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The distributions of the reduced trace gases H, CH4, CO and N20

and supporting chemical and microbiological data from various marine

environments are presented. These environments include the tropical

Pacific, an anoxic fjord (Saanlch Inlet), and two deep-sea

hydrothermal vent sites (Galapagos Spreading Center and 21°N, East

Pacific Rise).

Tropical Pacific surface waters were found to be supersaturated

with 112 by a factor of 1.5 to 2.8, CH4 varied from 0.2 to 1.5 times

saturation and N20 was near saturation. Thin strata of maxima and

minima in gas concentrations as well as microbial biomass were noted,

particularly in 02-minimum zones. At the locations where microbial

biomass was determined, it was estimated to represent a significant

level of carbon when compared to the estimates of phytoplankton

carbon.

In Saanich Inlet surface waters, 2 and CH concentrations

exceeded those of the open ocean by an order of magnitude. An

experiment is described which showed H2 production by microorganisms

present in the surface water. Large numbers of protozoans colonizing

particulate matter were found to be associated with a subsurface CM4
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niaxiinuin. The anoxic deep water of the inlet contained CHL levels

ecxeeding atmospheric equilibrium by jQ3 but H2 was close to the

equilibrium value.

Hydrothermal fluids at the Galapagos Spreading Center (GSC) and

at 21°N on the East Pacific Rise were enriched in CR14., H2 and CO by

orders of magnitude over ambient bottom water. N20 showed both

enrichment and depletion. The CH/ 311e ratio at 21°14 was 6.1 x 106

whereas at the GSC, a range of 12.4 to 42 x 106 was seen. At 21N the

112/ 31-Ie ratio was on the order of 100 times that at the GSC.

Microbial data showed as many at 1O organisms m11 in GSC samples and

iü m11 at 21°N. These microbial communities were complex and

included organisms known to produce and consume the gases discussed

here.

These results indicate that a close correspondence between

microorganisms and reduced trace gases is widespread in the marine

environment.
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STUDIES ON THE MARINE CHEMISTRY

OF REDUCED TRACE GASES

CHAPTER 1

INTRODUCTION

Reduced trace gases such as molecular hydrogen, methane and

nitrous oxide facilitate material exchange between the biological,

oceanic and atmospheric reservoirs and thus have important roles in

the biogeochemical cycles of hydrogen, carbon and nitrogen. The

oceanic sources and sinks of these gases are unknown but are generally

assumed to be microbial as they are known to be produced and consumed

in microbial reactions (Cole, 1976). Information about the

distribution of these gases and the elucidation of sourcesink

mechanisms should provide valuable insights concerning microbially

mediated chemical transformations in the marine environment.

Although little is known about the processes producing and

consuming these gases in the oceans, considerable information

concerning their oceanic distributions has been accumulated in the

past decade. Seiler and Schmidt (1974) measured 2 in the North and

South Atlantic and found an average saturation factor of 2.4 for the

surface water. They also reported the deep water was supersaturated

by a factor of about 1.3. Subsequently Herr and Barger (1978) carried

Out H2 measurements in the tropical North Atlantic and found average

Saturation factors of 1.9 for surface water and 0.7 in the deep Water.

These and Seller and Schmidt's data indicate a possible systematic

error in one or both data sets.
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Herr, Scranton and Barger (1981) reported that the entire water

column, including surface waters, in the Norwegan Sea was unsaturated

with H2. The cause was unknown but they postulated that

chemolithotrophic H2 oxidizing bacteria may have been present and

exhibiting higher activities than potential H2 producing organisms.

Mediterranean Sea surface water was shown by Scranton, Jones and Herr

(1982) to be supersaturated by a factor of 2 to 4 and the deep water

to be virtually at equilibrium. All of the above studies noted

subsurface 1-12 maxima which did not correlate with other measured

variables. H2 was found to correlate with in vivo fluorescence,

however, in surface waters near the Coast of Baja California (Setser,

Bullister, Frank, Guinasso and Schink, 1982).

Detector sensitivity limited early work on the marine

distribution of CH to anoxic waters with high concentrations

(Atkinson and Richards, 1967). Subsequent work (Lamontagne,

Swinnerton, Linnenbom and Smith, 1973) showed that open ocean surface

waters in general were slightly supersaturated and that maxima were

frequently encounted in the upper 200 m. These maxima were later

shown to occur in oceanic regions where in situ biological production

was the most likely source (Scranton and Farrington, 1977; Scranton

and Brewer, 1977). As methanogens are the only known biological

source of CHi and since these organisms are extremely sensitive to 02,

the occurrence of a CHk maximum in the upper water column is

particularly interesting. Suggested anaerobic microenvironments

which might harbor methanogens include fecal pellets (Scranton and
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Brewer, 1977), zooplanktori guts (Tragauza, Swinnerton and Cheek, 1979;

Oremland, 1979), and suspended particulates (Brooks, Reid and Bernard,

1981; Burke, Reid, Brooks and Lavoie, 1983). Scranton and Brewer also

suggested that CHi might be a byproduct of algal metabolism.

The presence of N20 in the oceans was first established by Craig

and Gordon (1963) from samples taken in the South Pacific. Extensive

N20 measurements in the Atlantic (Hahn, 1974; Yoshinari, 1973) and

Pacific (Cohen and Gordon, 1978; Pierotti and Rasmussen, 1980) have

led to the hypothesis that nitrification is the process responsible

for N20 production in the oceans. Cohen and Gordon (1978) found that

net consi.miption of N20 occurs in low oxygen regions where

denitrification takes place (such as the Eastern Tropical North

Pacific). Cohen (1978) also showed that N20 reached undetectable

levels in the anoxic waters of Saanich Inlet.

The objectives of this study were to examine the distributions of

these reduced trace gases in various marine environments and coupled

with other chemical and microbiological measurements, to link the

distributions of these gases with possible source-sink mechanisms.

The distributions of these gases in the tropical Pacific along

with supporting chemical and microbiological data are presented in

CHAPTER 2. Similar to the tropical Atlantic, the surface waters

throughout the region were supersaturated with H2 by a factor of 1.5

to 2.8. Thin strata of maxima and minima in gas concentrations as

well as microbial biomass were noted, particularly in O-minimum

zones. At the locations where the microbial biomass was determined,
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it was estimated to represent a significant level of carbon when

compared to the estimates of phytoplankton carbon.

The distributions of H2 and CH4 in an anoxic fjord, Saanich

Inlet, British Columbia, are discussed in CHAPTER 3. Both gases were

present in surface waters at levels an order of magnitude higher than

the open ocean concentrations. An experiment is described which

showed H2 production by microorganisms present in Saanich Inlet

surface water. Both at Saanich Inlet and at some of the Sites fl the

tropical Pacific discussed in Chapter 2, large numbers of protozoans

colonizing particulate matter were found to be associated with the

subsurface CH maximum. The anoxic deep water of the inlet contained

CH levels exceeding atmospheric equilibrium by but H2 was close

to the equilibruim value.

In CHAPTER 4 it is shown that the hydrothermal fluids from the

Galapagos Spreading Center (GSC) were enriched in CH4., H2 and CO by

orders of magnitude over ambient bottom water whereas N20 showed both

enrichment and depletion. Each vent field sampled showed unique

gas/silica relationships and it is concluded that microorganisms

likely are significant in determining these relationships.

Data on these same gases from the hydrothermal Site at 21°N on

the East Pacific Rise are presented in CHAPTER 5 and compared to the

Galapagos data. The CH./ iie ratio at 21°N was 6.1 x 106 while at the

GSC, a range of 12.4 to 42 x 106 was seen. At 21°N the H2/ 3He ratio

was on the order of 100 times that at the GSC. Microbial data from

both sites are shown which indicate as many as 10 organisms ml1 in
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GSC samples and i05 m11 at 21°N. The microbial communities are shown

to be physiologically diverse and to include organisms known to

produce and consume reduced gases.

In the early stages of this work couasiderable effort was devoted

to developing a gas chromatographic system suitable for the detection

of the low concentrations of the reduced gases in seawater. A

description of the development of this system is included in the

APPENDIX.
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CHAPTER 2

WATER COLUMN BACTERIAL STRATIFICATION ASSOCIATED

WITH REDUCED TRACE GASES IN THE TROPICAL PACIFIC

Marvin D. Lilley

John A. Baross

Louis I. Gordon

School of Oceanography

Oregon State University

Corvallis, OR 97331
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ABSTRACT

The concentrations of hydrogen, methane and nitrous oxide were

determined in the tropical Pacific. The surface water was

supersaturated with hydrogen by a factor of 1.5 to 2.8, methane varied

from 0.2 to 1.5 times saturation and nitrous oxide was near

saturation. Subsurface maxima, noted for all three gases, appear to

be controlled by both biological and physical processes. Vertical

profiles of bacterial numbers were determined at the transition region

between the North Equatorial Current (NEC) and the North Equatorial

Counter Current (NECC). Values ranged from 4.2 x 10 to 1.3 x

106 cells m11 with maximum numbers occurring within the NEC near the

top of the thermocline. The microbial biomass was estimated to be

within the range of 20 90% of the biomass of the primary producers

at one study site.



