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Methane in aging hydrothermal plumes
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Abstract—Methane concentration and the stable carbon isotopic composition (� 13C–CH4) were measured in
aging hydrothermal plume waters originating at the Endeavour Segment, Juan de Fuca Ridge. CH4 concen-
trations decreased systematically from 600 nM at on-axis stations to�11 nM at a distal station 15 km off axis;
background CH4 concentrations are�2 nM. CH4 behaves nonconservatively in plume waters and does not
correlate with conservative parameters such as temperature anomaly (��), but is highly correlated with NH4

�

and total dissolvable Mn.� 13C–CH4 values for plume depth samples varies inversely and significantly
(R2 � 0.89) with methane concentrations normalized to��. Some� 13C–CH4 values (�1.8 and�10.9 ‰)
measured at the 15 km off-axis station are among the heaviest yet reported from a natural marine environment.
Less than 5% of original hydrothermal methane remains in the plume at this station. The data are consistent
with extensive microbial methane oxidation. A narrow range of fractionation factors (rc �1.0072 to 1.0077)
was calculated for the Endeavour samples. These fractionation factors are less than those reported by Coleman
et al. (1981), but fall near the trend line of theirrc versus temperature data when extrapolated to plume water
temperature (�2 °C). Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

Fluid discharge from mid-ocean ridge hydrothermal systems
is a major source of methane to the ocean, particularly to the
deep sea (�1500 m). Methane concentrations in hydrothermal
fluids vary greatly from less than�0.05 mmol kg�1 at most
unsedimented ridges (Edmond et al., 1979; Baross et al., 1982;
Welhan and Craig, 1983; Lilley et al., 1983; Lilley et al., 1993;
Evans et al., 1988) to 2.0–6.8 mmol kg�1 from the heavily
sedimented Guaymas Basin system (Table 1) (Von Damm et
al., 1985; Welhan and Lupton, 1987). The hydrothermally
active, unsedimented Endeavour Segment of the Juan de Fuca
Ridge discharges anomalously high methane concentrations
(1.8 to 3.4 mmol kg�1) that are several orders of magnitude
greater than measured at any other unsedimented ridge (Lilley
et al., 1993).

Loss of methane from deep ocean environments is a result of
microbial oxidation. This is an energy yielding aerobic meta-
bolic pathway, although some facultative methane oxidizers
(e.g., ammonia oxidizers) may not receive net benefit from CH4

oxidation (Bedard and Knowles, 1989). Some of the methane
carbon is also assimilated into biomass. Previous studies have
demonstrated that methane concentrations in hydrothermal
plumes decrease via mixing processes and microbial CH4 ox-
idation with apparent increasing plume age (Kadko et al., 1990;
De Angelis et al., 1993). De Angelis et al. (1993) also reported
methane oxidation rate values for the neutrally buoyant plume
over the Endeavour Segment that were the highest reported for
any marine environment. These studies used distance from
known vent sources as a proxy for plume age.

Whereas hydrothermal discharge fluids are enriched in CH4

(to 105–107 times) relative to background deep ocean waters,

subsequent turbulent mixing during plume formation dilutes
these fluids by 3 to 4 orders of magnitude (Lupton et al., 1985).
Subsequent microbial oxidation (De Angelis et al., 1993) and
mixing lead to progressively lower methane concentrations in
aging plume waters. Therefore, methane concentration in En-
deavour hydrothermal plumes and surrounding background wa-
ter vary from highs of�600 nM to less than 2 nM. The isotopic
composition of methane is strongly influenced by its origin
(Schoell, 1988) and the extent of microbial oxidation (see
Coleman et al., 1981). During microbial methane oxidation,
12C–CH4 is more rapidly oxidized than13C–CH4, therefore,
residual CH4 becomes enriched in13C producing less negative
� 13C–CH4. Consequently, studies of methane isotopic compo-
sitions can provide important information on sources and fates
of CH4 in environmental systems (Barker and Fritz, 1981;
Coleman et al., 1981; Schoell, 1988). However, only recently
have analytical methods been developed that are sufficiently
sensitive to measure� 13C–CH4 in aquatic environments with
low CH4 levels (Popp et al., 1995; Sansone et al., 1997).

