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[1] As part of a rapid response cruise in May 2006, we surveyed water column hydrothermal plumes and
bottom conditions on the East Pacific Rise between 9�46.00N and 9�57.60N, where recent seafloor volcanic
activity was suspected. Real-time measurements included temperature, light transmission, and salinity.
Samples of the plume waters were analyzed for methane, manganese, helium concentrations, and the d13C
of methane. These data allow us to examine the effects of the 2005–2006 volcanic eruption(s) on plume
chemistry. Methane and manganese are sensitive tracers of hydrothermal plumes, and both were present in
high concentrations. Methane reached 347 nM in upper plume samples (250 m above seafloor) and
exceeded 1085 nM in a near-bottom sample. Mn reached 54 nM in the upper plume and 98 nM in near-
bottom samples. The concentrations of methane and Mn were higher than measurements made after a
volcanic eruption in the same area in 1991, but the ratio of CH4/Mn, at 6.7, is slightly lower, though still
well above the ratios measured in chronic plumes. High concentrations of methane in near-bottom samples
were associated with areas of microbial mats and diffuse venting documented in seafloor imagery. The
isotopic composition of the methane carbon shows evidence of active microbial oxidation; however,
neither the fractionation factor nor the source of the eruption-associated methane can be determined with

G3G3Geochemistry
Geophysics

Geosystems

Published by AGU and the Geochemical Society

AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES

Geochemistry
Geophysics

Geosystems

Article

Volume 9, Number 6

28 June 2008

Q06T01, doi:10.1029/2008GC002104

ISSN: 1525-2027

Click
Here

for

Full
Article

Copyright 2008 by the American Geophysical Union 1 of 15

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Woods Hole Open Access Server

https://core.ac.uk/display/4167776?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1029/2008GC002104


any certainty. Considerable scatter in the isotopic data is due to diverse sources for the methane as well as
fractionation as methane is consumed. One sample at +21% versus Peedee belemnite standard is among
the most enriched methane carbon values reported in a hydrothermal plume to date.
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Theme: Recent Volcanic Eruptions, Properties, and Behavior of the Fast Spreading East Pacific Rise at
8�–11�N

1. Introduction

[2] A volcanic eruption near 9�500N on the East
Pacific Rise (EPR) (Figure 1) was discovered in
April 2006 when several ocean bottom seismom-
eters (OBSs) either did not respond to acoustic
signals or responded but failed to release from their
anchors during a National Science Foundation
Ridge 2000 field program at the EPR integrated
study site [Tolstoy et al., 2006]. Subsequent water
column measurements using miniature autonomous
plume recorders (MAPRs) [Baker and Milburn,
1997] deployed from the research vessel (R/V)
Knorr showed temperature and turbidity anomalies
indicative of a possible eruption. An R/V New
Horizon rapid response cruise (NH-06) in May
2006, was staged within a week of the discovery
and confirmed the recent volcanic eruptions. Pre-
liminary results from that cruise are presented by
Cowen et al. [2007], and results from mapping the
new eruptions are presented by Soule et al. [2007].
Radiometric 210Po-210Pb dating of fresh lavas col-
lected from the new flows shows a range in age
from summer 2005 through fall 2006 [Rubin et al.,
2006], while microseismic data show a 2-year
ramp-up of earthquake activity that abruptly
stopped in January of 2006, with large pulses
throughout the summer and into late 2005 [Tolstoy
et al., 2006]. Detailed mapping of the new flows
shows that the 2005–2006 eruption was large for
this segment [Soule et al., 2007].

[3] Methane and Mn concentrations are sensitive
indicators of hydrothermal activity, and have been

used in previous studies on the effects of seafloor
volcanic eruptions on plume chemistry [e.g.,
Cowen et al., 1998; Lupton et al., 1993; Mottl et
al., 1995], and microbial methane oxidation [e.g.,
Cowen et al., 2002; de Angelis et al., 1993; Gharib
et al., 2005; Kadko et al., 1990]. Two studies on
post-eruption plumes at Gorda Ridge and Axial
Volcano [Kelley et al., 1998; McLaughlin-West et
al., 1999] were extremely different in terms of
methane concentration and ratios to other constit-
uents (Table 1). At Gorda, methane was only
slightly elevated above background one to four
months following the volcanic event in both the
event plume and perturbed chronic plumes.
CH4/

3He and CH4/Mn were also relatively low at
Gorda though CH4/

3He was slightly elevated in the
event plume [Kelley et al., 1998]. At Axial, one
month following the eruption, methane, CH4/

3He
and CH4/Mn were all much higher than values
measured at Gorda. In addition, methane stable
isotopic composition was determined to be quite
uniform, with an average of �32.7% ± 0.8 for
samples with methane concentration greater than
10 nM [McLaughlin-West et al., 1999].McLaughlin-
West et al. [1999] were unable to determine whether
the source of the event-related methane at Axial
was the breakdown of organic matter or microbial
production, and there was no evidence of microbial
oxidation of methane in the plume. It is unclear
why the event at Gorda Ridge did not appear to
generate appreciable event-related methane while
the Axial event did.

