodiolus thermophilus. 
(bottom) The tubeworm Tevnia jerichonana.

Figure 3. photograph of the major macrofaunal organisms found 
on a sulfide structure at the eastern Lau Spreading center. The 
snails Alviniconcha spp. are at the bottom in the center; Ifremeria 
nautilei are above the crabs in the center with a few just on the 
outside edge of Alviniconcha spp.; the mussels Bathymodiolus 
brevior are at the top and on the edge of Ifremeria nautilei. 
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methOdS
The habitat areas chosen for study 
normally avoided areas where water 
temperatures were greater than 60°C in 
the diffuse-flow environments and where 
macrofauna were not found or abundant. 
Instead, the study areas and comparisons 
were in the high-density communities 
occupied by the main endosymbiont 
containing species.

The experimental details for data 
acquisition have been described by 
others (e.g., Luther et al., 2008; Moore 
et al., 2009; Podowski et al., 2010). The 
detection limit for H2S (defined as the 
sum of H2S and HS–) is 0.2 µM. As 
the pKa of seawater is 13.19 (Millero, 
2007), neutral pH in seawater is 6.595. 

Because Le Bris et al.(2001) showed that 
around Riftia the average in situ pH is 
7.0 with a range from 6.2 to 7.7, HS– is 
the dominant sulfide species around 
Riftia. Less is known about pH around 
the other organisms. The detection limit 
for O2 ranges from 5–15 µM pending the 
presence of high concentrations of H2S, 
which can overwhelm the O2 signal (see 
Podowski et al., 2009). Each data point 
is an applied voltage versus current scan 
that can measure one or more chemical 
species simultaneously (e.g., O2 and 
H2S). If there is no signal for the chem-
ical species, its concentration is below 
the detection limit of the sensor. 

Data and statistical analysis have been 
described in a series of publications 

(e.g., Moore et al., 2009; Nees et al., 2009; 
Podowski et al., 2010; Gartman et al., 
2011). Sulfide-to-temperature ratios 
are calculated from the slope of the 
regression of sulfide versus temperature 
plots. A variety of statistical methods 
(e.g., analysis of variance, analysis of 
covariance) were used to show there 
are significant differences between the 
chemistry and temperature surrounding 
organisms at different times and loca-
tions within 9 N EPR (Nees et al., 
2008, 2009; Moore et al., 2009) or the 
ELSC (Podowski et al., 2009, 2010; 
Gartman et al., 2011). 

In situ voltammetry measure-
ments using the instrument deployed 
from DSV Alvin were collected 
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on the EPR from 9°46'N to 9°52'N 
in 2004 (Alvin Dives 3996–4012), 
2005 (Alvin Dives 4099–4113), 2006 
(Alvin Dives 4201–4207), 2007 to 
2008 (Alvin Dives 4297–4318), and 
2008 (Alvin Dives 4400–4408). Study 
sites (see Figure 1, left, for locations) 

where chemistry measurements on and 
near tubeworms were taken, included 
Alvinella Pillar (2005), Bio 9 (2005), East 
Wall (2004, 2005), Hobbit Hole (2007), 
L Vent (2007), Marker 15/141 (2007, 
2008), Marker 19 (2007), Marker 26/
Arches (2007), Marker 28 (2007), 
Marker 35 (2007, 2008), Marker 61 
(2005), Tamtown (2006, 2007), and Tica 
(2004, 2005, 2007, 2008). Water depth 
at all of these sites is approximately 
2,500 m, and they are basalt dominated.

In situ voltammetry measurements at 
9 N EPR using the autonomous instru-
ment were collected at a single location 
for each species in a given year (Moore 
et al., 2009): for 2003 (Riftia pachyptila 
only at site Tica), 2004 (Bathymodiolus 
thermophilus only at site BM119), 
2005 (East Wall deployment 1: Riftia 
pachyptila at two separate locations and 
Bathymodiolus thermophilus at a third), 
2005 (East Wall deployment 2: Riftia 

pachyptila at two separate locations 
and Bathymodiolus thermophilus at a 
third), 2006 (Riftia pachyptila only at two 
locations at site Tam Town), and 2007 
(Riftia pachyptila only at two locations 
at site Tica). A total of 13 individual 
mussel and tubeworm locations were 

studied. The electrodes were located as 
close to the plumes of the tubeworms 
as was possible with this instrument, 
which has been called the In Situ 
ElectroChemical Tool (INSECT).