INTRODUCTION

Reduced trace gases such as molecular hydrogen, methane and

nitrous oxide facilitate material exchange between the oceanic and

atmospheric reservoirs and thus have important roles in the

biogeochemical cycles of hydrogen, carbon and nitrogen. The oceanic

sources and sinks of these gases are unknown but are generally

assumed to be microbial as they are known to be produced and consumed

in microbial reactions (Cole, 1976). Hydrogen (Zajic, Kosaric and

Brosseau, 1978) and nitrous oxide (Bleakley and Tiedje, 1982) are

produced by numerous organisms but only one group, the methanogens,

produce methane (Wolfe and Higgins, 1979). However little is known

concerning the distribution and activities of such organisms in the

marine water column.

It has been shown in recent years that tropical ocean surface

waters are supersaturated with H2 and that subsurfac.e maxima are often

seen (Herr and Barger, 1978; Bullister, Cuinasso and Schink, 1979;

Scranton, Jones and Herr, 1982). Methane maxima, usually within the

pycnocline, are also common (Lamontagne, Swinnerton, Linnenbom and

Smith, 1973; Scranton and Brewer, 1977; Traganza, Swinnerton and

Cheek, 1979; Burke, Reid, Brooks and Lavole, 1983). It has also been

shown that stratified populations of bacteria exist in the water

column particularly near the top of the thermocline (Sorokin, 1971a;

1982) and in the oxygen minimum zone (Sorokin 1971b; Karl, La Rock,

Morse and Sturges 1976). Recent evidence also suggests that bacteria

may be much more abundant in the oceans than previously thought
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(Sieburth, 1977; Azain, Fenchel, Field, Gray, MeyerRell and Thingstad,

1983) and that cyanobacteria may be responsible for a significant

portion of the primary productivity in the oligotrophic ocean (Li,

Subba Rao, Harrison, Smith, Cullen, Irwin and Platt, 1983; Platt,

Subba Rao and Irwin, 1983).

In this paper we present data which indicate that vertically

narrow maxima and minima of reduced gases are common in the tropical

Pacific. We also present vertical profiles of bacterial counts which

show maxima and minima and present evidence that linkages exist

between the microbial populations and the reduced gases.
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Sampling

The measurements reported here from the eastern tropical North

Pacific (ETNP) were made during the WELOC 77I cruise of R/V Wecoma

in January, 1971 (Cohen, Lilley and Gordon 1978). The data from the

region of the Galapagos Spreading Center were obtained during three

cruises; Pleiades II of R/V Melville in June 1976, Cruise 64 of a/v

Knorr in June 1977 and the Galapagos return cruise of R/V Gifliss in

March 1979. The three stations along 158°W were sampled during Leg 15

(R/V Wecoma) of the NORPAX Hawaii to Tahiti Schuttle Experiment

(Wyrtki, Firing, Halpern, Knox, McNally, Patzert, Stroup, Taft and

Williams, 1981) in May, 1980. The station locations are given in

Figure 2.1 and Table 2.1. In all cases samples were taken by

hydrocast in 5, 10 or 30 1 PVC Sample bottles.

Analytical Procedures

The procedure used to measure hydrogen and methane has been

previously described (Lilley, Baross and Gordon, 1982). Nitrous

oxide was determined by the method of Cohen (19]]). Both methods

involve stripping the gases from seawater, trapping on molecular sieve

at low temperature, desorption from the sieve and analysis by gas

chromatography. Dissolved oxygen was measured according to the

Carpenter (1965) modification of the Winkler Method. On the NORPAX

cruise nutrients were measured by an AutoAnalyzer II system (Broecker,

Spencer and Craig, 1982). On this same cruise, subsamples for

bacterial counts were fixed with neutralized glutaraldehyde (Tousiinis)

to a final concentration of 2Y. Dilutions of these samples were
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Figure 2.1. Map showing station locations.



Table 2.1. Station Locations

Site Station No. Date Lattitude Longitude

ETNP 6 19 Jan 77 15° 29.5'N 112° 00' W

12 26 Jan 77 15° 7.O'N 105° 58.9'W

15 30 Jan 77 7° 46.4'N 87° 49.5'W

21°N 1 2 Nov 79 200 52' N 109° 13' W

4 6 Nov 79 20° 57' N 109° 00' W

Galapagos Rift 86 3 Mar 79 2° 12.I'N 85° 02.2'W

106 7 Mar 79 0° 48.5'N 86° 05.Ô'W

118 10 Mar 79 0° 36.2'N 86° 05.8'W

135 15 Mar 79 0° 35.8'N 860 4.8' W

139 16 Mar 79 0° 47.7'N 86° 07.7'W

NORPAX XV 51 10 June 80 5° 59' N 158° 00' W

XV 53 11 June 80 8° 00' N 158° 01' W

55 11 June 80 10° 00' N 158° 01' W
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filtered through 0.2 jim nuclepore filters and stained with acridine

orange as described by Zimmerman and MeyerReil (1974). The cells

were counted using a Zeiss IV FL epifluorescence microscope fitted

with KP 500, KP 490, RFI 510, and LP 528 filters. ATP was determined

by a modification of the technique given by HolrnHansen and Booth

(1966). Water samples (100 ml) were filtered through 0.2 urn

Nuc1epore filters, the filters were then placed fri 5 ml of boiling

0.02 in Tris buffer at pH 7.75 and boiled for four minutes to extract

the ATP. The samples were then held frozen until analysis with a

PicoLite luminometer analyzer (Packard).
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RESULTS

Eastern Tropical North Pacific (ETNP)

Hydrography. The water masses of the ETNP consist of four principal

water types (Figure 2.2): (1) Tropical Surface Water (TSW), (2) Sub-

tropical Subsurface Water (SWS) which is responsible for the salinity

maximum whose depth varies but is at about 200 in for the stations

studied, (3) Intermediate Water (1W) which is responsible for the

salinity minimum centered at about 800 in in this region, and (4)

Pacific Deep Water (PDW). Water on the mixing line between the

salinity maxinlilni and salinity minimum is known as Equatorial Pacific

Water (EPW) (Sverdrup, Johnson and Fleming, 1942).

The station at 21°N shows the influence of two other water types.

The high surface salinity results from the proximity of this station

to the Gulf of California where surface salinities in excess of 35%.,

are common (Roden and Groves, 1959). The shallow salinity minimum

indicates the presence of California Current Water (CCW) (Reid, 1973).

Reducedgasprofiles. Figure 2.3 is a composite vertical profile of

the molecular hydrogen concentrations found during the WELOC-77 cruise

to the ETNP. The main features seen were surface saturation factors

ranging from 1.5 to 2.8, frequent instances of supersaturation to a

depth of 200 ni and, with a few exceptions, undersaturation below 200

in. Figure 2.4 shows hydrogen profiles from stations 6, 12, and 15.

The sub-surface maxima seen at 25 m was coincident with 2 maxima at

both stations 6 and 12. Near surface maxima were not detected for
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either H2 or 02 at the other WELOC-77 stations but this may have been

due to sample spacing. The H2 maxima near 200 m at stations 6 and 12

were associated with the salinity maximum of the SSW. These 11z maxima

were thin arid their location and magnitude in our profiles were likely

a function of sample spacing. At both stations 6 and 12 the salinity

maximum occurred at 175 m but these depths were not sampled for gases.

At station 15 in the Costa Rica Dome area the salinity maximum was at

200 m where we have no gas data but the next sample point below the

salinity maximum (31.1 ut) again showed a H2 maximum.

The H2 and CHi profiles shown in Figure 2.5, represent four

separate casts made over a four day period in November, 1979, at

20.5°N, 109.9°W. The shallow H2 maximum at 9 tu, coincidental with a

salinity maximum (Figure 2.6), showed a H2 concentration much higher

than that at stations 6 and 12 but comparable to surface values

reported by Setser, etal. (1982) near 31°N off Baja California. The

H2 maximum at 142 m was just above the core of the main, salinity

maximuum arid the CR44 maximum at 95 m was near the base of the shallow

theriuocline. Both U2 and CH showed a maximum at 365 to, however, this

cast was made 3 days later and, a few miles away from the surface cast

and this maximum may have resulted from temporal and/or spatial

differences. The H2 maximum at 1553 m did not coincide with anomalies

in other measured variables but we have no reason to doubt the

integrity of this sample. The high H2 and CHt concentrations in the

lower 500 m originated from the seafloor hot spring emanations at

this location. (Lilley, Baross and Gordon, in press; Weihan and

Craig, in press).
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Galapagos Spreading Center

Uydrography. The TS characteristics of the water column at the

Galapagos station were similar to those seen at the ETNP stations

except that the salinity maximum was considerably shallower (Figure

2.7). The Equatorial Surface Water of this region is comprised of TSW

(warm, high salinity) and water from the Peru Current (cold, high

salinity) south of the front. The TS data in Figure 2.7 indicate

that the front was probably south of this station in 1976 and north of

it in 1977.

A composite of the 02 data collected during the three occupations

of this station (Figure 2.8) indicates that the 02 minimum in this

region is centered at roughly 400 m.

Reduced 1profiles. The composite H2 profile for this Station

(Figure 2.9) was similar to that of the ETNP (Figure 2.3) in that

surface concentrations were supersaturated and most of the water

column was unsaturated. A marked difference, however, was the

detection of 2 maxima associated with the 02-minimum. The deep

supersaturated values were found during nearbottom casts on the ridge

Crest and resulted from hydrothermal input (Lilleyetal., in press).

Methane analyses were carried out in 1979 and these data are

shown in Figure 2.10. The surface waters were supersaturated and a

pronounced maximum was seen at station 106. H2, CR14 and 02 profiles

for the two shallow Casts are shown in expanded scale in Figure 2.11.