Here we report the results of analyses for the concentration
and stable carbon isotopic composition of methane in neutrally
buoyant hydrothermal plumes over the Endeavour Segment. In
particular we discuss the dramatic trend observed in the�
13C–CH4 values, corresponding to a transit from very young,
CH4-rich on-axis plume to older, CH4-depleted off-axis plume
waters.

2. STUDY SITE

Endeavour Segment is a 300 km long, 10 km wide, north–
south trending crustal feature at the northern end of the Juan de
Fuca Ridge, approximately 300 km west of Washington
(Thomson et al., 1992). This study focused on the neutrally
buoyant hydrothermal plumes emanating from the Endeavour
vent fields (Fig. 1). Five active vent fields have now been
documented on the Endeavour Segment (Delaney et al., 1992,
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1997; Thomson et al., 1992; Robigou et al., 1993; Lilley et al
1995; Lilley and Kelley, personal communication). The vent
fields lie within a 100 m deep axial valley where the floor lies
at approximately 2200 m. The vent field-specific origin of the
plumes at our sampling stations cannot be precisely specified,
although on-axis station 6 plumes are likely dominated by
emissions from the nearby Main Endeavour Field (MEF). The
on-axis station 9 is located 1 km to the south of station 6. In
general the current data suggest that the plume likely follows a
meandering path from the vent fields to stations 2 and 10
(Thomson et al., 1998; Mihaly et al., 1998). There was a
northerly advection superimposed over the mean southwest
flow, and tidal and inertial currents helped to disperse the
plumes. In fact, stations 2 and 10 could be exposed to plumes
originating from any of the extant Endeavour vent fields. The
five documented high-temperature hydrothermal fields de-
scribed along the Endeavour Segment have an average spacing
of 1.9 	 0.3 km (Robigou et al., 1993; Lilley et al., 1993; Veirs
et al., 1996; Delaney et al., 1997). Although each field is
distinctive in terms of geological setting and sulfide deposition
characteristics (Delaney et al., 1997), the vent fluids appear to
be generally similar in composition with regard to key gas and
ion chemistry (Lilley, personal communication). Under condi-

tions of weak mean flow, the higher frequency motion observed
in the current data (Thomson et al., 1998; Mihaly et al., 1998)
could quite easily disperse the plume to the off-axis stations
from any of these fields (Cowen et al., 2001).

3. METHODS

Water column sampling was accomplished with a CTD-
transmissometer (CTD-T)-30 liter Niskin™ (General Ocean-
ics) bottle rosette package. CTD-T data were recorded contin-
uously during the casts. Temperature anomalies (��) were
determined as the deviation of the potential temperature, �,
from the background linear mixing relationship between � and
potential density, �� (Baker, 1998). NiskinTM water bottles
were subsampled immediately upon recovery at the surface.
Samples for methane concentration and carbon stable isotope
analysis were drawn without headspace into combusted 200 ml
glass BOD or serum bottles, preserved with 1 ml saturated
HgCl2 solution, and capped with greased glass stopper or butyl
rubber stopper secured with aluminum crimp seal. Samples
were stored until on-shore simultaneous analysis of methane
concentration and stable carbon isotopes by isotope-ratio-mon-
itoring gas-chromatography/mass-spectrometry (IRM GC/MS)

Table 1. Comparison of end member hydrothermal fluids (modified from Lilley et al 1993).

Component Endeavour 21 °N EPR SJdF Guaymas

CH4 (mmol � kg�1) 1.8–3.4 0.06–0.09 0.08–0.12 2.0–6.8
NH4

�(mM) 0.64–0.95 �0.01 �0.01 10.3–15.6
CO2 (mmoll � kg�1) 11.6–18.2 5.7 3.7–4.5
H2 (mmol � kg�1) 0.16–0.42 0.23–1.70 0.20–0.53
CH4/3He (
 10�6) 107–217 2.5 3,100
� 13CH4 (‰) �48.4 to �55.0 �16 �17.8 to �20.8 �43.2 to �50.8

Fig. 1. Map showing sample cast locations with respect to the Endeavour Segment and main vent field (47°57'N;
126°06'W). Station 1 is indicated on the larger scale map; stippling over Endeavour Segment indicates the main study area,
shown in the expanded map.
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(Popp et al., 1995; Sansone et al., 1997). This method has
analytical precisions of 0.2 nM for concentration and �0.8 ‰
for isotopic ratios (Popp et al., 1995; Sansone et al., 1997).
Isotopic ratios are reported relative to the Pee Dee belemnite
(vPDB) standard material using conventional delta notation
(Craig, 1957).