In situ voltammetry measurements 
using the instrument deployed from 
ROV Jason 2 were collected primarily 
at four vent fields with multiple sites at 
the ELSC near the Kingdom of Tonga in 
the South Pacific Ocean. From north to 
south, they are: Kilo Moana, TowCam, 
ABE, and Tu’i Malila (see Figure 1, right, 
for locations). The dive numbers in 2006 
are J2:230 and J2:232–240, and those in 
2009 are J2:421–428 and J2:430–433. The 
water depth for these sites decreases from 
north (~ 2,700 m) to south (~ 1,900 m). 

Jason 2 is able to work for extended 
periods (two days was typical) without 
resurfacing. Thus, more data could be 
collected with the same instrumentation 
on the ROV than using Alvin, which had 

a maximum of six hours of bottom time 
per day before resurfacing. The autono-
mous instrument is able to stay in one 
location for even longer time periods 
than the ROV and can collect more data, 
depending on battery limitations.

eaSt paciFic riSe :  
data f rom dSV Alvin
Figure 4 documents the temperature, 
dissolved oxygen, and sulfide data 
collected with DSV Alvin at 9 N EPR 
for all foundation organisms. The plots 
give the average, median, minimum, and 
maximum for all data. In Figure 4, the 
data at 9 N EPR are separated by year of 
data collection (2004, 2005, 2007, and 
2008). Within each year, there are data 
for Riftia pachyptila, Tevnia jerichonana, 
and Bathymodiolus thermophilus (no 
data were collected near Bathymodiolus 
thermophilus in 2008 due to the limited 
number of dives and the organism’s low 
abundance in the areas of the dives); 
the total number of data points is 
over 3,000 for the four years. Data for 
Riftia pachyptila, which can be as tall as 
2 m, were collected at their bases and 
plumes. Nees et al. (2009) show that 
the plumes are in waters with higher 
sulfide concentrations than the bases. 
Tevnia, which grow to about 30 cm long, 
were not observed at our study sites in 
2004 and 2005 prior to the eruptions 
of 2005–2006 (Tolstoy et al., 2006; see 
vertical dashed line in Figure 4), but 
were the dominant sessile species after 
the eruption. In 2007 and 2008, the pres-
ence of Riftia pachyptila, and in partic-
ular Bathymodiolus thermophilus, was 
sparse at our study sites. Based on the 
larger number of data points taken with 
DSV Alvin for 2004, 2005, and 2007, 
the best data comparisons are for those 

 “deSpite their diFFereNt geOLOgicaL  
SettiNgS aNd diFFereNt macrOFauNa… 
there are SimiLaritieS iN the temperature  
aNd chemiStry data, aS WeLL aS iN the 
diStriButiONS OF OrgaNiSmS.” 
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years, and the number of data points is 
similar for the different organisms in 
those years. In 2007, some sites, such as 
East Wall, were almost totally destroyed 
and covered by lava, whereas Tica was 
partially destroyed. Although the exact 
same habitat locations (centimeter 
scale) could not be reoccupied, chemical 
comparisons in the vicinity can be made 
based on the effects of the eruption. 

Figure 4 (top panel) shows that 
the observed temperature at 9 N EPR 
typically ranges from ambient bottom 
water (2°C) to about 30°C, except in 
2005. The higher-temperature data for 
2005 are related to the East Wall site, 
which was almost completely destroyed 
by the 2005–2006 volcanic eruptions 
(Nees et al., 2008, 2009; see below). 
The pattern for organisms in a given 
year shows that Tevnia jerichonana 
and Riftia pachyptila reside in waters 
with higher average (10–12°C) and 
median (6–11.5°C) temperatures than 
Bathymodiolus thermophilus (3.8–4.6°C 
average; 2.7–3.5°C median). Tevnia 
jerichonana are not observed to coexist 
with Bathymodiolus thermophilus at our 
study sites (Shank et al., 1998; Moore 
et al., 2009; Nees et al., 2009). 