Due to the sampling interval, it is impossible to tell if a CTlt

niaxinium existed at station 135 but there was a significant
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difference in CH1. concentrations at 40 in at these two stations and In

H2 and 2 as well. Note that at station 106 the H2 concentration

changed by a factor of 2 between 9 and 11 m and the H2 maximum was

again associated with a slight 0 maximum.

Nitrous oxide was also measured in 1979 (Figure 2.12) and found

to exhibit a concentration profile similar to that reported by Cohen

and Gordon (1978) for ETNP stations at which denitrification was not

occurring.

NORPAX Stations Along 158°W

Hydrography. The relationship of the three stations discussed in this

section to the Ejuatorial current system can be seen in the contour

plot of temperature along 158°J (Figure 2.13). The North Equatorial

Current (NEC) flows to the west between about 8°N and 20°N and is

characterized by a northsouth upward slope of the thermocline. The

North Equatorial Countercurrent (NECC) flows from west to east between

the ridge in the therinocline at 8°N and the trough at 4°N which marks

the northern boundary of the South Equatorial Current (SEC). These

boundaries are variable and the 14°C isotherm is often used to

delineate their locations (Wyrtki, etal., 1981). Thus the station at

6°N was within the NECC, the 8°N Station was in the transition zone

between the currents and the station at 10°N was within the NEC. This

upwelling system which does not intercept the surface and the

equatorial current system are shown schematically in Figure 2.14. The

oxygen and nitrate isopleths (Figures 2.15 and 2.16) showed greater

slopes than the isopycnals (Figure 2.17).
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Temperature-salinity diagrams for the three stations sampled for

reduced gases are shown in Figure 2.18. The closed circles represent

hydrocast data; the open cireles are data points taken from CTD Casts

conducted immediately prior to the hydrocasts and used here to help

delineate the T-S structure. Cast overlap at 8°N was very good;

however, at 6°N and 10°N the hydrocasts sampled water in the zone from

75-200 m that, based upon salinity and water chemistry data, had been

20-30 in deeper during the rosette casts. Therefore the vertical

relationship of salinity features from the rosette Casts to our

hydrocasts at these two stations is only approximate. The T-S

characteristics of the 8°N station were similar to those at 10°N,

differing principally in a vertical displacement of features due to

upwelling. The salinity minimum of the CCW and the maximum due to

SSW were well developed at both these stations. In contrast, these

features were much less pronounced at 6°N in the eastward flowing

NE CC.

Vertical profiles of temperature, salinity, sigma a and 02 for

these three stations are depicted in Figure 2.19. Note that the

02 values in the 02-minimum at 6°N were considerably higher than at

the other two staitons where the continuation of the intense

02-minimum zone extending westward from the ETNP was evident (Reid,

1965). A slight increase in 02 concentration was present at or near

the salinity maximum at all three stations.

Nitrogen species. Vertical profiles of NO3, NO2, NH3 and N20 are

shown in Figure 2.20 along with 02 for reference. Sample spacing on
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our hydrocasts at 6°N and 10°N was such that the primary NO2 maximum

was not seen. The NO2 data shown for these stations resulted from the

rosette casts which preceeded our casts by about one hour. As

appreciably different water was sampled by these sequential casts in

the depth range from 75 to 300 m, the vertical location of the NO2

maximum relative to the other variables is approximate at these

stations. At 8°N, the peak NO2 value at 98 m was determined from our

hydrocast sample.

Reduced gases. The observed concentrations of H2, CH and N20

(Figures 2.21 - 2.23) are shown relative to the concentrations which

would result if water of the in-situ temperature and salinity were in

equilibrium with the atmosphere (dotted lines).

The H2 profiles (Figure 2.21) were similar to those of the ETNP

in that near-surface values were supersaturated, and considerable

small-scale structure was evident. A subsurface °2 maximum was not

seen at the depth (10 m) of the shallow H2 maximum at 6N, but a

pronounced NH3 minimum was found at this depth (Figure 2.20).

CH at 6°N was undersaturated throughtout the profile (Figure

2.22) and showed little structure except for a minimum at 10 m

corresponding to the H2 maximum and NH3 minimum mentioned above. In

contrast, the water column at 8°N was supersaturaed down to 117 m

indicating that CHt production may have been taking place in this

zone. At 1UN CHj4 followed the saturation concentration fairly

closely down to 147 m and then showed sharp naxima and minima in the

02-minimum zone. The relationships between C11i1,, H2 and 02 can be seen
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in Figure 2.24. The H2 and Ci profiles from 5°N, 150°W (Figure 2.25)

are shown in order to contrast them with those of 6N, 158°W (both

stations were within the NECC). The surface CH concentration at 5N,

150°W was only 18% of saturation compared to 96% at 6°N, 158°W. This

low surface value was the lowest C}I concentration measured in the

region at any depth.

The N20 concentration in the 02-minimum at 6°N (Figure 2.23) is

similar to that seen at the Galapagos (Figure 2.12) but less than half

that developed in the more intense 02-minima at 8°N and 10°N.

Bacterial Counts and ATP. Vertical profiles of total bacterial counts

(determined by epifluorescent microscopy) and ATP are displayed in

Figure 2.26. These data show that the bacterial population can vary

by more than an order of siagnitude n very thin vertical strata. In

most cases the highest numbers of bacteria are associated with samples

that contained high amounts of particulate matter and in those cases

the preponderance of bacteria were associated with the particulates.

At 6°N, a few (< 1/ field) organisms resembling Chroococcales

were observed at 10 m along with flagellated protozoans (12/ 20

fields) and considerable particulate matter. At 219 m, high numbers

of large (> 5 tim) round organisms in chains and branched chains were

seen. These organisms stained green rather than orange with acridine

orange; some detrital particles at this depth contained more than 10

organisms! particle. However, at 195 m none of these large cells were

seen and at 243 in little particulate and few of the large cells were

present.
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With the exception of the sample at 10 in, the water in the upper

100 in at 8°N contained niuch particulate and significant numbers of

protozoans (1-3/ field). The large round cells mentioned above were

not seen at this station.

At 10°N protozoan numbers were insignificant and particulate

levels were less than at 8°N. At 197 m there were many irregularly

shaped cells (1-5 m) with moropholagical characteristics similar to

the large cells seen at 219 in at 6°N. These large cells were not seen

at any other depth at this station.

The ATP data shown here were determined after the extracted

samples had been stored frozen for 18 months. We have no data on

sample storage over this length of time and are uncertain of the

accuracy of the data but we feel that trends depicted by the data

should be reliable. A rather close correlation existed between ATP

and bacterial counts at 8°N; at 10°N there were instances of both

positive and negative correlation while at 6°N, particularly in the

02-minimum, the anti-correlation was striking. ATP values tended to

increase in the 02-minimum and also showed peaks associated with the

large numbers of bacteria seen at the top of the therniocline at 8 and

10°N. ATP and II2 were closely correlated in the 02-iiiinimum at 6°N

(Figure 2.27) and peaks in the concentration of both occurred in the

Oz-minimum at 10°N but we saw no evidence of such a correlation at

8°N.
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DISCUSSION

Hydrogen. The data presented here show that the surface waters of the

tropical Pacific are supersaturated in 2 with respect to the

atmosphere by a factor of 1.5 to 2.8. The deep water with local

exceptions such as the 21°N hydrothermal site, is undersaturated.

This is consistent with the tropical North Atlantic findings of Seller

and Schmidt (1974) and Herr and Barger (1978). Scranton, Jones

and Herr (1982) found that Mediterranean surface water was

supersaturated by factors of two to four and the deep water at or near

Saturation.

Our data and those of others show numerous examples of subsurface

2 maxima which can be grouped into four general categories 1)

near-surface (10-25 m), 2) near the top of or within the pycnocline,

3) associated with salinity uiaxiina (often just above) and water mass

transitions, and 4) those associated with mid-ocean ridges. We saw

near-surface H2 maxima in each of our study areas, usually associated

with 02-rnaxlma. This is a strong indication that H2 production is

associated with photosynthesis, either directly or indirectly. H2 has

only been shown to correlate with fluorescence in near-shore waters

(Setser, Bullister, Frank, Guinasso and Schink, 1982). Similar near

surface maxima have been reported by Bullister, Guinasso and Schink

(1979) for the tropical Pacific and by Scranton, etal. (1982) from

the Mediteranean. A H2 maximum occurred at the top of the pycnocline

at 6°N and all the stations shown from the ETNP exhibit 112 maxima near

salinity maxima. The deep maxima at 21°N (Figure 2.5) result from

hydrothermal input from the }ast Pacific Rise (Lilley, etal., in
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press) and the deep maximum at station 15 (Figure 2.4) may represent

hydrothermal activity from the Costa Rica Rift.