Ammonium and Mn samples were processed as reported in
Cowen et al. (1998b). Ammonium samples were drawn through
a clean nitex screen (330 um pore size) into acid (HCl) cleaned
250 ml linear polyethylene bottles, quick frozen (�40° C) and
subsequently analyzed using the fluorescence method devel-
oped by Jones (1991). Samples for total dissolvable manganese
(TDMn) concentrations were drawn into specially acid cleaned
250 ml linear polyethylene bottles and acidified with HCl (pH
� 2) several weeks prior to analysis by flow injection analysis
(Resing and Mottl, 1992). Samples for both ammonium and
trace metals were analyzed within two months.

4. RESULTS

The depth range of the hydrothermal plume (�1950–2100
m) is defined for stations 6, 9, 2, and 10 by maxima in light
attenuation and temperature anomalies (Fig. 2) and in total
CH4, NH4

�, and Mn concentrations (Fig. 3 and 4) (cf. Baker et
al., 1985). No hydrothermal plume was present at the distal
background station 1. Strong hydrothermal plume signals are
seen at the on-axis stations 6 and 9. Weaker, but clear, evidence
of the plume also occurs at the off-axis stations 2 and 10. The

depth of the particle plume signal (light transmissivity) at
station 2 was somewhat deeper than at the on-axis sites and
similar to that at distal station 10 (15 km west of vent fields).
Small but clear coincident maxima in the CH4, NH4

�, and Mn
profiles at stations 2 and 10 provide strong chemical evidence
of a hydrothermal plume.

There is a systematic decrease in CH4 concentration in the
hydrothermal plume with increasing distance from the on-axis
near-source stations. Concentrations vary from up to 600 nM at
the on-axis stations (stations 6 and 9) to �26 nM at 3 km
off-axis (station 2) to �11 nM at the distal station 10 (15 km
off-axis) (Fig. 4). Background CH4 concentrations are �2 nM.
Plume depth methane concentrations are not correlated with
temperature anomalies (��) but are strongly correlated with
NH4

� (R2 � 0.74) and total dissolvable Mn, TDMn (R2 � 0.82)
(Figs. 5a, 5b, 5c). Two linear regression lines are shown in
Figure 5b. The solid line (R2 � 0.37) represents all data; the
dashed line (R2 � 0.74) results when the two outlier points
(circled; �mean � 2 SD) are omitted from the regression
analysis.

Methane carbon stable isotopic composition of plume depth
samples varied inversely with CH4 concentrations. � 13C–CH4

ratios ranged from �50 ‰ at the on-axis stations (stations 6
and 9) to ��10 ‰ at the distal off-axis station 10 (Fig. 4).
Values for two plume samples from this distal station 10 (�1.8
and �10.9 ‰) are among the heaviest yet reported from a
natural marine environment. Mean (	 SD) � 13C–CH4 values

Fig. 2. Vertical profiles showing temperature anomaly (solid line) and light attenuation coefficient (dotted line):(a) Station
1, “background” station on east flank. (b) Station 6, on-axis near main vent field (c) Station 9, on-axis �1 km south of main
vent field. (d) Station 2, �3 km west of main vent field. (e) Station 10, �15 km southwest of main vent field.
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for plume depth samples are �46.9 	 1.5 ‰, �47.2 	 4.0 ‰,
�29.3 	 10.5 ‰, and �4.3 	 9.0 ‰ at stations 6, 9, 2, and 10,
respectively. Stations 2 and 10 values differ significantly with
each other (p � 0.002, two-tailed t-test, equal variance) and
from stations 6 and 9 values (p � 0.001, Kruskal–Wallis 1-way
ANOVA). In comparison, mean values for background samples
from the 100 m epi-plume layer (�1800–1900 m) for all
stations are �42.9 	 5.5 ‰, statistically similar to mean plume
depth values at stations 6 and 9 (p � 0.05, Bonferroni 1-way
ANOVA). � 13C–CH4 values for plume samples were not
correlated with ��, but were strongly and negatively correlated
with CH4 concentration (R2 � 0.75) and CH4/�� ratios (R2 �
0.89) Figs. 5d, 5e, 5f. The lack of correlation between �
13C–CH4 values and �� results from the inclusion of on-axis
station samples, which had not yet experienced significant
oxidation (Fig. 5d). In contrast, strong correlation exists among
samples from the off-axis stations only (solid line, Fig. 5d).