At 9 N EPR, ambient bottom water 
concentration for oxygen (Figure 4, 
middle panel) rarely exceeds 120 µM, 
and the temperature at which O2 is no 
longer detected is about 10°C (Moore 
et al., 2009; calculated from the slope of 
O2 versus T plots). Before the eruptions, 
the data show both Riftia pachyptila and 
Bathymodiolus thermophilus residing 
in waters with similar O2 content 
(42.7–52.1 µM average). After the erup-
tions, there is a clear distinction in 
the organisms’ chemical habitats. The 
pattern for organisms in a given year 

shows that Tevnia jerichonana lived in 
microaerophilic conditions during 2007 
and 2008, as the median value is at the 
detection limit of 5–15 µM. In 2007, 
Riftia pachyptila were observed to reside 
in waters with an average and median 
O2 concentration of 50 and 58 µM, 
respectively. In 2007, Bathymodiolus 
thermophilus resided in more oxygenated 
waters (87 µM) than Riftia pachyptila. 

At 9 N EPR, the H2S concentra-
tions (Figure 4, bottom panel) range 
from the detection limit to 550 µM. 
H2S versus temperature plots vary with 

time, location, and organism (e.g., Nees 
et al., 2008, 2009; Moore et al., 2009; see 
below). For Riftia pachyptila, the average 
H2S concentration is similar in 2004 
(80 µM) and 2005 (71 µM), whereas 
the median (56 to 23 µM) drops by a 
factor of two. The higher range of H2S 
concentrations for 2005 reflects the East 
Wall site, which was very active prior to 
the volcanic eruption. In 2007, after the 
eruption, Tevnia jerichonana became the 
dominant organism at all of our study 
sites, including Tica, and the maximum 
(549 µM), average (112 µM), and median 

Figure 4. mean, 
median, minimum, 
and maximum 
temperature, O2, 
and h2S data for 9°N 
on the east pacific 
rise (9 N epr) 
from 2004–2008. 
The data represent 
over 3,000 elec-
trochemical scans 
using dSV Alvin. 
minimum and 
maximum data are 
the low and high 
points of the solid 
vertical lines. The 
dashed vertical line 
represents the start 
of the eruptions. The 
year corresponds to 
year of data collec-
tion and not the 
true date.
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(70 µM) H2S levels increased over 2004 
and 2005 levels when Riftia pachyptila 
were dominant. In 2007, Riftia pachyptila 
and Bathymodiolus thermophilus 
were sparse. In 2007 and 2008, Tevnia 
jerichonana resided in waters containing 
more H2S than did Riftia pachyptila by a 
factor of two to three. For 2008, the same 
sites that had been occupied in 2007 
showed signs that the system was already 
changing, with average H2S concentra-
tions decreasing by a factor of three to 
four for Tevnia jerichonana and Riftia 
pachyptila, respectively. Observations 
in 2010 and 2011 (Stefan Sievert, 
Woods Hole Oceanographic Institution, 
pers. comm., 2011) indicate that the 
succession of Tevnia jerichonana to Riftia 
pachyptila, followed by Bathymodiolus 
thermophilus with low abundance of 
Tevnia jerichonana, originally determined 

by Shank et al. (1998), has been 
completed. The data in Figure 4 build on 
the plots of H2S versus temperature by 
organism (Moore et al., 2009; see next 
section) that show Tevnia jerichonana 
and Riftia pachyptila can collocate in 
the same chemical and temperature 
environment and that Riftia pachyptila 
and Bathymodiolus thermophilus can 
collocate, but that Tevnia jerichonana 
and Bathymodiolus thermophilus do not 
coexist in similar diffuse-flow waters. 