Except for the deep hydrothermal input, H2 is considered by most

workers to be ulicrobially prodi.ic.ed and the hydrothermal input may also

have a microbial component (Baross, Lilley and Gordon, 1982). With

the exception of some organisms which can produce H2 in aerobic

environments while fixing 2 (Brill, 1980), the microbial production

of H2 is an anaerobic process. Anaerobic heterotrophs and

photosynthetic bacteria are among the most common producers of H2

(Zajicetal., 1978). However anaerobic environments generally

include organisms which utilize H2 (e.g. SO4 reducers and methanogens)

such that the 112 concentration is kept at low levels. This has been

shown to be the case in an anoxic fjord (Lilley, Baross and Gordon,

1982) and in a shallow salt pond (Scranton and Loud, 1982). The

organisms respOnsible for H2 production in the euphotic zone may be

N2-fixing cyanobacteria (Herr, etal. 1981). These organisms are

widespread in the tropical oceans (Johnson and Sieburth, 1979;

.1aterbury, atsou, Guillard and Brand, 1979) but it has not yet been

shown that they are responsible for the high levels of surface H2. An

alternative explanation, as yet untested, is that H2 may be produced

by incomplete oxidation of NI-i3 and Cl-i4 by nitrifiers and

methylotrophs, respectively.

The persistent H2 maximum associated with the 02-minimum at the

Galapagos station is within the Equatorial Pacific water mass and is

not associated with a salinity maximum.. non-migrating deep

scattering layer was detected at this Station at 350 mu in 1976
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(Bishop, Collier, Kettens and Ethnond, 1980) indicating that this

02-minimum region was a zone of concentrated biological activity.

Increased microbiological activity in 02-minimum zones have been

reported by Sorokin (1971b, 1981), Karl etal. (1976) and by Karl

(1979). Devol, Packard and Hoim-Hansen (1976) reported a respiration

maximum in the O-mininjuin of the ETNP. These activity nieasureuiertts,

the H2 maxima and the occurrance of Mn (Klinkhamer and Bender, 1980;

Landing and Bruland, 1980) and Fe (Gordon, Martin and Knauer, 19S2)

maxima in the 02 minimum indicates that chemical-microbiological

processes occur in the 02 minimum which involve reduced gases and

metals. Our NORPAX stations also indicate that thin strata of

increased activity occur in the 02-minimum. The 02-minimum in this

region is associated with a salinity maximum as well.

Methane. CH4. profiles are simpler than those of H2. Surface values

generally range from 1.2 to 1.5 times atmospheric equilibrium;

pronounced maxima with concentrations 2-3 times the surface value are

often associated with the pycnocline; deep waters range from 10-30% of

saturation (Lamontagne, Swinnerton, Linnenbom and Smith, 1973). One

group of bacteria, the methanogens, comprises the only known

biological source of CHt.. As these organisms are extremely Sensitive

to 02 (Wolfe and Higgins, 1979), the occurrence of a CH maximum in

the upper water column is particularly interesting. Suggested

anaerobic micro-environments which might harbor methanogens include
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fecal pellets (Scranton and Brewer, 1977), zooplanktort guts (Traganza,

Swinnerton and Cheek, 1979; Oreinland, 1979), suspended particulates

(Brooks, Reid and Bernard, 1981; Burke, Reid, Brooks and Lavoie, 1983)

and protozoans (IAlley, etal. 1982). tn addition, Scranton and

Brewer (1977) have suggested that CH might be a byproduct of algal

metabolism.

The pronounced CH maximum at 21°N (Figure 2.5) occurred in

the transition zone between California Current Water and the

Subtropical Subsurface I1ater and is typical for the ETNP (Burke et

al., 1983). The Galapagos data (Figure 2.11) show that CH

concentrations can vary considerably in space and time and it is

possible that a maximum was not present at all at station 135. At the

NORPAX stations we saw no evidence of a C& maximum at 6N and

supersaturation at only one depth, 39 ii. At 8°N the water column was

supersaturated with CR4 down to 1.17 m and flagellated protozoans

associated with particulate matter were much more common in the

bacterial samples from the upper Waters of this station than in those

from 6 or 10°N. Again, this correlation between Cl-b4 and protozoans

prompts us to suggest that methanogens may be associated with

protozoans in CH maximum zones (killeyetal., 1982).

The bacterial oxidation of CR4 is of considerable importance In

the carbon cycle of aquatic ecosystems (Hanson, 1980; Rudd and

Taylor, 1980). Almost all of this work was done in lakes and the

predominant CR4 oxidizing organisms found were facultative

microaerophilic N2fixers (Rudd, Furutani, Flett and Hamilton, 1976).



52

There has been little investigation of CH oxidation in marine systems

but Sansone and Martins (1978) reported that CH oxidation rates in

bottom water from Cape Lookout Bight, North Carolina were dependent

upon both 02 and dissolved inorganic nitrogen (DIN) concentrations.

They showed that unless the DIN concentrations were above 15-16 pM,

the organisms were 02 sensitive and the CR4 oxidation rate dropped an

order of magnitude above 90 pM 02. This again suggests facultative

microaerophilic organisms were responsible for CHk oxidation.

However, water column CHt oxidation rates measured in the Bering

Sea were independent of both 02 and DIN concentrations (Griffiths,

Caidwell, Cline, Broich and Morita, 1982). Based upon the low CH

concentrations and turnover times they measured, Griffiths etal.

(1982) suggested that it is unlikely that organisms could survive

which depended solely upon the low CR4 concentrations in the open

ocean as an energy source. They also suggest that the CR4 oxidizers

may be autotrophs which are able to cooxidize CR4, Ni-i3 and other

simple compounds as energy sources. Building upon this hypothesis,

Jones and Morita (1983) have shown that marine NH3-oxidizing bacteria

are capable of using CR4 as an energy source and suggest that such

organisms may play an important role in the cycling of CR4 in marine

waters. The surface CR4 concentration at 5°N, 150°W (Figure 2.25) was

less than 20% of atmosphere equilibrium and is the lowest open ocean

value of which we are aware. A surface concentration this far from

equilibrium could only be maintained by an active population of

methane-oxidizers and, as the surface NO3 concentration was 0.3 pmol
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kg1 (PACODF, 1981), the organisms responsible for these low CH

concentrations are apparently less 02 sensitive than those studied

to date in lakes and estuaries and may be more similar to those found

in the Bering Sea. This station and the station at 6°N, 158GW (Figure

2.22) were both within the NECC and, taken together, they illustrate

the diversity that can occur in C}i profiles over a relatively fine

spatial scale. It is interesting to note that the C}1i. minimum seen at

10 m at 6°N, 158°W corresponded with the observation of organisms

which, due to their morphology, we believed were chroococcales

(Waterbury, Watson, Guillard and Brand, 1979). Some methylotrophs

have a similar morphology (Whittenbury, Phillips and Wilkinson, 1970)

and the occurrence of these organisms with a CHt, minimum suggests that

they may have been methane oxidizers.

Nitrous oxide. N20 has been shown to be produced by both

nitrification (Yoshida and Alexander 1970) and denitrification (Payne,

1981). In marine waters it is correlated with NO3 and anticorrelated

with 02 and thus has been suggested to result from nitrification

(Yoshinari, 1973; Cohen and Gordon, 1979). In low oxic and anoxic

waters where denitrification was occuring, N20 was consumed (Cohen and

Gordon, 1978; Cohen, 1978).

The occurrence of linear relationships between N20 (N20 meas. -

N20 sat.) and AOU has led to the hypothesis that nitrification is the

principal N20 production process in the oceans (Yoshinari, 1973; Cohen

and Gordon, 1979) and marine nitrifiers have since been shown to

produce N20 (Goreau, Kaplan, Wofsy, McElroy, Valois and Watson, 1980).
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As seen in Figure 2.28, our N20 data from the Galapagos and 6°N, 158°W

fall along the slope determined by Cohen and Gordon (1978) for the

ETNP and indicates that this relationship holds over much of the

tropical Pacific. In contrast, the 8 and 1O°N stations show greater

amounts of N20 produced for a given value of AOU, as previously

seen in this region by Elkins, et al. (1978). The values connected by

the dashed line correspond to 02 concentrations less than 17 im which

Cohen and Gordon (1978) found as the lower limit at which the linear

relationship held at the ETNP. Unlike the ETNP where Cohen and Gordon

(1978) reported denitrification and net N20 consumption associated

with low 02 values, we encountered narrow zones of intense N20

production at both 8°N and 10°N and no indication of a secondary

NOj maximum which is usually taken as evidence of denitrification.

The N20 concentration peaks are associated with the upwelling of

NO3 in this region. Note that the maximum at 8°N is considerably

shallower than at 10°N (Figure 2.20) and both peaks are near to the

30 pmol kg1 NO3 isopleth (Figure 2.16).

Recently, organisms other than nitriflers or denitrifiers have

been shown to produce N20 (Bleakley and Tiedje, 1982). These include

bacteria capable of reducing NO3 to N20 but not N20 to N2 as true

denitrifiers do, assimilatory nitrate reducers and some yeasts and

fungi. In contrast to denicrifiers the nitrate respirers do not

appear to be inhibited by 02. Dissirailatory NO3 reduction by

such organisms may account for the thin zone of high N20 production

we found.
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Bacterial iomass. Out microbial count data are consistent with the

values reported by Sorokin (1971a) for the western equatorial Pacific.

Also in agreement with Sorokin is our finding that bacteria occur in

thin strata with a major peak at the top of the thermocline. Other

groups who have recently applied epifluorescence microscopy to samples

from the Atlantic off southern Africa (Hobble, Daley and Jasper,

1977), the Sargasso Sea (Caron, Davis, Madin and Seiburth, 1982) and

the Costa Rica Dome area of the Pacific (Li, etal., 1983) have

reported similar microbial numbers.