5. DISCUSSION

Methane concentrations in the Endeavour plumes were as
high as 600 nM, two orders of magnitude greater than measured
in adjacent background deep waters. This maximum concen-
tration in near zero age neutrally buoyant plume water repre-
sents a dilution factor for Endeavour vent fluid methane (1.8 to
3.4 mmol kg�1; Lilley et al., 1993) of 0.3–0.5 
 104, consis-
tent with plume formation and turbulent mixing models (Lup-
ton et al., 1985). Methane concentration decreased to less than
11 nM at the most distal (off-axis) station 10. Normalizing CH4

concentrations to the highly conservative parameter �� effec-

tively neutralizes CH4 losses due to dilution. The dramatic
(nearly 3 order of magnitude) decrease in CH4/�� ratios with
increasing distance from potential vent sources (Fig. 6) clearly
demonstrates that dilution of the plume with background waters
cannot account for the observed loss of CH4 (De Angelis et al.,
1993). The strongly nonconservative behavior of the plume
CH4 is consistent with microbial oxidation processes (e.g., De
Angelis et al., 1993; Coleman et al., 1981). NH4

�, which is
strongly correlated with CH4 (Fig. 5b); shows a similar non-
conservative distribution in Endeavour plumes and is thought
to be removed via microbial processes at rates similar to those
for CH4 (Cowen et al., 1998b). The even stronger positive
correlation with TDMn is somewhat surprising since Mn,
though nonconservative, is removed from the plumes at far
slower rates (Kadko et al., 1990; see Cowen et al., 1998a).

Our methane concentration values are comparable to previ-
ously reported values of 5.4 to 390 nM for plumes 15.6 km
(off-axis) and 0 km, respectively, from the Endeavour vent
fields (De Angelis et al., 1993). This close agreement in both
on-axis and distal plume methane values supports numerous
reports of decade-scale stability in the Endeavour hydrothermal
system (Johnson et al., 2000). CH4 concentrations in on-axis
Endeavour plumes are considerably greater than those reported
for shallower maxima in CH4 concentrations of 7–32 nM at
500–700 m (Ward and Kilpatrick, 1993) or for subsurface
(�300 m) maxima of �10 nM at several Pacific and Atlantic
open ocean stations (Ward and Kilpatrick, 1993; Holmes et al.,
2000). Inputs of CH4 to the open ocean upper water column
include in situ production (Cynar and Yayanos, 1991) and

Fig. 3. Vertical profiles for NH4
� (open circles); TDMn is also plotted for plume reference (closed circles): (a) Sta. 1; Mn

was below detection limits (3.5 nM) at all depths. (b) Station 6 (note expanded scale for concentration); (c) station 9; (d)
station 2; (e) station 10.
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advection from shelf-sediment sources (Ward, 1992; Ward and
Kilpatrick, 1993). Only minor increases in methane concentra-
tion near the sediment–water interface (�900 m) have some-
times been observed, but did not extend far up into the water
column (Ward and Kilpatrick, 1993). Anomalously high meth-
ane values (to 2000 nM) have also been reported for shallow
plumes associated with intense regional hydrocarbon seeps
(Clark et al., 2000).

Source methane in Endeavour discharge fluids (� 13C–CH4

� �48.4 to �55.0 ‰) are isotopically light and most likely
derived from thermal decomposition of buried organic material
of unknown origin (Welhan and Lupton, 1987; Lilley et al.,
1993). An alternative source could be reduction of dissolved
HCO3

� catalyzed by hydrothermally formed Ni–Fe phases in
upper crustal mafic or ultramafic rocks (Horita and Berndt,
1999). The source methane clearly dominates the inventory of
on-axis plume methane. The resulting � 13C–CH4 values for
on-axis neutrally buoyant plumes (stations 6 and 9) are very
similar to the source methane values, suggesting little oxidation
and isotopic fractionation of hydrothermal methane at these
stations. However, the residual methane in the older off-axis
plume (stations 2 and 10) becomes isotopically enriched (to
�10.9 ‰) with respect to CH4 in discharge fluids with increas-
ing distance from vent field sources. � 13C–CH4 valves are
significantly and inversely correlated with the corresponding
methane concentrations for plume depth samples, consistent
with active microbial methane oxidation. Because 12C–CH4 is

preferentially utilized during microbial methane oxidation, the
residual CH4 becomes greatly enriched in 13C.