eaSt paciFic riSe :  
data f rom autonomous 
instrument
Figure 5 (top panel) shows the tempera-
ture data for 9 N EPR foundation organ-
isms, the 13 data sets collected with the 
autonomous instrument. Because these 
data are recorded at one location over 

a period of time, the mean and median 
data have better coincidence, that is, have 
more similar values, when compared 
to those in Figure 4, which represent 
all sites at different times. In 2003, data 
collected around Riftia pachyptila show 
average temperature data of 2.07° and 
2.01°C for two different locations; these 
data represent four consecutive days 
of data collection from December 4 to 
December 8. In 2005, there were two 
separate deployments at East Wall: six 
days at East Wall 1 (May 3 to May 9) 
and three days at East Wall 2 (May 7 to 
May 10). Here, the average temperatures 
recorded around Riftia pachyptila were 
7.97°, 7.34°, 10.3°, and 10.3°C, whereas 
the average temperatures recorded 
around Bathymodiolus thermophilus 
were 3.31° and 4.64°C. In both 2006 and 
2007, one temperature sensor failed, 

Figure 5. autonomous instrument data for 2003 (3,947 scans at 
each Riftia pachyptila—tica), 2004 (590 scans at Bathymodiolus 
thermophilus mussels—Bm119), 2005 (4,121 scans each at Riftia 
pachyptila and Bathymodiolus thermophilus mussels—east 
Wall 1; 6,200 scans each at Riftia pachyptila and Bathymodiolus 
thermophilus mussels—east Wall 2), 2006 (1,621 scans each at 
Tevnia jerichonana—tam town) and 2007 (982 scans at each 
Tevnia jerichonana—tica). minimum and maximum data are 
the low and high points of the solid vertical lines. The dashed 
vertical line represents the start of the eruptions. The year 
corresponds to year of data collection and not the true date. 
eW1 and eW2 refer to two separate deployments near different 
organisms at the east Wall site. One temperature recorder failed 
in 2006 and in 2007.
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but the temperatures were significantly 
higher than those observed prior to the 
eruption (Moore et al., 2009). The Tam 
Town data around Tevnia jerichonana 
for 2006 are for the period July 1–19, and 
the Tica data around Tevnia jerichonana 
for 2007 are for January 18–21. 

Figure 5 (bottom panel) shows the 
H2S data for 9 N EPR foundation organ-
isms for six of the 13 data sets collected. 
Although there is a considerable range 
around the mean and median, the mean 
and median data have better coincidence 
(are more similar to each other) than 
data in Figure 4, which represent all sites 
at different times. These data demon-
strate that diffuse-flow environments 
are highly variable on short time scales, 
as documented by others (Johnson 
et al., 1988; Le Bris et al., 2006a; Moore 
et al., 2009). In 2003, data collected 
around Riftia pachyptila showed average 
concentrations of 8.3 and 5.13 µM. At 
East Wall in 2005, the averages around 
Riftia pachyptila were 86.9, 40.5, 43.4, 
and 40.7 µM, and around Bathymodiolus 
thermophilus were 11.8 and 6.59 µM. The 
averages around Tevnia jerichonana were 
7.62 and 95.1 µM in 2006, and 161 and 
79.5 µM in 2007. These data from waters 
around individual organisms at a single 
location showed the same biological and 
chemical pattern as the data above for 
several organisms at different locations 
over a shorter period of time using the 
analyzer from DSV Alvin.

The temperature and H2S data, as well 
as the H2S/T ratios (see below) for the 
Alvin and autonomous instrumentation, 
show statistically significant increases 
after the 2005–2006 volcanic eruptions 
and for the 2005 data at Tica and East 
Wall prior to the eruption (see Moore 
et al., 2009; Nees et al., 2009). 

eaSterN L au 
SpreadiNg ceNter :  
data f rom rOV  Jason 2 
The 2009 ELSC data in Figure 6 are 
from different vent fields from north to 
south—Kilo Moana, TowCam, ABE, and 
Tu’i Malila (see Figure 1, right, for loca-
tions). Within each site there are data for 
Alviniconcha spp., Ifremeria nautilei, and 
mussels (Bathymodiolus brevior); occa-
sionally, the organisms live in patches or 
concentric rings with Alviniconcha spp. 
surrounded by Ifremeria nautilei that, in 
turn, are surrounded by Bathymodiolus 
brevior mussels (e.g., Podowski et al., 

2009, 2010). The total number of data 
points described is about 4,500. There 
was no eruption between the 2006 
and 2009 cruises, and sites within a 
vent field could be revisited to assess 
temporal changes. 