Our microscopic observations showed that for the majority of

samples which contained significant levels of particulater matter,

most of the bacteria were associated with the particles. Most of the

particulate material we encountered was heavily colonized but there

were occasional samples in which the particulaces were lightly

colonized and the majority of bacteria free living. Thus the ratio of

free living to attached bacteria can be considerably different over a

small space scale. This finding may help explain the diversity of

results reported concerning free-living vs attached bacteria. For

example, Caron eral. (1982) observed bacterial densities on marine

snow in the Sargasso Sea which exceeded the number of free bacteria

from 2 to more than 100 times. But Azam and Hodson (1977) found that

attatched bacteria accounted for only 10% of the heterotrophic

activity in the coastal waters of California and northwest Africa.

Linley and Field (1982) concluded that only 5% of the bacteria in an

upwelling zone off the west coast of South Africa were attached to
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particulates but they accounted for 34% of the biotnass since they were

larger than the freeliving forms.

Our profiles also showed that bacterial types and total numbers

can be highly stratified in the water column. For example, at a depth

of 197 in at 1O°N we observed many irregularly shaped, large (-5pm)

cells which were approximately 10% of the total count while none of

these organisms were seen at 187 or 207 in. These organisms also make

up about 10% of the total at 219 in at 6°N but none were found at 8°N.

gacterial biom.ass values calculated from ATP and from bacterial

numbers are shown in Table 2.2. These calculations assume that carbon

= 250 ATP (Hamilton and HoImHansen, 1967), that the average cell is a

coccus with a diameter of 0.58 urn, density of 1.1 gcm3, and has a

carbon to wet weight ratio of 0.1. ATP and bacterial number

calculations of biomass give different values which could result from

several causes. The ratio between ATP and carbon varies considerably

with physiological States of organisms. Other potential problems

include incomplete extraction of ATP from organisms associated with

detrital particles and ATP loss during sample storage. Error will

also result from our estimate of 0.58 im as the average cell diameter.

Cell sizes ranged from 0.2 - 5 jira and at specific depths a given size

may predominate. An estimate of the magnitude of this error can be

made by recalculating the biomass for 177 m at 1O°N using an average

cell cianieter of 0.2 uim, a better estimate for this particular sample.

This gives a biomass of 0.04 u'C 11 as opposed to 0.9 ugCl' obtained

using the overall average diameter. While epiflourescent counts

coupled with electron microscopy for estimating cell volumes is



Table 2.2 Bacterial Bioass

6 °N

Carbou (pg/i)

Cell2
Depth AT?1 Count

8N

Carbon (pg/i)

Cell

Depth ATP Count

10°N

Carbon (jig/i)

Cell
Depth AT? Count

5 7a

1 1.8 0.8 1 2.2 3.0 1 1.8 3.8

10 1.4 2.2 10 0.8 2.5 10 2.8 1.1

39 1.6 0.4 39 0.8 2.3 39 3.0 0.8

73 1.5 0.4 73 2.2 13.0 74 4.6 15.0

146 1.1 0.1 98 2.2 1.3 147 3.0 0.7

170 1.5 0.6 117 0.9 0.1 177 1.8 0.9

195. 2.2 0.1 137 1.5 0.5 187 2.0 0.7

2.19 0.7 1.0 156 1.5 0.4 197 2.4 0.4

243 1.8 0.2 176 0.9 0.1 207 2.0 0.05

292 1.0 0.04 195 1.0 0.2 216 2.0 0.2

341 1.0 0.3 342 1.2 0.3 344 1.9 0.3

487 1.5 0.2 488 0.8 0.2 493 3.5 0.1

1 C = 250 ATP

2 1O_114 gC/cell



considered to be the best method at present for estimating bacterial

biomass (Azametal., 1983), our results indicate that each sample in

a profile must be carefully sized to avoid errors caused by averaging

over wide size ranges.

A rough comparison of bacterial and phytoplankton biomass can be

obtained by assuming that the average value of 19.6 mg ni--i of

chlorophyll a found in the tropical Pacific (5°N 20°N and 128°

155°W) by ElSayed and Taguchi (1979) is typical of the euphotic zone

in our study area. This value coupled with the range of values (25-

100) reported for the carbon to chlorophyll a ratio (Raymont, 1980)

yields 490-1960 iugC ni-2. For our station at 8N, assuming that the

bacterial biomass maximum at 73 m constitutes a layer 20 in thick and

integrating to 170 in, as did ElSayed and Taguchi, we get 456 rngC ru2.

These estimates indicate that the bacteria may constitute a

significant fraction of the planktonic biomass in this region. The

recent finding by Li etal. (1983) that a large fraction of the

chlorophyll in the Costa Rica Dome area is associated with

cyanobacteria supports this hypothesis.

In summary, this work has shown that a large area of the tropical

Pacific surface water was supersaturated with H2 by a factor of 1.5 to

2.8 and that the deep water was 60 70% of saturation. Thin

maxima and minima at depth were common and appear to be influenced by

both biological and physical oceanographic processes. Surface

CH saturation levels ranged from 207. of equilibrium at 5°N, 150°W to

150% at the Galapagos. CH concentrations appear to be correlated

with numbers of protozoans at the NORPAX stations. Intense, thin N20



maxima were seen at stations at 8 and 1O°N where upwelling of nutrient

rich water was occurring, which indicates that NO3 may be the

substrate for N20 production in this particular situation.

Bacterial counts also revealed thin strata of maxima and minima

with the highest numbers (1O6 m11) occurring near the top of the

thermocline. The numbers of free living vs attached bacteria varied

appreciably in the vertical arid the bacterial biomass was estimated to

be within the range of 20 - 90% of the biomass of the primary

producers.

The observation of thin strata of high and low concentrations of

reduced trace gases and nearly coincident thin strata of particulates

heavily colonized by bacteria and protozoans strongly support the

hypothesis of a causal relationship between microorganisms and

reduced trace gases in the open seas.
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ABST1ACT

Hydrogen, methane, and relevant microbiological arid hydrographic

observations were made to study the processes responsible for the

observed distribution of the gases in Saanich Inlet, a seasonally

anoxic fjord. Concentrations of surface waters were up to 22 (H2) and

13 (CHit) times atmospheric saturation. Below the surface hydrogen

fell to undersaturation, rising to above saturation in the anoxic

layer. Methane increased to a maximum at 30 m, and after a minimum at

125 in, increased greatly in the anoxic layer. Microbes cultured from

inlet surface water produced hydrogen under experimental conditions,

not by nitrogen fixation but while apparently denitrifying. Large

numbers of protozoa present may provide anaerobic microniches for

hydrogen and methane production, as might the intestinal tracts of the

large populations of higher organisms in the inlet. Methane profiles

in the upper 50 in are typical of waters outside the inlet, indicating

regional sources and sinks. Hydrogen production and consumption

rates, inferred to be rapid in the anoxic waters, nearly balance so

that only slight increases in hydrogen occur there.



INTRODUCTION

In marine waters the concentrations of hydrogen (H2) and methane

(CB) vary widely yet do not correlate with commonly measured

oceanographic variables. Although microbiological processes known to

produce the gases require anoxic conditions, several studies show

oxygenated surface and nearsurface waters with H2 or CH at

supersaturation. Much previous work has focused on either H2 or

However, a combined chemical and microbiological study treating both

gases should improve our understanding of the processes that control

their distribution in the marine environment.

Several workers (Seller and Schmidt, 1974; Herrand Barger, 1978;

Bullister, Guinasso and Schirik, 1979; Herr, Scranton and Barger, 1981)

found variable surface saturation ratiost (SR) for marine H2 of <1 to

2.4 in surface waters and generally undersaturation in deeper waters.

Methane concentrations in the marine environment were summarized by

Lamontagne, Swinnerton, Linnenbom and Smith (1973), who reported

average saturation ratios for C1* of 1.3 in surface waters and 0.3 in

deep waters. They suggested the CHk maximum commonly found in the

upper 200 m to be biogenic, as do others (Scranton and Brewer, 1977;

Scranton and Farrington, 1977; Traganza, Swinnerton and Cheek, 1979).

t 'Saturation ratio'is the observed concentration of gas divided by
the equilibrium concentration (with the equilibrium gas at its average
partial pressure in the atmosphere at rhe water temperature and
salinity). We used the solubility data of Gordon, Cohen and Standley
(1977) for 112 and Yaivamoto, Alcauskas and Crozier (1976) for CH.
Neither varies significantly from those of Wiesenburg and Guinasso
(1979). The atmospheric contrations used were 0.55 ppmv for 112 and
1.4 ppmv for CH.
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Freshwater as well as marine CW cycles were recently reviewed by Rudd

and Taylor (1980), but no study has shown a direct link between

distributions and processes.

Methane is formed by one group of bacteria, the methanogens, which

utilize mainly acetate, CO2, and H2 as substrates. Methane can be

oxidized by a limited group of chemosynthetie bacteria, notably the

methylocrophs (Wolfe and Higgens, 1979). On the other hand, many

microorganisms produce and consume H2 (Cole, 1976). Biological

H2 production is usually associated with either the hydrogenase enzyme

of anaerobic heterotrophs and photosynthetic bacteria (Gray and Cast,

1965) or the ATF-dependent activity of nitrogenase (Brill, 1980).

Denitrificaiton, sulfate reduction, and CH formation are common

Hz-utilizing microbiological processes in anoxic or oxygen-deficient

environments (Cole, 1976). Hydrogen is probably the most versatile

energy source available to chemolithotrophic bacteria (Ehrlich, 1978)

and therefore it is closely linked to the biogeochemical cycles of

N2, O, C, and S. However, the extent to which it is involved in

marine environments has not been evaluated.