Coleman et al. (1981) described the inverse linear correlation
between residual methane concentrations and methane carbon
isotope composition:

(�13CH4)t � 1000(1/rc � 1) ln(Mt /M0) � (�13CH4)0 (1)

where rc is the kinetic fractionation constant (k1/k2), k1 and k2

are specific oxidation rate constants for 12CH4 and 13CH4,
respectively, Mt and M0 represent residual and initial methane
concentrations, and (� 13CH4)0 and (� 13CH4)t represent meth-
ane carbon isotope compositions at initial and time t, respec-
tively. Equation 1 has the same form as the semi logarithmic
regression equation derived from a plot of � 13CH4 versus
Mt/M0 (Fig. 7a):

(�13CH4)t � �7.163 ln (Mt /M0) � 46.41 (2)

However, a value for M0 (319 nM) was first derived using the
regression equation for our �13CH4 versus CH4 concentration
data (Fig. 5e):

(�13CH4)0 � �7.163 ln (M0) � 5.12 (3)

where (� 13CH4)0 is the mean � 13CH4 (�46.4 	 1.2 ‰)
corresponding to the six highest CH4 concentrations from sta-
tions 6 and 9.

Fig. 4. Vertical profiles for CH4 concentration (closed squares) and � 13C–CH4 (open squares). (a) Station 1; (b) station
6 (note expanded scale for concentration); (c) station 9; (d) station 2; (e) station 10.
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Since the slopes of Eqns. 1 and 2 should be equal, rc can be
readily calculated from the equation:

� 7.163 � 1000�1/rc � 1� (4)

yielding an rc � 1.0072.
Equations 2 and 3 assume that oxidation reactions are the

only loss terms for methane in the hydrothermal plumes. Loss
from mixing during the lateral advection of the neutrally buoy-
ant plume can also be considered by normalizing methane
concentrations to �� and substituting for Mt and M0 in Eqns. 2
and 3, yielding

(�13CH4)t � �7.673 ln (�Mt /
�M0) �46.94 (5)

from Fig. 7b, and

� 7.673 � 1000�1/rc � 1� (6)

where �Mt and �M0 represent Mt /��t and M0/��0, respectively.
As for rc above, M0/��0 was first derived using the regression
equation for our � 13CH4 versus CH4/��0 data (Fig. 5f), with
the mean � 13CH4 (�46.9 	 1.2 ‰) of the six highest CH4/��0

values from stations 6 and 9 substituted for y, and solving for
�M0 (5164 nM °C�1). The resulting rc value of 1.0077 is only
slightly larger than the rc derived from non-normalized meth-
ane concentration values.

Fig. 5. Scatter plots for plume depth sample data from stations 6, 9, 2, and 10.(a) CH4 concentration versus ��; (b) CH4

concentration versus NH4
� concentration; (c) methane concentration versus Mn concentration; (d) � 13C–CH4 versus ��; (e)

� 13C–CH4 versus CH4 concentration; and (f) � 13C–CH4 versus CH4/��. Station 6, square; station 9, triangle; station 2, X;
station 10, diamond.
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The fractionation constant calculated here (rc �1.0077) is
less than the values (1.0130 to 1.0252) reported for experiments
with methane oxidizing bacteria cultures (Coleman et al.,
1981), though the difference may be in part a function of the
lower temperatures (�2 °C) of the present natural system
relative to the higher temperature (11.5 to 26 °C) of the culture
experiments. Results of Coleman et al. (1981) suggest a general
trend of decreasing carbon and hydrogen isotopic fractionation
associated with microbial methane oxidation with decreasing
temperature (Fig. 8). Our calculated rc falls near the trend line
of Coleman et al. (1981) rc versus temperature data when
extrapolated to plume water temperature (�2 °C). On the other
hand, present values for the Endeavour hydrothermal plumes
are in close agreement with fractionation constants of 1.0042–
1.012 calculated for in situ microbial oxidation in the Columbia
River (Sansone et al., 1999).