[4] The EPR event is the first documented repeat
eruption at a single site on the mid-ocean ridge
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(MOR), and this area has been the subject of
intensive study since a volcanic eruption was
documented there in 1991 [Haymon et al., 1993;
Rubin et al., 1994]. Geological, chemical and
ecosystem characteristics of this fast spreading
MOR have been the focus of numerous studies,
which provide an excellent baseline for changes

related to the latest eruption [e.g., Escartı́n et al.,
2007; Ferrini et al., 2007; Fornari et al., 1998a,
1998b, 2004; Lilley et al., 1991; Lutz et al., 1994;
Mottl et al., 1995; Shank et al., 1998; Von Damm,
2000; Von Damm et al., 1995]. A study of the
plume chemistry seven months after the 1991 event
showed elevated methane concentrations, manga-

Figure 1. Figure 1a is a map showing tow paths of CTD tow-yos (solid lines), TowCam tracks (black), position of
tow-yo bottles (red) and TowCam bottles (green), and two vertical casts (blue). Bathymetry is from White et al.
[2006] with the depth scale given on the color bar, with the transparent layer delineating the extent of the most recent
lava flows [Soule et al., 2007]. The larger red point is the location of the +21% d13C sample (NWof ‘‘BioVent’’ high-
temperature vent), and the larger green point is the location of the TowCam image in Figure 3 that corresponds to
elevated near-bottom methane. Figure 1b shows the locations of high-temperature vent in red, extinct vents in black,
TowCam samples in green, and upper plume samples in blue. The open red circle is the +21% d13C sample, and the
open green circle is the location of the TowCam image shown in Figure 3, while the extent of fresh lava flows is
shown in purple.
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nese concentrations, and CH4/Mn ratios in the
immediate area of the eruption [Mottl et al.,
1995] (Table 1). The chemistry of the plumes
overlying the 1991 site was notably chaotic, with
markedly poor correlations between parameters
that are normally closely related in stable chronic
plumes. CH4/

3He on this segment was also elevat-
ed relative to the northern segment (north of the
Clipperton Transform Fault) which was not
effected by the 1991 event [Lupton et al., 1993]
(Table 1).

[5] Here we present methane, Mn, and helium-3
concentrations, and stable isotopic composition of
the methane carbon from plume samples collected
during the R/V New Horizon cruise (NH06) in
May 2006. Given the various estimates for the
timing of the extrusive events [Cowen et al.,
2007; Rubin et al., 2006; Tolstoy et al., 2006] it
is likely that 4–9 months elapsed between eruption
of new lava flows and collection of these samples.
The residence time of methane in hydrothermal
plumes is on the order of 7 to 11 days [de Angelis
et al., 1993; Kadko et al., 1990], therefore the
samples can be assumed to represent fluids evolv-
ing from the seafloor at the time of sampling or
shortly preceding it. We examine the effects of the
2005/6 volcanic eruption(s) on plume chemistry
and compare them to plume observations following
other volcanic events, specifically the 1991/1992
eruptions at this site. Measurements of the carbon
isotopic composition of methane show evidence of
microbial methane oxidation in the plume and
place the least diluted samples in the range of the

isotopic composition of known sources of hydro-
thermal methane at this site.

2. Study Site

[6] The EPR south of the Clipperton Transform
Fault is a fast spreading ridge, with a full spreading
rate of 11 cm/a [Carbotte and Macdonald, 1992]. It
exhibits an apparently high magmatic budget as
indicated by the relatively shallow topography of
the ridge crest, a distinct axial summit trough, and
a rectangular cross section along most of its length
[e.g., Fornari et al., 1998a; Macdonald et al.,
1992; Scheirer and Macdonald, 1993]. A seismic
reflector 1.2 to 2 km below the seafloor is inter-
preted as the top of the axial magma body [Detrick
et al., 1987; Kent et al., 1993]. Extensive areas of
both high-temperature and low-temperature vent-
ing have been documented, as well as the associ-
ated biological communities [Fornari et al., 1998b;
Shank et al., 1998; Von Damm, 2000; Von Damm et
al., 1995]. Tow-yo and TowCam tracks in this
study cover many of these areas, which are likely
to continue to be sites of active hydrothermal
activity, similar to what was observed following
the 1991 EPR eruption [e.g., Ferrini et al., 2007;
Fornari et al., 2004; Shank et al., 1998; Von Damm
and Lilley, 2004].