Reported hare are vertical distributions of H2 and CH and

relevant microbiological observations in Saanich Inlet, an

intermittently anoxic fjord on the southeastern side of Vancouver

Island, British Columbia.
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EXPERIMENTAL PROCEDURE S

Data were obtained in 1977 and 1978 from the mid-channel locations

listed in Table 3.1. Samples for gas analyses were transferred from

custom 5-1 Pvc samplers to 1-1 Pyrex glass containers with Teflon®

plug stopcocks at either end, and poisoned by adding HgC12 to 75 ppm

Hg2 with thorough mixing. The July 1977 samples were analyzed within

24 h of collection; the1978 samples were returned to the laboratory

and analyzed about one week after collection. (Experiments have shown

that this procedure results in stable H2 and C}1t concentrations.)

The gas chromatograph (Fig. 3.1) was adapted from Swinnerton and

Linnenboin (1967). The gases were stripped for 10 ida (helium flow,

125 ml min1). In June 1977, one liquid nitrogen cooled trap, T4, was

used and only 112 measured. In June 1978, traps T3 (in a dry

ice-acetone bath) and T4 were used to collect both H2 and CH for

determination with a helium ionization detector (HID). In August

1978, column Cl was connected directly to the HID (at A, Fig. 3.1) and

column C2 to a flame ionization detector (FID) (at B, Fig. 3.1),

eliminating valve V6. The HID was from a Beckiaan Model GC-55 gas

chromatograph. Peak areas were measured with a Hewlett Packard 3373B

digital integrator.

Gas standards (Matheson Primary Standard, 60 ± 0.6 ppmv H2 and

Scott Gravimetric Master, 25.3 ± 0.3 ppmv CH4) passed from the sample

loops through the stripping system. Hydrogen results agreed to ± 4%

with standards we prepared volumetrically. Precisions (± 1 s.d.) were
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Table 3.1. Station Locations

Date Ship Location

July 1977 R/V Thonipson 48° 35.1' N, 123° 30.1' W (Stn. 1)

July 1977 R/V Thompson 48° 33.1' N, 123° 32.7' W (Stn. 2)

June 1978 a/v Onar 48° 35.9' N, 123° 30.1' W

August 1978 Small boat 48° 39.0' N, 123° 30.0' W



Figure 3.1. Flow diagram of the gas chromatograph. Ti is a "U" trap

of 9.5 mm outside diameter COD) x 30.5 cm long stainless steel (SS)

tubing filled with Molecular Sieve® 5A (MSSA). T2 is a three tube

series, each ii mm OD x 25.4 cm Pyrex®, filled with Drierite®, MS3A

and Ascarite®, resp. T3 is 3 mm OD x 18 cm SS tubing filled with

activated charcoal. T4 is 3 mm OD SS tubing filled with MS5A. Vi

is a Cane Micro Volume valve. V4, V5 and V6 are Whitey shut-off

valves. Nupro ultra fine metering valves (N.y.) are used to

control flow. Columns 1, 2, and 3 are 3 Imu OD SS tubing filled

with MS5A. Column I is 6 m long, operated at room temperature;
colunas 2 and 3, 2 m long, at 100° C.
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6% for and 3% for CHt for replicate samples from large-volume water

samplers.

Microbiological samples were obtained in August 1978 with Niskin

sterile bag samplers. Sub-samples for cell counting were fixed with

neutralized glutaraiLdehyde (final concentration, 2%). Generally two

dilutions of the samples were filtered (0.2 jm Nuclepore®), stained

with acridine orange (Zimmerman and Meyer-Reil, 1974), and counted

(Zeiss IV Fl epifluorescence condenser microscope, filters KF 500, IP

490, FT 510, and LP 520) using at least 20 fields for each sample. A

20-ml undiluted sample was also filtered to detect and count low

levels of cyanobacteria and protozoa.

An agar culture tube procedure was used for detecting N2-fixing

bacteria, assuming that such organisms were the principal producers of

H2. The culture media contained trace elements and artificial sea

salts (NaC1, 2.6 g KC1, 0.88 g; MgC12, 0.56 g MgSOi1., 10.76 g;

CaC12 , 0.1 g in 100 ml) (Rippka, Dervelles, Waterbury, Herdman and

Stanier, 1979) with 5% purified agar (Difco) added and the pH adjusted

to 7.5. Succlnate or malate as a carbon source (0.2%) and

Na2S203 (0.2%) were added to the media with or without NaNO3 (0.05%)

as a nitrogen source. A 90-mI water sample was mixed with 10 ml of

the concentrated agar medium (held at 45°C), quickly poured into a

150 ml culture tube, loosely capped, and put into an ice bath to

solidify the agar rapidly. The culture tubes were incubated at 15°C

under continuous illumination with Sylvania Lifeline Gro_Lux® lamps.
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RESULTS

The July 1977 hydrographic and chemical data have been discussed

by Cohen (1978). They are typical of anoxic basins, showing the

disappearance of 02, N0, NOT, and N20 at the oxic-anoxic interface

and the accumulation of NH3, 112S, and pQ3 in the anoxic zone.

The hydrographic and oxygen data of June 1978 shown in Fig. 3.2

are typical of summer conditions in Saanich Inlet (Herlinveaux, 1962).

Four layers with characteristic temperature, salinity, and density

features are evident: from 0 to 9, 9 to 50, 50 to 125 in, and 125 in to

the bottom. Dissolved oxygen has a maximum at 3 in, probably the

photosynthesis maximum, rapidly decreases in the upper 50 in, is almost

constant between 50 and 100 m, then disappears at about 125 iii.

The surface waters were highly supersaturated with respect to

H2 (SR 14 to 52), and H2 profiles show an intense near-surface

gradient (Fig. 3.3). (Surface H2 samples taken from a fiberglass boat

in 1977 did not differ significantly from those taken from R.V.

Thompson, therefore contamination from the metal hull was not a

problem.) The concentrations are an order of magnitude higher than

open-ocean surface values and are similar to those observed by

Bullister, Guinasso and Schink (1982) in Saanich Inlet. The 02-H2S

interface was at approximately 135 in in 977 and at 125 in in June

1978. Below the interface, 11 levels increased.

A 41-h time series study of CB (5 casts to 30 in) was done in June

1978 (Figs. 3.4 and 3.5). The average surface SR was 13. As with H2

this is greater than the open-sea range, but comparable to the results
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of Bullister etal. (1982). A weak CH maximum at 6 to 9 in

intensified during the early morning at low tide. A sharp CH maximum

at 30 m is superimposed upon a broad maxiuiuin between 9 and 50 in.

Temperature and salinity indicated two zones of maximum stability: 0

to 9 and 30 to 50 in. The 6 to 9rn depth range corresponded to a break

in the CHtsalinity relationship.

During the time series the H2 concentration (average given in Fig.

3.3) varies most at 3 in (1.3 to 7.2 ninol 11) and less at the surface

(6.6 to 9.5 nmol l) and 6 in (0.3 to 1.1 ninol 11). Below 6 in the

2 concentrations varied only slightly around a mean of 0.3 umol l'l.

The 2 and CH profiles observed in August 1978 (Fig. 3.6) were

similar to those of June 1978. The bacterial counts from August

showed that a group of large (2 to 3 pm), oval cells comprised about

1OZ of the total bacteria at the surface (Fig. 3.7a, 3.7b). The large

cells were not observed below 15 In. Flagellated protozoa were

observed in the surface waters, frequently associated with detritus

(Fig. 3.7ce).

No filainentous cyanobacteria were seen in the 20 ml filtered

samples. The predominant bacteria in the deeper waters were small

filamentous types (Fig. 3.7e) usually associated with detrital

material. The total cell count profile (Fig. 3.6) shows no

correlation with either CH or 112 but the large cells correlate with

112 above 20 in.
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Figure 3.7. Micrographs of bacteria and protozoans and photo of
culture tube experiment: (a, b) Epifluorescent inicrographs of
abundant large cells observed in surface waters of Saanic.h Inlet.
The bars are 50 un. Note the typical pleomorphism of these large
cells (arrow, b). Light micrographs (c, d, e) of detrital
particles colonized by microorganisms. The bars are 20 no. A
particle from suface water shows extensive bacterial and
flagellated protozoan colonization (c); another, from the surface,
shows abundant large cells (d); and one from 40 in shows filamentous
bacterial colonization (e). A surface water culture tube (f, see
text) shows gas bubbles containing hydrogen (arrows). The

turbidity at the gel surface consisted primarily of large cells
similar to those in (a) and (d). Note the anaerobic colonies in
the bottom third of the tube.
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An agar culture tube (inoculated with Saanich Inlet surface

water, NaNO3 added, and incubated for four weeks) is shown in Figure

3.7f. The method detects and isolates organisms that have a narrow

02 requirement because microbial consumption within the tubes produces

a gradient in 02 concentration. The large gas bubble 5 cm below the

agar surface (Fig. 3.7f, lower arrow, sampled with a syringe)

contained 0.5% H2; the bubble 1 cm below the surface (upper arrow)

contained 0.1% H2. The major constituent in both cases was N2. The

organisms near the bubbles formed purplered colonies typical of

photosynthetic bacteria. Microscopic examination of agar from this

zone revealed neither cyanobacteria nor algae. A surface water

culture without added NaNO3 formed no gas bubbles. Agar samples from

several other depths in this tube had low H2 levels. Similarly

incubated water from 40 and 74 m with and without added NaNO3 produced

neither gas bubbles nor elevated H2 levels in the agar.
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DISCUSSION

It is a biochemical enigma that oxygenated Saanich Inlet surface

waters contain H2 in excess of atmospheric equilibrium because the two

enzymes known to produce H2, hydrogenase and nitrogenase, are both

inactivated by 02 (Krasna, 1979; Brill, 1980). Most microorganisms

containing these enzymes, e.g., photosynthetic bacteria, anaerobic

heterotrophic bacteria, and many green algae (after a hydrogenase

activation period) produce H2 only anaerobically. However, some

cyanobacteria can produce H2 in aerobic environments during

N2 fixation. They have been postulated as a H2 source in surface

seawaters (Herr etal., 1981). Our study did not indicate N2 fixing

activity by cyanobacteria. The predominant large bacteria in the

nearsurface waters are similar in size and morphology to commonly

occurring cyanobactera, order Chroococcales (Waterbury, Watson,

Guillard and Brand, 1979; Johnson and Sleburth, 1979). However,

morphological and size similarities apply equally well to known

species of rnethylotrophs (Whittenbury, Phillips and Wilkinson, 1970).