Figure 6 (top panel) shows the 
observed temperatures at the ELSC 
typically range from ambient bottom 
water to about 55°C, and thus are higher 
than those found at 9 N EPR. Higher 
temperatures are generally found at the 
southern sites. The average (17.8°C) and 
median (15.0°C) temperature around 
Alviniconcha spp. doubled at ABE when 

Figure 6. mean, 
median, minimum, and 
maximum tempera-
ture, O2, and h2S data 
around macrofauna 
for the eastern Lau 
Spreading center in 
2009. minimum and 
maximum data are the 
low and high points of 
the solid vertical lines. 
The data represent 
over 4,500 electro-
chemical scans using 
the rOV Jason 2.

A. spp. = Alviniconcha spp.  
I. n. = Ifremeria nautilei 
km = kilo moana 
tc = towcam 
tui = tu’i malila
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compared to the other sites. The pattern 
for organisms within a given site shows 
that Alviniconcha spp. typically resides 
in warmer waters than Ifremeria nautilei, 
which resides in warmer waters than the 
Bathymodiolus brevior mussels, as found 
in 2005 (Podowski et al., 2009) and 2006 
(Podowski et al., 2010). 

At the ELSC, ambient bottom water 
concentration for oxygen (Figure 6, 
middle panel) rarely exceeds 170 µM. 
The temperature at which O2 is no 
longer detected is calculated to be 
18°C at KM, 19°C at TC, 24°C at ABE, 
and 23°C at Tui. Oxygen concentra-
tions among animals at Lau appear to 
be generally higher than at 9 N EPR, 
which also has lower ambient bottom 
water concentrations. 

Bathymodiolus brevior mussels 
live in the most oxygenated waters, 
with an average value range of 
80.5 to 108 µM and a median value 
range of 84.1 to 112 µM, more highly 
oxygenated than the waters found around 
Bathymodiolus thermophilus at 9 N EPR, 
which range from 47.6 to 86.6 µM. 
Alviniconcha spp. generally reside in 
lower average concentrations of oxygen 
(ranging from 33.4 to 62.3 µM) than 
the Ifremeria nautilei (ranging from 

52.9 to 75.3 µM), and the average oxygen 
concentrations around both snail species 
is lower than the average found around 
Bathymodiolus brevior mussels. Typically, 
Alviniconcha spp. and Ifremeria nautilei 
are observed to reside in waters with 
median O2 concentrations ranging from 
15 to 56.8 µM and 38.9 to 82.7 µM, 
respectively. These values overlap 
the median oxygen concentration 
for waters around Riftia pachyptila 
(40.1 to 57.7 µM). Although microaero-
philic conditions were not as prevalent 
here as at 9 N EPR after the eruptions, 
Alviniconcha spp. can live in microaero-
philic conditions as the median oxygen 
concentration value is near the detection 
limit of 5-15 µM for ABE. 

At the ELSC, the H2S concentrations 
(Figure 6, bottom panel) range from the 
detection limit of 0.2 µM to 450 µM. 
The average H2S concentration is similar 
for Bathymodiolus brevior mussels at 
sites Kilo Moana (10.3 µM), TowCam, 
(12.3 µM), and Tu’i Malila (9.2 µM), 
and is only 3.4 µM at ABE. For Ifremeria 
nautilei, there is a decrease in the average 
H2S concentration from northern to 
southern sites: Kilo Moana (32.4 µM) 
and TowCam (27. 9 µM) to ABE 
(13.5 µM) and Tu’i Malila (12.9 µM). 

The median H2S concentration shows 
similar patterns around Bathymodiolus 
brevior mussels and Ifremeria nautilei. 
Around Alviniconcha spp., the average 
H2S concentration (~ 85 µM) is similar 
to that found at Kilo Moana and ABE, 
but is a factor of two smaller than at 
TowCam and a factor of five smaller 
than at Tu’i Malila. The median H2S 
concentration follows a similar pattern 
as the average, but is smaller than the 
average concentration by ~ 50%. Within 
a site, Alviniconcha spp. typically reside 
in more sulfidic waters than Ifremeria 
nautilei or Bathymodiolus brevior 
mussels (Podowski et al., 2009, 2010). 