3. Methods

[7] Shipboard equipment included a conductivity
temperature depth (CTD) package with 10 L Nis-

Table 1. Summary of Eruption-Related Methane and Manganese Plume Data

Max. CH4

(nM) CH4/
3He � 106 CH4/Mn

Max. Mn
(nM)

d13C-CH4

(%) Comments

Gorda 1996a 1–4 months after event
Chronic 7 1 0.05
Event 5 2–3 0.1

Axial Volcanob 522 17–37 2.2 average �32.7 ± 0.8 1 month after event
This site 1991c Approx. 7 months

after event(s)
Eruption area 89 6 10.5 18
Adjacent areas 35 0.5 1.5 37

North Segment 6 0.08 78
This site 2006 4–9 months after event(s)
Upper plume mean 347 6.6 55
Std. dev. 81 ± 63 13.5 ± 0.9 2.3 ± 1.4 34 ± 9 �19.2 ± 9.5

This site 2006 4–9 months after event(s)
Near-bottom mean 1085 4.4 98.1
Std. dev. 218 ± 327 12.5 ± 0.7 2.6 ± 1.6 42 ± 26 �30.3 ± 6.8

a
Kelley et al. [1998].

b
McLaughlin-West et al. [1999].

c
Lupton et al. [1993]; Mottl et al. [1995].
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kin-style water sampling bottles, a SeaTech light
scattering sensor (LSS), Wetlabs Transmissometer,
ISEA Electrochemical Analyzer, and a SeaBird
high-precision CTD system for temperature, salin-
ity and pressure. Three along-axis tow-yos (in
which the package is towed in a saw tooth pattern
through the lower several hundred meters of the
water column), three cross-axis tow-yos and two
vertical casts were carried out with the CTD
package. A towed deep-sea camera system [Fornari,
2003; Soule et al., 2007], including a digital camera,
rock sampling capabilities, four 5-L Niskin bottles,
a SeaBird-25 CTD system, and Sea Tech LSS was
also deployed for seven near-bottom tows, primarily
along the EPR axis (Figure 1). During each low-
ering, the TowCam was towed �4 to 6 m above the
seafloor at �0.25 to 0.5 knots for �5 h. The Tow
Cam acquired an image every 10 s, which resulted
in subject plane overlap in consecutive images in
approximately 70% of the �1800 images collected
during each tow. Hydrothermal activity, as observed
by TowCam, extended from 9�46.50N to 9�54.90N
[Cowen et al., 2007]. TowCamNiskin samples were
collected within the most spatially concentrated area
of venting (less than tens of meters spacing), which
was between 9�49.70N and 9�51.50N (Figure 1).
Microbial-like material existed in all areas of active
venting in which TowCam Niskin samples were
recovered. Of the 22 Niskin samples obtained using
TowCam, eight were collected near areas with white
microbial mat material indicative of active diffuse
flow venting. Additionally, eight near-bottom
samples were taken adjacent to diffuse flow areas
stained with iron oxy-hydroxide precipitate, and
six samples were taken out of sight of the bottom.
Images acquired during the collection of these six
samples show the visibility was obscured due to
flocculent ‘‘debris’’ in the water column. These
samples are therefore considered to be proximal to
diffuse flow sites.

[8] Subsamples for gas measurements were taken
from the Niskins immediately upon recovery. Sam-
ples for methane concentration were drawn into
140 mL syringes and analyzed on board via a
helium headspace technique on a portable gas
chromatograph within hours of sampling, similar
to that described by Kelley et al. [1998]. Detection
limit for methane is 0.3 nM, and precision is ±5%.
Samples for methane d13C composition were
drawn with no headspace into combusted 200 mL
glass serum bottles, preserved with 750 mL of
saturated HgCl2 solution and closed with butyl
rubber stoppers and aluminum crimp seals.
Shore-based analysis was carried out on a Finnigan

MAT252 mass spectrometer with GC1 interface
similar to Popp et al. [1995] and Sansone et al.
[1997], with a precision of less than 0.8% for
replicate samples. For collection of He samples,
copper tubing was flushed with sample water and
press-sealed using bolted clamps for later labora-
tory extraction and analysis by isotope ratio mass
spectrometry, similar to Kelley et al. [1998]. Total
dissolvable manganese samples were collected in
acid washed 250 mL polyethylene bottles and
acidified with 1 mL of 6 N subboiling, distilled
hydrochloric acid. Samples were stored and ana-
lyzed by a newly developed method based on
sequential injection analysis with spectrophotomet-
ric detection, which allows the use of small vol-
umes of sample and reagents by mixing in line,
where the sample mixing volume is contained
between air bubbles in small diameter tubing
(D. Biller et al., manuscript in preparation, 2008).
Precision of the manganese measurement was ±4%
with a limit of detection of �1.5 nM.

[9] Potential temperature (q) and potential density
(sq) were calculated on the basis of pressure,
temperature and salinity measured in situ, accord-
ing to Jackett et al. [2006]. Potential temperature
anomalies (Dq) were calculated according to equa-
tion (1) of Baker et al. [1994].

4. Results

[10] During seven days on station, three tow-yos
and three camera tows were performed along the
ridge axis between 9�460N and 9�57.60N. In addi-
tion, three tow-yos and three camera tows were
performed in cross-axis orientations at several
points along the EPR axis. Two vertical CTD casts
and one vertical TowCam cast were also carried out
(Figure 1). The most intense particle plumes were
centered over 9�46.60N and 9�51.50N and advection
of plumes was primarily to the east of the axis
during the cruise.