As H2 formed only in the agar tube with added NaNO3, which

inhibits nitrogenase, N2 fixation could not have been the H2 source in

this experiment. Further, denitrification was involved in the bubble

formation because N2 comprised most of the bubbles sampled. Both

denitrificatiori and H2 formation require low conditions. The

bubbles containing H2 formed in the tube where the diffusive supply of

O was slower than in Saanich surface waters. The experiment shows

that organisms present in the inlet surface water can produce H2 under
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our experimental conditions and indicates that N2 fixation was not

responsible for the H2 supersaturation in Saanich Inlet.

The maximum Ti2 concentrations occur at the surface. However,

our time series study showed no detectable diel varations, so

photoehemistry or a photosynthetic organism is probably not the

source. The only report of diel H2 variations in Saanich or elsewhere

is that of Bullister, etal. (1982) on data from a CEPEX bag. The

varations were small (1.5 nmol 11) and undetectable outside the bag.

Thus, if photosynthesis produces the H2 in the surface and consumption

and diffusive loss also occur, there must be additional production of

comparable importance at night to maintain nearly constant levels.

The H2 cycle is better understood in anoxic than oxjc environments.

Interspecies H2 transfer is an important part of the anoxic food chain

(Wolin, 1976). At the top of the chain anaerobic heterotrophs produce

}12 by fermentation of carbohydrates. Accumulation of H2 inhibits

fermentation. Therefore, H2 utilizers (sulfate reducers or

methanogens) promote continued fermentation of organic compounds and

more H2 production. A symbiosis thus exists between the producers and

consumers of H2. Knowledge of H2 transfer in anaerobic food chains

derives mainly form studies on ruminants (lannotti, Kafkewitz, Wolin

and Bryant, 1973). Little is known about H2 cycling in other anoxic

systems such as marine sediments and enclosed basins, but it is known

that CH does not accumulate in marine sediments until sulfate is

depleted (Martens and Berner, 1974). This is attributed to the more

efficient competition for H2 by sulfate reducers than methanogens when

sulfate is abundant (Oremland and Taylor, 1978). Once sulfate is
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depleted, sulfate reducers and other organisms can grow fernientatively

on lactate and ethanol and the methanogens can then utilize the H2

produced.

High levels of organic carbon (1 to 3 jig 11 dissolved and 0.3 to

1 jig F1 particulate) occur in the upper 40 m of Saanich Inlet

(Fulton, Kennedy, Seki and Stephens, 1969), and the sediments contain

up to 9% organic carbon (Nissenbaum, Baedec.ken and Kaplan, 1972). We

therefore expected that heterotrophic fermentative bacteria would

produce H2 in the anoxic waters, as was found. As the increase is

small, and is accompanied by accumulation of H2S and CU1., in the anoxic

zone, H2 production and consumption rates are nearly in balance. The

high annual accumulation of CM1., and H2S indicates that the rates are

rapid.

Using the 'stagnant film model' we calculate (for a film 100 urn

thick) a flux of CH, to the atmosphere averaging 5.7 nmol GUi., cm-2

day1 during the two-day experiment in June 1978. Using the relation

between Brunt-Vaisala frequency and vertical eddy diffusivity of Quay,

Broecker, 1-lesslein and Schindler (1980), we next obtain for the same

peroid an average upward flux (from the broad maximum through the

upper 9 rn) of 1 nujol CHi., cm2 day'. Uncertainties in the eddy

diffusivities and film thickness are large, but a diffusive flux only

one-sixth of evasion is suggestive of Cth4 production in the upper 9 is.

The analogous calculation for H2 gave an evasive flux of 4.0 ninol

cm2 day', comparable to the CH14 flux.
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The large-scale features of the CR profile above sill depth (70

ni) are closely linked to the hydrography (Fig. 5), showing a broad

maximum between 9 and 50 in. The CHj-salinity curve breaks sharply in

the same 6 to 9-ni zone as does the T-S curve (at = 22.0). The latter

indicates two well-defined water types, at the surface and at 6 to 9

ni, with different CHt concentrations and mixing between them. The

upper depth of the CH2 maximum is controlled by such mixing and

possibly by variations in sourc.e-sink processes. River input may be

important because the lower boundary of the maximum coincides with the

depth to which Frasier River water can be detected during the high

runoff season (Herlinveaux, 1962). The extent to which the Frasier

and other rivers contribute to this maximum is unknown. However, an

Oregon coastal river (Yaquina) has shown CH concentrations in excess

of 500 nmol 1 and estuarine concentrations comparable to Saanich

Inlet (Lilley, Baross and Gordon, 1980).

The CHt4 maximum occurs at depths in which free exchange occurs

between the inlet, its approaches, and the Strait of Georgia. The

CH4 minimum at 125 iii isolates the shallow maximum from diffusive input

from the anoxic, high deep waters of the inlet. Also, in October

1978 (data not presented) after the inlet had flushed and was

oxygenated throughout, the CHk profiles in the upper 70 m (above sill

depth) were similar to those of June and August 1978. The free

physical exchange, relative isolation from the anoxic layer, and

relatively unchanged water-column profile over a five-month period

suggest that the CH profiles in the upper 50 ci of Saanich Inlet are a

regional feature.
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Methane naxima are frequently encountered far offshore where

physical transport form nearshore or bottom sources can be ruled Out.

The sources of such maxima are believed to be in situ biological

activity (Lam.ontagne etal., 1973; Scranton and Brewer, 1977; Scranton

and Farrington, 1977). As methanogens are strict anaerobes (Jolfe arid

Higgins, 1979), the question of how CH formation persists in the oxic

water column is important. The commonly suggested explanations are

reduced microenvironments in suspended particulate matter (Brooks,

Reid, Bernard and Sackett, 1977) and zooplankton and fish intestinal

tracts (Oremland, 1978; Tranganza, etal., 1979). Calculations by

Jorgenson (1977) indicate that fecal pellets smaller than 500 iim are

unlikely to provide anaerobic centers in the oxygenated water column.

In Saanich surface waters protozoa (Fig. 3.7) frequently exceeded 10

m11 . The endoplasm of these predominately flagellated, presumed

bacterivores could provide anaerobic sites for U2 and CHk formation.

Our data do not distinguish the realtive importance of terrestrial

input vs in situ production or consumption of CHk. However, small

scale features of the CH profile during the time series study

indicate that the latter could be important. The ranges of salinity

variations at 9 and 15 in were similar (Fig. 3.5), but CH varied less

at 15 than at 9 in, indicating nonconservative behavior at 15 in.

Conversely, at 30 m, the top of the pycnocline, salinity variations

were about half those at 9 and 15 m, but the CH concentration showed

a local maximum and varied almost as much as at 9 in. A large increase

in CHL concentrations between casts at 6 and 9 m compared to only
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slight salinity increases indicates that tidally induced upwelling of

deeper water is not the source of CHj.,. The shallow maximum,

coincident with low tide and early morning, could result from either

horizontal movement of water of variable CH concentration or from the

diurnal vertical migration of zooplankton or fish (supporting

methanogens in their intestinal tracts). Large populations of both

euphausiids and hake have been seen in Saanich (1-Lerlinveaux, 1962).

The CH mininiuni at the oxicanoxic interface is probably the

result of a stratified population of CH oxidizing bacteria. Narrow

zones of CH, oxidation are commonly observed at the oxicanoxic

boundary of stratified lakes, (Rudd, 1980) and we expect the same in

marine systems.
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CONCLUS IONS

The surface waters of Saanich Inlet were highly superaturated with

molec.ular H2 and C&1., exhibiting average atmospheric saturation ratios

of 22 and 13, respectively, over a 41h period. Subsurface H2

concentrations decreased with depth to below saturation. Below the

anoxic boundary they increased to saturation or higher. Methane rose

to a maximum at 30 m, fell to a minimum at 125 in, and increased

markedly in the anoxic zone. There was no simple stoichiometric

relationship evident between 112 and CH1. Both 112 and Cth were present

at concentrations an order of magnitude higher than in. the open

oceans. Diel variations of both gases were insignificant. Hydrogen

producing organisms isolated from surface samples were not N2 fixers.