tempOr aL chaNgeS 
at BOth SiteS
Figure 7 shows the calculated H2S 
versus temperature slopes from 
linear regression of all data collected 
in 2006 (~ 10,000 scans) and 2009 
(~ 10,000 scans) at the four ELSC sites. 
The average H2S/T ratios are slightly 
higher at Kilo Moana, TowCam, and 
ABE and slightly lower in Tu’i Malila in 
2009 compared to 2006. As Gartman 
et al. (2011) show, there was a statistical 
increase in both H2S concentrations 
and temperatures measured among 
animals from 2006 to 2009. Whether 
these increases are due to a difference 
in the locations of the measurements 
taken or due to other factors, including 
a geophysical change at the Lau sites, is 
unknown. In both years, the H2S/T ratio 
decreases from north to south, and this 
behavior was observed for focused-flow 
high-temperature hydrothermal vents at 
the ELSC in 2005 (Mottl et al., 2011). 

Figure 8 shows the calculated H2S 
versus temperature (H2S/T) slope from 
linear regression of all data collected in 

Figure 7. Sulfide versus temperature 
ratios for all eLSc data collected 
in 2006 and 2009. total data are 
> 10,000 electrochemical scans in 
each year using the rOV Jason 2. 
The errors in the slopes are less than 
the size of the symbols. 
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2004 (~ 570 scans), 2005 (~ 750 scans), 
and 2007 (~ 1,500 scans) for Tevnia 
jerichonana, Riftia pachyptila, and 
Bathymodiolus thermophilus habi-
tats at 9 N EPR. Each of these slope 
values is statistically different from the 
others (Nees et al., 2009). The solid 
vertical lines indicate the period of the 
2005–2006 eruptions (Tolstoy et al., 
2006). The average H2S/T ratio increased 
fourfold from 2004 (1.9 µM/°C) to 2005 
(8.5 µM/°C) for Riftia pachyptila at 
East Wall (most Riftia pachyptila data 
were collected at these sites) and over 
twofold at Tica (4.1 to 10.6 µM/°C). 
The increases in the ratio indicate that 
the system was increasing its output of 
H2S prior to the eruption and may be 
another indicator for a possible eruption 
to occur, as the East Wall and Tica sites 
were heavily impacted by the eruptions. 
Thus, diffuse-flow chemistry serves as 
an additional indicator of eruptions. The 
Bathymodiolus thermophilus mussel sites, 
many of which were devoid of Riftia 
pachyptila, had a decreasing output of 
H2S prior to the eruption. In 2007, the 
overall H2S/T ratio (10.9–12.7 µM/°C) 
was similar at all sites studied, and many 
of these sites were new diffuse-flow 
vent sources, which had been colonized 
mainly by Tevnia jerichonana residing 
in waters with a H2S/T ratio of 12.7 
µM/°C. Interestingly, Tica had only a few 
pre-eruption Riftia pachyptila remaining 
in 2007, and they were found in waters 
with a lower H2S/T ratio (5.8 µM/°C), as 
Tica was colonized primarily by Tevnia 
jerichonana. The few Bathymodiolus 
thermophilus mussels found were 
in waters with a higher H2S/T ratio 
(10.9 µM/°C) than in 2004 and 2005. 
These significant changes in H2S/T 
ratios (Nees et al., 2009) also show that 

an average ratio calculated from all sites 
is not an appropriate indicator of H2S 
concentration (Le Bris et al., 2006b).

SuLFur SpeciatiON
The sensor can also detect the sulfur 
species thiosulfate, S2O3

2–, and poly-
sulfides, Sx

2–, at 30 and 0.2 µM detec-
tion limits, respectively (Luther et al., 
2008). Polysulfides are among the first 
byproducts formed during H2S oxida-
tion, whereas thiosulfate is farther 
along the oxidation pathway, with 
polysulfides as one of the intermedi-
ates that can produce thiosulfate. 
Polysulfides have rarely been detected 
at both the ELSC and 9 N EPR (Luther 
et al., 2001, 2008; Gartman et al., 2011). 
Thiosulfate has only been detected at 
the ELSC (Mullaugh et al., 2008; Waite 
et al., 2008; Gartman et al., 2011) and 
in less than 4% of the scans. Thiosulfate 
is formed near brownish sediments 
containing iron(III) (oxy)hydroxides 
and manganese(III,IV) oxides and (oxy)
hydroxides, which are known to oxidize 
H2S rapidly (Pyzik and Sommer, 1981; 
Yao and Millero, 1996; Herszage and 
Afonso, 2003). Gartman et al. (2011) 