[11] Density inversion layers were found through-
out the deepest 250 m of water between 9�48.50N
and 9�50.50N, which made the calculation of ac-
curate potential temperature anomalies problemat-
ic. Errors estimated for this calculation are on the
same order as the anomalies themselves (at least
±0.001�C) in the upper plume. This instability in
the water column is consistent with vigorous hy-
drothermal venting and indicates the presence of a
buoyant plume. The strongest density inversions
occur in the same areas as the highest estimated
temperature anomalies (0.002 to >0.008�C)
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[Cowen et al., 2007; Tolstoy et al., 2006]. Small
temperature anomalies were also calculated follow-
ing the 1991 event and were attributed to hydro-
graphic masking of Dq due to the low salinity of
the hydrothermal fluids [Lupton et al., 1993].

4.1. Manganese Abundance

[12] Total dissolvable manganese concentrations
were measured on 47 samples from plume and
near-bottom depths (Figure 2 and Data Set S11).
The maximum concentration and average values
for samples collected with the CTD rosette,
between 10 m and 300 m above the seafloor (upper

plume samples) was smaller than that in samples
collected with the TowCam bottles 2 m to 8 m
above the seafloor (near-bottom samples) (Table 1).
In cast 9, the most complete vertical profile in the
upper plume, manganese reaches a maximum at
115 m above bottom, the same depth as a local
maximum in methane.

4.2. Methane Abundance

[13] Elevated methane concentrations to 347 nM
were measured in upper plume samples collected
from the CTD rosette system while background
concentrations were 0.5 to 0.9 nM. The mean value
for methane concentration in upper plume samples
was 81 nM with a standard deviation of 63, while
the mean in near-bottom samples was 218 nM with

Figure 2. Upper plume methane, manganese, and CH4/Mn versus latitude. The dotted line indicates the extent of
fresh flows. The solid line indicates the extent of the area of the most continuous flows. Maximum values for all three
parameters were measured near the area of most continuous flows.

1Auxiliary materials are available at ftp://ftp.agu.org/apend/gc/
2008gc002104.
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a standard deviation of 327 nM. Methane levels to
1085 nM were measured in near-bottom samples
collected during TowCam surveys (Table 1 and
Data Set S1).

4.3. Methane Carbon Isotopic Composition

[14] Measured d13C values in this study range from
�43.8% versus a Peedee belemnite standard
(PDB) in a background sample, to +21.5%, in a
sample obtained just NW of the BioVent high-
temperature vent (Cast 5, bottle 2; see Figure 1
for location). This +21.5% sample is one of the
most isotopically enriched methane carbon values
reported in a hydrothermal plume to date, com-
pared to enriched values of +11% reported at
Endeavor and +40.4% in the southern Okinawa
Trough [Cowen et al., 2002; Gamo et al., 2003].
Near-bottom samples were, on average, significantly
more depleted than upper plume samples (Table 1
and Data Set S1).

4.4. TowCam

[15] TowCam surveys covered many areas that had
been densely populated by mussel beds and tube
worms which had colonized the area over the
15 year interval since the last eruption [e.g., Shank

et al., 1998]. Most of these established vent com-
munities appear to have been covered by the fresh
flows. Very active diffuse-flow venting was imaged
by TowCam (Figure 3), and was characterized by
increased temperature, milky fluids or fluids bear-
ing white flocculent material, and extensive white
microbial mats covering glassy new flows. Areas
characterized by olive brown colored mats were
also imaged. These areas did not have obvious
active flow, and these mats may represent remnants
of the white mats after fluid flow has slowed or
stopped. Because the lag between triggering and
closing of the bottle is 12–15 s (or �3 m), near-
bottom Niskin samples were most often collected
when the TowCam CTD measured increases of
0.5�C that persisted for one to three minutes. This
procedure ensured that water samples were gener-
ally still within the area of anomalously high
temperature; however, spatial heterogeneity near
the seafloor may decouple the chemistry of Niskin
samples (e.g., methane, Mn) from the sensor
parameters (e.g., q, salinity) to some extent. The
samples that showed extremely high methane con-
centrations were typically collected near areas of
both white microbial mats, and diffuse flow issuing
from fissures.

Figure 3. Digital TowCam image of posteruptive diffuse flow emanating from a microbially lined fissure below the
margin of a collapse terrace in the margin of the axial summit trough of the East Pacific Rise (see Figure 1 for
location). This seafloor location corresponds to the collection of Niskin fluids (Tow 15, bottle 7) from which one of
the highest methane concentrations (1085 nM) was observed (seafloor depth 2493 m; altitude 2.4 m; scale across
bottom of image = �3 m).
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4.5. Helium-3

[16] Helium-3 was measured in nine near-bottom
samples and 28 upper plume samples, including
four background samples. Background concentra-
tions for 3He averaged 8.21 � 10�14 ± 0.12 �
10�14 cc/g. 3He measured in upper plume samples
was less abundant and less variable than in near-
bottom samples (Table 1 and Data Set S1). The
mean and range of CH4/

3He was similar in both the
near-bottom and the upper plume samples (Table 1
and Figure 4). Mn and 3He were correlated in
upper plume samples (R = 0.74).