The complex relationship between microbial specific meth-
ane oxidation rate and apparent plume age precludes using CH4

carbon isotopic compositions and concentrations to monitor
plume age. Although De Angelis et al. (1993) measured max-
imum methane oxidation rates (0.1 to 28.9 nM CH4 d�1) for
Endeavour plumes at on-axis stations, maximum specific oxi-
dation rates (0.03 to 0.15 d�1) and corresponding turnover

times (�7 to 33 d) were found at stations 2–4 1 km southwest
of the MEF (DeAngelis et al., 1993). Slower specific oxidation
rates were measured at the on-axis (0.024 to 0.078 d�1) sta-
tions, with even slower rates (0.02 to 0.017 d�1) at a distal
plume station 15.7 km southwest of the MEF. Corresponding
turnover times were 13–42 d and 60–582 d at the on-axis and
15.7 km stations, respectively (DeAngelis et al., 1993). These
rate data suggest that most of the hydrothermal methane should
be lost to oxidation by the time the plume reaches stations
corresponding to our station 2. Indeed, less than a tenth (mean
�Mt /

�M0 �0.06) of the original hydrothermal CH4 inventory
survived to station 2 (�3 km off-axis). The �Mt /

�M0 ratio
decreased further to 0.004 by station 10 (�15 km). In contrast,
the change in (� 13CH4)t values is relatively small over the
initial age of the plume (0–3 km off-axis) relative to subse-
quent rapid changes as the plume ages further (3–15 km) and
the remaining methane is oxidized.

Fig. 6. Semilogrithmic scatter plot of CH4/�� versus distance from
the ridge axis.

Fig. 7. Scatter plots for plume-depth sample data from all stations of (a) � 13C–CH4 versus Mt/MO and (b) � 13C–CH4

versus �Mt/
�M0. M0 and Mt are the plume CH4 concentrations at time zero and t, respectively; �Mt and �M0 are the M0 and

Mt values normalized to ��0 and ��t, respectively, as discussed in the text.

Fig. 8. Calculated fractionation factor, rc, versus temperature. Closed
circle is rc from present paper; open circles and solid regression line are
from Coleman et al. (1981) data; dashed line represents the regression
line for all data.
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6. SUMMARY AND CONCLUSIONS

The relatively stable hydrothermal system of the Endeavour
Segment results in consistently high CH4 values (400–600 nM)
in on-axis neutrally buoyant plumes. The carbon stable isotopic
composition of on-axis plume-methane is similar to Endeavour
hydrothermal source methane (��47 ‰ versus �48 to �55
‰, respectively), indicating that little microbial methane oxi-
dation occurs before plume waters are swept off-axis by local
currents. However, subsequent microbial methane oxidation
appears to ramp up quickly, resulting in the removal of �90%
of plume methane by the time plume waters are transported 3
km west of the ridge axis. Strong isotopic fractionation of
plume methane greatly enriches residual plume methane (to
�10.9 ‰ at 15 km off-axis) and verifies that methane loss is
due primarily to microbial oxidation processes rather than
physical mixing. Our dilution-normalized fractionation con-
stant (rc � 1.0077), derived from present methane concentra-
tion and stable carbon isotopic composition data, is consistent
with reported positive correlations between rc and temperature.

Acknowledgments—We gratefully acknowledge the hearty cooperation
at sea of Chief Scientist R. Thomson and the crew of the CFAV
Endeavour and the on-shore technical assistance of Terri Rust. We
thank David Cole for helpful advice. This work was supported by NSF
Grants Nos. OCE-9416560 and OCE-9618121 to JPC.

Associate editor: D.R. Cole

REFERENCES

Baker E. T. (1998) Patterns of event and chronic hydrothermal venting
following a magmatic intrusion: new perspectives from the 1996
Gorda Ridge eruption. Deep-Sea Res. 45, 2599–2618.

Baker E. T., Lavelle J. W., and Massoth G. J. (1985) Hydrothermal
particle plumes over the southern Juan de Fuca Ridge. Nature 316,
342–344.

Barker J. F. and Fritz P. (1981) Carbon isotope fractionation during
microbial methane oxidation. Nature 293, 289–291.

Bédard C. and Knowles R. (1989) Physiology, biochemistry, and
specific inhibitors of CH4, NH4�, and CO oxidation by meth-
anotrophs and nitrifiers. Microbiol. Rev. 53, 68–84.

Baross J. A., Lilley M. D., and Gordon L. I. (1982) Is the CH4, H2 and
CO venting from submarine hydrothermal systems produced by
thermophilic bacteria? Nature 298, 366–368.