and Luther (2010) reviewed the slow 
abiotic oxidation kinetics of H2S with 
O2, and showed that polysulfides and 
thiosulfate should not be detectable 
within the time frame of H2S leaving 
the geological or biological substrate. 
It is possible that sulfur species can 
be formed and released during the 
chemosynthetic oxidation of sulfide by 
microorganisms (Gartman et al., 2011; 
Luther et al., 2011).

cONcLuSiONS
The diffuse-flow chemistry data at 
both the ELSC (> 20,000 data scans) 
and 9 N EPR (> 3,000 data scans from 
DSV Alvin and > 45,000 data scans 
from the autonomous instrument) have 
similar characteristics. Measurements 
among animals at the ELSC had higher 
average and median temperature than 
among animals at 9 N EPR before the 
eruption, but average and median values 
were similar for the ELSC and 9 N EPR 
after the 2005–2006 eruptions along 
the EPR. Higher average and median 
H2S concentrations among animals 
were more prevalent at 9 N EPR, espe-
cially after the eruptions. At the ELSC 

Figure 8. Sulfide 
versus temperature 
ratios for 9 N epr 
from 2004–2008. 
The two vertical 
lines represent the 
period during which 
a volcanic eruption 
took place.
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for a given time and site, the organ-
isms generally live in an increasing 
temperature and H2S regime with the 
order Bathymodiolus brevior mussels, 
Ifremeria nautilei, then Alviniconcha spp. 
At 9 N EPR, the order of organisms 
residing in increasing temperature and 

H2S is Bathymodiolus thermophilus 
mussels, Riftia pachyptila, then Tevnia 
jerichonana. The average and median O2 
data for both sets of organisms follow an 
inverse order from the temperature and 
H2S. Tevnia jerichonana and perhaps to 
a lesser extent Alviniconcha spp. have 
the ability to reside in waters that exhibit 
microaerophilic conditions about half 
the time based on median O2 data and 
the detection limit of the sensor.

The highest H2S/T ratios were 
observed at 9 N EPR after the erup-
tions. In 2009, Alviniconcha spp. at 
Kilo Moana resided in waters with a 
H2S/T ratio of 11.5 (Gartman et al., 
2011), which is similar to post erup-
tion data at 9 N EPR. All other data 
for organisms at ELSC show a H2S/T 
ratio < 6 (Gartman et al., 2011), which 
is a similar value to that at 9 N EPR 

before the eruption. The 2005 EPR data 
at East Wall and Tica show increased 
H2S/T ratios and sulfide concentrations 
over previous measurements. Because 
these sites were highly affected by the 
2005–2006 eruptions, the H2S/T ratios 
likely signaled the impending eruption. 

H2S/T ratios decreased from north to 
south at the ELSC sites, which may be 
due to a combination of the geological 
substrate and the larger geological mass 
or volume (due to shallower water 
column depths in the south) for H2S in 
the source fluids to penetrate and react 
with solid substrate and reduce source 
H2S concentrations before reaching 
the bottom waters. 

The pattern and type of water chem-
istry that Alviniconcha spp., Ifremeria 
nautilei, and Bathymodiolus brevior 
mussels reside in at the ELSC is similar 
to that found for Tevnia jerichonana, 
Riftia pachyptila, and Bathymodiolus 
thermophilus mussels at 9 N EPR. 
Alviniconcha spp. and Tevnia jerichonana 
do not reside in waters with similar 
chemistry as mussels. Ifremeria nautilei 
and Riftia pachyptila can inhabit the 

same chemical and temperature niche 
as mussels. The chemical habitat of 
Ifremeria nautilei overlaps that of 
Alviniconcha spp., and the chemical 
habitat of Riftia pachyptila overlaps that 
of Tevnia jerichonana.
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