5. Discussion

5.1. Manganese Abundance

[17] The maximum upper plume Mn concentration
of 55 nM measured in this study is somewhat
higher than, but comparable to data from the
previous eruption at this site. Along this segment,
Mn reached only 37 nM in 1991, and less than
20 nM in the immediate vicinity of the eruption
[Mottl et al., 1995]. The average value of 34 nM
total dissolvable Mn in the upper plume is slightly
higher than the average in 1991, possibly due to the
influence of highly vapor dominated fluids postu-
lated in the formation of the plumes in the imme-
diate vicinity of the 1991 eruption.

[18] Methane and Mn in upper plume samples both
reach their maximum concentrations near active
high-temperature vents (T. Shank and K. Von
Damm, personal communication, 2007) and contin-
uous new lava flows [Soule et al., 2007] (Figures 1
and 2). The range of Mn concentrations measured
in this study is similar to the range in the areas
directly adjacent to the area of the 1991 eruption
[Mottl et al., 1995]. Such similarity suggests that a
consistent set of processes influence plume chem-
istry following magmatic events at this site.

5.2. Methane Abundance

[19] Methane concentrations measured in this
study are 4 to 100 times higher than those normally
associated with chronic plumes overlying unsedi-
mented hydrothermal systems [Lilley et al., 1995].
The upper plume maximum of 347 nM is larger
than the maximum methane concentrations of
89 nM recorded in the plume 7 months after the
1991 eruption [Mottl et al., 1995].

[20] The higher mean values for methane concen-
tration in the near-bottom samples compared to
upper plume samples (Table 1) may indicate that
near-bottom samples are more influenced by low-
temperature venting. Diffuse fluids often have
higher methane concentrations than high-tempera-
ture venting and are more likely to be influenced
by methanogens [Lilley et al., 1991; Proskurowski

Figure 4. Methane versus 3He. These data demonstrate the variability of methane to 3He in source fluids and effects
of dilution and oxidation. Trends from previous studies are included for comparison, including this site and the area
north of the Clipperton Transform fault in 1991 [Lupton et al., 1993; Mottl et al., 1995], Gorda Ridge [Kelley et al.,
1998], and Axial Volcano [McLaughlin-West et al., 1999].
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et al., 2008]. This difference could also be
explained by the higher degree of entrainment of
low-methane water in the upper plume.

[21] Studies that have observed increased methane
in hydrothermal fluids in association with shallow
intrusion of lava have not attributed that increase to
a specific source [e.g., McLaughlin-West et al.,
1999; Mottl et al., 1995]. In general, hydrothermal
methane in basalt-hosted systems derives from
several distinct sources: (1) out-gassed juvenile
methane from the mantle dissolved directly into
hydrothermal fluids or extracted from fluid inclu-
sions and grain boundaries in basalts; (2) equilib-
rium with CO2 and H2 at high temperatures,
generally at temperatures greater than 500�C;
(3) thermal breakdown of organic matter and
hydrocarbons (thermogenic); and (4) microbial
production at low to moderate temperatures
[Welhan, 1988]. Distinctions between these sources
are often made on the basis of the isotopic com-
position of the methane. The first two sources are
difficult to distinguish in practice and can be
referred to jointly as high-temperature methane.
All of these processes are possible sources of the
methane in the fluids we sampled. The formation
of methane during the serpentinization of ultramaf-
ic rocks is probably not important at the EPR
because the extent of faulting and hydrothermal
circulation is believed to lie mainly above a rela-
tively shallow crustal magma lens where fluids
would not interact with peridotites [e.g., Tolstoy
et al., 2008]. In addition, none of the numerous
studies of basalt geochemistry and morphology on
the EPR have reported ultramafic rocks exposed on
the seafloor [e.g., Langmuir et al., 1986; Perfit and
Chadwick, 1998; Perfit et al., 1994].

5.3. Methane/Helium-3

[22] Methane is plotted versus 3He in Figure 4.
Neither the near-bottom nor the upper plume data
in this study fall along a simple trend or dilution
line. This is probably due to a combination of two
factors. First, there is likely some variation in the
ratio of methane to 3He in the source fluids because
methane is produced through processes not directly
linked to magma degassing. Second, as the plume
ages, methane is consumed by microbial activity
while helium is not, which results in a decrease in
the ratio of methane to 3He. The range of ratios
measured here falls within the range of those
previously measured in post-eruption plumes. The
largest ratios observed here are similar to those
found in post-eruption plumes at this site in 1991

and at Axial volcano in 1998, while the lowest
ratios are similar to those following the Gorda
event and at the EPR North of the Clipperton
transform fault. These lower ratios appear to be
close to a lower limit, where little additional
methane is observed, while the upper limit dem-
onstrates that excess methane is commonly associ-
ated with recent eruptions.