Clark J. F., Washburn L., Hornafius J. S., and Luyendyk B. P. (2000)
Dissolved hydrocarbon flux from natural marine seeps to the south-
ern California Bight. J. Geophys. Res. 105, 11509–11522.

Coleman D. D., Risati J. B., and Schoell M. (1981) Fractionation of
carbon and hydrogen isotopes by methane-oxidizing bacteria.
Geochim. Cosmochim. Acta 45, 1033–1037.

Cowen J. P., Bertram M., Wakeham S., Thomson R. E., Lavelle J. W.,
Baker E. T., and Feely R. A. (2001) Ascending particle flux from a
hydrothermal plume: biogeochemical linkages with the upper water
column. Deep Sea Research I 48, 1093–1120.

Cowen J. P., Bertram M. A., Baker E. T., Massoth G. J., Feely R. A.,
and Summit M. (1998) Geomicrobial transformation of manganese
in Gorda Ridge Event Plumes. Deep-Sea Res II 45, 2713–2738.

Cowen J. P., Wen X., Jones R., and Thomson R. E. (1998) Elevated
NH4� in a neutrally buoyant hydrothermal plume. Deep-Sea Res.
45, 1891–1902.

Craig H. (1957) Isotopic standards for carbon and oxygen and correc-
tion factors for mass-spectrometric analysis of carbon dioxide.
Geochim. Cosmochim. Acta 12, 133–149.

Cynar F. J. and Yayanos A. A. (1991) Enrichment and characterization
of a methanogenic bacterium from the oxic upper layer of the ocean.
Current Microbiol. 23, 89–96.

De Angelis M. A., Lilley M. D., Olson E. J., and Baross J. A. (1993)
Methane oxidation in deep-sea hydrothermal plumes of the Endeav-

our Segment of the Juan de Fuca Ridge. Deep-Sea Res. 40, 1169–
1186.

Delaney J. R., Kelley D. S., Lilley M. D., Butterfield D. A., McDuff
R. E., Baross J. A., Deming J. W., Johnson H. P., and Robigou V.
(1997) The Endeavour hydrothermal system: cellular circulation
above an active cracking front yields large sulfide structures, “ fresh”
vent water, and hyperthermophilic Archaea. RIDGE Events 8, 11–
19.

Delaney J. R., Robigou V., McDuff R. E., and Tivey M. K. (1992)
Geology of a vigorous hydrothermal system on the Endeavour Seg-
ment, Juan de Fuca Ridge. J. Geophys. Res. 97, 19663–19682.

Edmond J. M., Measures C., McDuff R. E., Chan L., Collier R., Grant
B., Gordon L. I., and Corliss J. (1979) Ridge crest hydrothermal
activity and the balances of the major and minor elements in the
ocean: the Galapagos data. Earth Planet. Sci. Lett. 46, 1–18.

Evens W. C., White L. D., and Rapp J. B. (1988) Geochemistry of
some gases in hydrothermal fluids from the Southern Juan de Fuca
Ridge. J. Geophys. Res. 93, 15305–15313.

Holmes M. E., Sansone F. J., Rust R. M., and Popp B. N. (2000)
Methane production, consumption, and air-sea exchange in the open
ocean: An evaluation based on carbon isotopic ratios. Global Bio-
geochem. Cycles 14, 1–10.

Horita J. and Berndt M. (1999) Abiogenic methane formation and
isotopic fractionation under hydrothermal conditions. Science 285,
1055–1057.

Johnson H. P., Hutnak M., Dziak R. P., Fox C., Urcuyo I., Cowen J. P.,
Nabelek J., and Fisher C. (2000) Earthquake-induced changes in a
hydrothermal system on the Juan de Fuca mid-ocean ridge. Nature
407, 174–177.

Jones R. D. (1991) An improved fluorescence method for the determi-
nation of nanomolar concentrations of ammonium in natural waters.
Limnol. Oceanogr. 36, 814–819.

Kadko D. C., Rosenberg N. D., Lupton J. E., Collier R. W., and Lilley
M. D. (1990) Chemical reaction rates and entrainment within the
Endeavour Ridge hydrothermal plume. Earth Planet. Sci. Lett. 99,
315–335.

Lilley M. D., Butterfield D. A., Olson E. J., Lupton J. E., Mackos S. A.,
and McDuff R. E. (1993) Anomalous CH4 and NH4

� concentrations
at an unsedimented mid-ocean-ridge hydrothermal system. Nature
364, 45–47.