5.4. Methane/Manganese

[23] The correlation coefficient for methane and
Mn in upper plume samples is 0.44 for 39 samples.
A similarly poor correlation was observed in this
area in 1991, in contrast to correlation coefficients
greater than 0.95 on >100 samples measured in
1991 north of the Clipperton Transform Fault
[Mottl et al., 1995]. A decoupling of methane
and Mn would be expected if fluids were effec-
tively segregated into vapor- and brine-rich phases
following phase separation. Alternatively, this
decoupling of methane and Mn would be expected
if the primary source of methane is the thermal
breakdown of buried biological communities or
methanogenesis. The production of methane by
these processes would not correlate with the Mn
emitted from high-temperature and low-temperature
vents, regardless of phase separation processes. In
addition, loss of methane as the plume ages will
diminish the correlation of methane to Mn.

[24] Methane to manganese ratios from this study
(up to a maximum value of 6.7) are greatly
elevated relative to those typically associated with
chronic plumes (0.02–0.1) [Charlou et al., 1991;
Lilley et al., 1995; Mottl et al., 1995 and references
therein], but somewhat lower than the maximum
values close to 10 measured after the 1991 eruption
[Mottl et al., 1995]. In this study, the highest
methane and CH4/Mn values were measured in
the area in which the most continuous fresh lava
flows were observed (9�480N to 9�500N; Figure 2).
The ratio of CH4/Mn is largely controlled by the
methane concentration in this data set, as seen in
the high correlation between methane and CH4/Mn
(correlation coefficient 0.94) and lack of significant
correlation between Mn and CH4/Mn. The vari-
ability of CH4/Mn and its dependence on methane
concentration can also be seen in a plot of methane
versus Mn (Figure 5). The CH4/Mn ratios in the
area of the 1991 eruption were much higher (3–10)
than those in adjacent areas (<2). Ratios were even
lower (<0.1) north of the Clipperton Transform
Fault between 10�200 and 11�400 (Figure 5) [Mottl
et al., 1995]. The high ratios in 1991 were a result
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of both high methane, and low Mn concentrations,
with Mn increasing as the ratio decreases. In
contrast, our samples with high CH4/Mn ratios
have high methane concentrations, but a similar
range of Mn concentrations to that of low ratio
samples. This is consistent with microbial and/or
thermogenic production of methane as the primary
cause of the decoupling of methane and Mn in
2006. If phase separation is the dominant process,
Mn concentration would tend to decrease in areas
where methane increases, as was seen in the high
ratio samples in 1991. A secondary role for phase
separation in 2006 is also supported by the rela-
tively good correlation between Mn and 3He.

[25] An additional factor in the variability of CH4/
Mn is that low CH4/Mn samples may represent
older plume water from which the methane has
been removed by microbial methane consumption.
This is supported by the fact that all samples
collected in plumes not directly above the ridge
axis had CH4/Mn < 3, with a single exception,
while those samples collected on axis show a full
range of CH4/Mn values. This suggests that the off
axis plume must have aged somewhat relative to
those directly on axis. Off axis samples are also on
average more enriched than on axis samples, as
would be expected as they age.

5.5. Other Ratios and Correlations

[26] In unperturbed chronic plumes like the north-
ern segment of the 1991 EPR study, hydrothermal
parameters like methane, Mn, Dq, and light atten-
uation, are closely coupled [Mottl et al., 1995].
These relationships are disrupted following mag-
matic events. In 1991 the samples near the newly
erupted area, light attenuation correlated only with
methane. In this study, light attenuation did not
correlate well with any other measured parameter
(i.e., no correlation coefficients greater than 0.5). In
both studies, methane is largely decoupled from
both Mn and potential temperature anomaly
(Figures 5 and 6).

[27] Although methane is highly correlated with
both Mn and 3He in near-bottom samples (coef-
ficients of 0.93 and 0.88 respectively), these corre-
lations include less than ten samples on which each
parameter was measured. This could indicate less
variability in age and microbial consumption of
methane and/or greater homogeneity in source
fluids for these samples than for the upper plume
samples but the scarcity of data weakens this
interpretation significantly.

[28] Figure 6 shows the relationship between meth-
ane and potential temperature anomaly for both
TowCam and upper plume samples. Overall, the

Figure 5. Manganese versus methane for samples from the upper plume (blue) and near bottom (red). Shaded areas
indicate the range of methane to Mn ratios measured in 1991 in the eruption area (blue) the immediately adjacent
areas (yellow) and the segment to the north of the Clipperton transform fault (gray) [Mottl et al., 1995].
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relationships of methane to potential temperature
and potential temperature anomaly are very weak
in both upper plume and near-bottom samples.
Both the range and the average of the calculated
potential temperature anomalies are higher in the
near-bottom samples where entrainment of seawa-
ter is presumably less of a factor and there is less
hydrographic masking of the signal. These upper
plume results are similar to a study between 11�400

and 13�N on the EPR, which found that tempera-
ture anomalies were not well correlated with chem-
ical tracers and concluded that the complexity of
the temperature profiles is indicative of hydrother-
mal activity but that further interpretation is diffi-
cult [Charlou et al., 1991].

5.6. Fractionation of Methane

[29] As methane in plumes is consumed, the car-
bon isotopes fractionate, and the lighter (depleted)
carbon is preferentially oxidized leaving the
remaining methane heavier or more enriched in
13C, yielding a more positive value for d13C [e.g.,
Coleman et al., 1981; Silverman and Oyama,
1968]. The extremely large range in isotopic com-
position observed in this study (�43.8% to
+21.5%), points to an active oxidation process
and a range of sources. The most concentrated
sample in the upper plume was 347 nM, with
d13C = �32.2%, while near-bottom samples

reached 1085 nM methane and d13C in these
samples ranged from �30% to �37%. The most
depleted samples in this study were the background
seawater with compositions between �41% to
�43%. The most 13C enriched samples in this
study are much more enriched than any samples
previously collected at this site [Proskurowski et
al., 2008] (Table 2). This is almost certainly due to
the enrichment of the residual methane after sig-
nificant microbial oxidation which preferentially
uses the lighter (more depleted) methane [e.g.,
Cowen et al., 2002; Gamo et al., 2003; Sansone
et al., 1999].

[30] The fractionation factor for methane oxidation
in plumes can be estimated using the Rayleigh
distillation technique; however, in order to do this,
the fraction of the original methane remaining must
be calculated using a conservative tracer (Mn or
3He) to estimate dilution. In order for this calcula-
tion to be valid, the source fluids must have a
constant ratio of methane to the tracer. Charlou et
al. [1991] found that the CH4/

3He correlation in
zero age plumes on the EPR was quite variable due
to a vertical background gradient in 3He, methane
removal, and differences in source fluids, while
CH4/Mn in these plumes was relatively constant
[Charlou et al., 1991]. Neither Mn nor 3He appear
to be well correlated with methane in source fluids
in our data set.

Figure 6. Methane concentration versus potential temperature anomaly (Dq) for plume depth and near-bottom
samples. Some of the near-bottom samples with extremely high methane concentrations were collected in locations
where the potential temperature was also very high (0.2 to 0.5�C higher than the surrounding areas). There is no
strong relationship between methane and Dq in either the upper plume or the near-bottom samples, though Dq is
higher in near-bottom samples than in the upper plume.
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[31] Phase separation and segregation processes
can decouple methane and manganese and cause
variation their relative abundance. The high degree
of variation in methane to Mn evident in Figures 2
and 5 is probably due to varying degrees of
methane consumption in the plume, but also to
variation in the methane to Mn in the source fluids.
3He and methane are not expected to be closely
coupled in source fluids because the 3He has a
magmatic source while the methane may be largely
methanogenic or thermogenic. In addition, meth-
ane bearing near-bottom fluids, which have under-
gone varying degrees of methane consumption,
could be entrained in the plume, further compli-
cating the interpretation of these data. This proba-
ble variability in CH4/Mn and CH4/

3He in source
fluids makes calculation of a fractionation factor
for methane oxidation unreliable for this data set.

5.7. Methane Source Composition

[32] A reliable fraction remaining cannot be calcu-
lated; however, the samples with the highest con-
centrations of methane, Mn and 3He can be
assumed to have the composition closest to that
of the source fluid(s). The d13C of the sample with
the highest concentration of these parameters is
�29.6% and most of the highest concentration
samples in the upper plume have values close to
this, while high-methane near-bottom samples are
slightly more depleted (Data Set S1). The compo-
sition of these samples can be compared to known
values for the isotopic composition of sources of
methane in this system.

[33] The isotopic composition of methane in hy-
drothermal systems has been reviewed in numerous
studies [e.g., Kelley and Fruh-Green, 1999; Kelley
et al., 2004; Lilley et al., 1993; Welhan, 1988].
Given the wide range of values and the influence of
site specific factors, we feel the most the most
appropriate comparisons are to the stable isotopic
carbon measurements of vent fluids and biota at
this site. The methane in high-temperature vents is

assumed to be primarily ‘‘high-temperature’’ meth-
ane as opposed to microbial or methanogenic.
Between 1992 and 2000 high-temperature fluids
at the EPR had a d13C of �20.1% ± 1.2%, while
those of diffuse fluids ranged from �25% to
�34% between 1992 and 1997 [Proskurowski et
al., 2008] (Table 2). By contrast, high-temperature
fluids in 1991 had d13C of �34% to �35%, and
thus resemble the lower temperature fluids. This
may reflect the difficulty of sampling high-temper-
ature fluid issuing directly from fissures in the
basalt. Proskurowski et al. [2008] used a model
to show that methane in low-temperature diffuse
fluids at this site is controlled by a combination of
mixing of high-temperature fluids, methanogenesis
and microbial methane oxidation during the for-
mation of diffuse fluids. Their model requires a
low fractionation factor for methanogenesis, simi-
lar to what is expected at elevated temperatures
[Valentine et al., 2004]. Extrapolating the fraction-
ation factors of Valentine et al. [2004] to this site,
methane produced from a CO2 substrate at �4%
[Proskurowski et al., 2008] could be as enriched as
�27%. This would extend the range for microbial
methane composition considerably since micro-
bially produced methane is usually thought to be
�50% or more depleted [e.g., Welhan, 1988].