Lilley M. D., Baross J. A., and Gordon L. I. (1983) Reduced gases and
bacteria in hydrothermal fluids: the Galapagos Spreading Center and
21 °N East Pacific Rise. In Hydrothermal Processes at Seafloor
Spreading Centers, NATO-ARI volume (ed. P. A. Rona, K.
Boström, L. Laubier, and K. L. Smith), pp. 411–449. Plenum.

Lupton J. E., Delaney J. R., Johnson H. P., and Tivey M. K. (1985)
Entrainment and vertical transport of deep-ocean water by buoyant
hydrothermal plumes. Nature 316, 621–623.

Mihaly S. F., Thomson R. E., and Rabinovich A. B. (1998) Evidence
for nonlinear interaction between internal waves of inertial and
semidiurnal frequency. Geophys. Res. Lett. 25, 1205–1128.

Popp B. N., Sansone F. J., and Rust T. M. (1995) Determination of
concentration and carbon isotopic composition of dissolved methane
in sediments and nearshore waters. Anal. Chem. 34, 405–411.

Resing J. A. and Mottl M. J. (1992) Determination of manganese in
seawater using flow injection analysis with on-line preconcentration
and spectrophotometric detection. Anal. Chem. 64, 2682–2687.

Robigou V., Delaney J. R., and Stakes D. (1993) The High-Rise
hydrothermal vent field, Endeavour Segment, Juan de Fuca Ridge.
Geophys. Res. Lett. 20P, 1887–1890.

Sansone F. J., Popp B. N., and Rust T. M. (1997) Stable carbon isotopic
analysis of low-level methane in water and gas. Anal. Chem. 69,
40–44.

Sansone F. J., Holmes M. E., and Popp B. N. (1999) Methane stable
isotopic ratios and concentrations as indicators of methane dynamics
in estuaries. Global Biogeochem. Cycles 13, 463–474.

Sansone F. J., Popp B. N., and Rust T. M. (1997) Stable carbon isotopic
analysis of low-level methane in water and gas. Anal. Chem. 69,
40–44.

Schoell M. (1988) Multiple origins of methane in the earth. Chem.
Geol. 71, 1–10.

Thomson R. E., Delaney J. R., McDuff R. E., Janecky D. R., and
McClain J. S. (1992) Physical characteristics of the Endeavour Ridge

3570 J.P. Cowen et al.



hydrothermal plume during July 1988. Earth Planet. Sci. Lett. 111,
141–154.

Thomson R. E., LeBlond P. H., and Rabinovich A. B. (1998) Satellite-
tracked drifter measurements of inertial and semidiurnal currents in
the northeast Pacific. J. Geophys. Res. 103, 1039–1071.

Veirs S. R., Landsteiner M. C., and Lilley M. D. (1996) CTDT
characterization of ridge crest hydrothermal activity. EOS 77,
F404.

Von Damm K. L., Edmond J. M., Measures C. I., and Grant B. C.
(1985) Chemistry of submarine hydrothermal solutions at Guaymas
Basin, Gulf of California. Geochim. Cosmochim. Acta 49, 2221–
2237.

Ward B. B. (1992) The subsurface methane maximum in the Southern
California Bight. Cont. Shelf Res. 12, 735–752.

Ward B. B. and Kilpatrick K. A. (1993) Methane oxidation associated
with mid-depth methane maxima in the Southern California Bight.
Cont. Shelf Res. 13, 1111–1122.

Welhan J. A. and Craig H. (1983) Methane, hydrogen, and helium in
hydrothermal fluids at 21 °N, East Pacific Rise. In Hydrothermal Pro-
cesses at Seafloor Spreading Centers, NATO–ARI volume (Ed. P. A.
Rona, K. Boström, L. Laubier, and K. L. Smith), pp. 391–409. Plenum.

Welhan J. A. and Lupton J. E. (1987) Light hydrocarbon gases in
Guaymas Basin hydrothermal fluids: thermogenic versus abiogenic
origin. Am. Assoc. Petrol. Geol. Bull. 71, 215–223.

3571Methane in aging hydrothermal plumes


	Methane in aging hydrothermal plumes
	INTRODUCTION
	STUDY SITE
	METHODS
	RESULTS
	DISCUSSION
	SUMMARY AND CONCLUSIONS
	REFERENCES