[34] Another possible source for this eruption-re-
lated methane may be thermogenic, i.e., methane
produced by the breakdown of heated organic
matter. Rapid pyrolysis of biomass has been shown
to produce significant amounts of methane, though
the details vary according the exact conditions,
catalysis, and biomass material [Yaman, 2004].
The d13C of EPR mussels (foot, mantle, and
adductor muscle tissue collected in April 2004),
was between �31.55% and �33.41% versus PDB
(T. M. Shank, unpublished data, 2004). At high
temperatures and high reaction rates, little fraction-
ation is expected in the production of methane
from organic matter, while lower temperature and
lower extent of reaction will produce methane that
is depleted relative to the source carbon [Tang et

Table 2. Previously Reported Methane Isotopic Values From Vents at This Sitea

CH4 (mmol/kg)
Low T

CH4 (mmol/kg)
High T

d13C-CH4

Low T (%)
d13C-CH4

High T (%) d13C-CO2(%)

1991 Bio 9 Area 0.12 0.16 �26.8 �34.6 �3.8 to �5.4
1995–1997 Bio 9 Area 0.06 0.09 �25.2 to �26.2 �18.9 to �19.0 �3.9 to �5.0
1991 Tubeworm Pillar area 10.2 �31.5 �3.7
1994–1997 Tubeworm Pillar area 0.21 to 0.38 0.10 to 0.12 �32.6 to �33.8 �21.0 to �22.5 �4.1 to �4.8

a
From Proskurowski et al. [2008].
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al., 2000]. Therefore, if mussels similar to those
collected in 2004 were a carbon source for thermo-
genic production, the methane produced would be
expected to have a composition at least as depleted
as �31%. However, the rapid cooling of the lava
flow makes the continued production of methane
by this process months after the eruption somewhat
problematic. Methane is produced at temperatures
as low as 125�C, but production increases with
increased temperature [Seewald et al., 1998]. It is
possible that organic matter trapped beneath lava
flows may become anoxic due both to organic
matter oxidation and the low redox potential of
volcanic rocks, resulting in continued methane
production like that in sedimentary settings; how-
ever, this has never been documented. Eruption-
related fluids could be stored in the crust and
released over time but there is no established
mechanism for this either, and it would probably
result in further changes to the concentration and
isotopic composition of the methane through mi-
crobial activity.

[35] Methanogenesis probably does play a role, as
it has been observed in culture experiments of
sulfide collected at this site [Houghton et al.,
2007], and thermogenesis is also likely, though
the extent and duration are unknown. The measure-
ments of d13C in this study cannot distinguish
between methanogenic and thermogenic sources
for methane because of the extremely high degree
of overlap between the approximate ranges for
microbially produced methane (�70% to �27%)
and for thermogenic methane (�50% to �31%)
discussed above.

6. Conclusions

[36] The water column signature in methane and
manganese following the recent 2005/2006 erup-
tions on the EPR is similar to that observed after
the 1991 eruption at the same site: methane and
CH4/Mn were elevated in the area most effected by
the eruption, and the correlation between methane
and Mn was relatively weak. However, the maxi-
mum observed methane concentration was 347 nM
in the upper plumes, and as high as 1085 nM in
near-bottom samples, exceeding concentrations ob-
served in 1991. Manganese concentrations in 2005/
2006, up to 55 nM in the upper plume samples and
98 nM in near-bottom samples, also exceeded the
maximum of 18 nM observed in the eruption area
in 1991. The CH4/Mn ratio reached a maximum of
6.7, was greatest in the areas most affected by the
eruption and is slightly lower on average than that

observed in 1991. By contrast, maximum CH4/
3He

ratios were very similar to those measured at this
site in 1991 and at Axial volcano in 1998. The
strikingly low Mn concentrations observed in
1991, in the area of the greatest methane concen-
trations (i.e., the immediate vicinity of the fresh
flows), were not observed in 2006. Near-bottom
samples collected with the TowCam show a sig-
nificantly different chemical signature than the
upper plume samples, probably due to the greater
influence of low-temperature diffuse venting, the
associated biological communities, the develop-
ment of expansive areas of microbial mats, and
the effects of large volumes of biomass buried by
recently erupted lava flows. The influence meth-
anogenesis versus thermogenesis cannot be distin-
guished due to the very similar range of isotopic
compositions possible for production of methane
by both processes. Some samples were extremely
enriched in 13CH4 due to microbial oxidation of
plume methane, including a sample at +21%,
which is among the most isotopically enriched
methane measured in a hydrothermal plume.
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