Large numbers of protozoa were present and may provide anaerobic

microniches for 1-12 and CH production. Methane profiles in the upper

50 in are typical of waters outside the inlet, indicating regional

sources and sinks. Hydrogen production and consumption rates in the

anoxie deep waters are fast, but nearly balanced, so that only slight

increases in 112 concentration occur.
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Hydrothermal circulation systems of midocean ridges profoundly

influence the chemistry of the oceans and the oceanic crust (Corliss

et al. 1979; East Pacific Rise Study Group, 1981; Edmond, Von Damm,

MeDuff and Measures 1982). This has been demonstrated for several

major and minor constituents of seawater (Edmond et al. 1979a) and

trace metals (Edmond et al. 1979b). In addition, several volatile

compounds including helium (Lupton, Weiss and Craig 1977; Jenkins,

Edmond and Corliss 1978) as well as methane and hydrogen (Welhan and

Craig 1979; Lilley and Gordon 1979; Welhan 1981; Weihan 1980) are

introduced to the sea floor in concentrations greatly exceeding that

of ambient bottom water. We present here our measurements of

concentrations of methane, hydrogen, carbon monoxide and nitrous oxide

in the hydrothermal vent waters from the Galapagos Spreading Center

(GSC). The relationships of these constituents to silicon were unique

for each vent field, with, nitrous oxide at East of Eden being the only

instance of negative correlation. These gases could serve as

important energy sources, in addition to hydrogen sulfide, for the

chemosynthetic bacteria which support the extensive and diverse animal

population living in these environments (Karl, Wirsen and Jannasch

1980; Jannasch and Wirsen 1981).

Two principal types of hydrochemal vents have been discovered and

studied to date.. At the GSC (0°48' N, 86°0.8' W) warm (7-23°C) water

flowed from gaps, or 'vents', between basaltic pillows at linear flow

rates on the order of cm sec1; similar vents have been found at 21°N

on the East Pacific Rise (Cyamex Scientific Team, 1979; Rise Project

Group, 1980). The second type, found at 21°N but not at the GSC, had
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hot (-350°C) water flowing from sulfide 'chimneys' at rates of in

sec . The data presented here represent hydrothermal water samples

collected using the research submersible, ALVIN, from three separate

vent fields at the GSC in March 1979.

Corliss etal. (1979) showed that the silica concentration in the

GSC vent samples defined a single linear relationship with temperature

and, owing to uncertainties in the temperature measurements, provided

a better measure of the degree of mixing between the hydrothermal

end-member and ambient seawater than did temperature. We therefore

present the GSC gas data relative to dissolved silica in Figure 4.1.

CHk/ i1e and 1-12/ ge ratios for these vents are compared to those

from sites along the East Pacific Rise in Table 4.1. The 21°N

hydrothermal end-member is chemically very similar to the Galapagos

end-member estimated by magnesium and silica geothermometry (Edmond

et al., 1982).

If the hydrothermal end-member solutions were in equilbrium with

the quartz-fayalite--magnetite (QFM) buffer then they should contain

approximately 400 mM hydrogen at 350°C and 500 bars (olery and Sleep

1976). This would imply H2/3E1e ratios on the order of 1010 which are

orders of magnitude higher then those observed (Table 4.1). Either

the QFM buffer system does not control the H2 concentration in these

solutions or significant H2 sinks, such as reduction of CO2 and

sulfate, occur in the ascending fluids. Hydrogen is an excellent

energy source for several species of chemosynthetic bacteria (Zajic,

Kosaric and Brosseaus 1978), hence these reductions could take place

abiotically or microbially in the warm water vents.



Figure 4.1. Reduced gas correlations with Silica for the GSC data.
Thelocations and equations for the regression lines shown (not

forced through the ambient seawater conditions) are:

£ East of Eden CHk = -2.23 + 0.0140 Si N20 25.6- 0.034 Si

0 Mussel Bed CH., = -0.82 + 0.0049 Si N20 = -12.0 + 0.178 Si

Rose Garden CHk -0.63 + 0.0039 Si N20 = 19.8 + 0.016 Si

The regression line for CO is drawn for the East of Eden data only.
Ambient bottom water concentrations were: CHi., 0.3 nt4; N20, 20.8
nM; CO, 0.3 nM; 112, 0.4 aM. Each vent field was characterized by a
different range of water temperatures and unique H2S/Si mole
ratios, namely A , 7-8°C, 0.853; 0, 8-13°C, 0.072; , 8-23°C, 0.232
(J. Edniond, personal communication). All water samples, except
those for H2 which were taken in PVC samplers, were collected with
the pumping system described by Corliss et al. (1979). These were
subsampled into 125 ml tubular pyrex' flasks with teflon® stopcocks
at either end and poisoned to 0.4 mM with HgC12. A modified
version of the gas chromatographic procedure of Swinnerton and
Linnenbom (1967) was used. The gas chromatograph was equipped with
helium ionization and flame ionization detectors.
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Table 4.1. Ratios of hydrogen and methane to 3He

Vent Field CH/3He H2/He
(mole ratio) (mole ratio)

Galapagos*

East of Eden

Mussel Bed

Rose Gardei

East Pacific RLse

21°N, 109°W t

20S, 114°W *

42.0 ± 10.9 X 106 --

14.8 ± 1.8 X 106 0.7 ± .2 X 10

12.4 ± 1.1 K 106 0.1 X 106

5.0 X 106 22 - 43 x 106

5.8 - 17.4 X 106

* 311e data fDr these GSC vents are not available. We assumed that

3He in these vents does not differ appreciably from the values

obtained by Jenkins etal. (1978) for the GSC vents sampled during the

1977 expedition. 3He values for our samples were derived by combining

the 3HeTemperature relationship from their Fig. 2 (using the slope

which included Garden of Eden) and the Temperaturerelationship for

our samples

T (°c)
Si (am) 28
5977 (J. Edmond, personal communication).

t data from Lilley, etal.,, 1979.

* data from Craig, 1981.
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All of the reduced gases discussed here are produced both

abiotically and microbially. Possible abiotic sources of methane,

carbon monoxide and hydrogen include injection from the mantle and

extraction from basalt by hot fluids. Additional abiotic sources

include the reduction of carbon dioxide to form methane and the

oxidation of magnetite to hematite,

2Fe30i4 + H20 = 3Fe203 + H2

which has been postulated as the major source of volcanic hydrogen

(Arrhenius 1981). Nitrous oxide could be produced abiotically by the

reduction of nitrate in the descending seawater or by the oxidation of

ammoniuni ascending with the hydrothermal fluids. Ammorii'mi is known to

substitute for alkali metal ions in silicate minerals and to be stable

at high temperatures and pressures (Hallam and Eugster 1976). Nitrous

oxide has also been detected in a few volcanic gas samples (Cicerone,

Shetter, Stedman, Kelly and Liu 1978). Carbon monoxide is a common

constituent of volcanic gases (Gerlach 1980a, b) and could originate

from C-C-H-S equilibria within the magma (Gerlach and Nordlie 1975).

An alternative source of these gases in the hydrothermal fluids

could be biological production. It is well established that methane,

carbon monoxide, hydrogen and nitrous oxide are produced and consumed

by microorganisms (Cole 1976). Hydrogen can be produced by many

microbial species, methane by only one group, the methanogens. Little

is known about the production of carbon monoxide by microorganisms but

there is evidence that carbon monoxide may be an intermediate in

methane oxidation (Baross, Lilley, Dahm and Gordon 1982c).
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Nitrous oxide is produced microblally through nitrification and

denitrificaticn. Both nitrifying and denitrifying bacteria have been

isolated from water samples and animal guts taken from the GSCand

21°N vents (J.Baross, personal communication). Although nitrification

and denitrification usually do not take palce in sulfide bearing

waters such as the vent waters, some bacteria, for example,

Thiobacillus denitrificans (Aminuddin and Nicholas 1973), can reduce

nitrate to nitrous oxide using sulfide as the electron donor. The

nitrogen isotope data (Rau 1981b) indicate that the nitrogen found in

vent animals is depleted in 15N and its assimilation into animal

tissue must have been preceded by bacterial nitrogen fixation and/or

the bacterial assimilation of nitrate or ammonium.

We now consider the observation that nitrous oxide concentrations

were found to be enhanced in some and depleted in other GSC vent

waters compared with the ambient waters. In the ambient seawater,

oxygen and nitrate are the principal electron acceptors involved in

biological oxilation. Convective circulation within the warm water

vent systems jivolves penetration of ambient water, thereby supplying

these electron acceptors to the resident chemolithotrophic

population (Corliss etal., 1979; Karl etal., 1980; Jannasch etal.,

1981). In the process of nitrate reduction, nitrite arid nitrous oxide

can accumulate and/or serve as intermediate electron acceptors. East

of Eden which had the highest observed sulfide to silica ratio (0.853)

had the greatest residual potential for reducing electron acceptors.

This is consis:ent with East of Eden nitrous oxide concentrations

being lower than those of ambient seawater. Mussel Bed and Rose
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Garden had lower sulfide to silica ratios (0.072 and 0.232,

respectively) and showed net production of nitrous oxide. The

determining factor for net production or consumption of nitrous oxide

is probably the local redox potential history of a water parcel within

the more shallow convection cells of a given vent system.

In addition to the variations seen in reduced gas concentrations

among vent fields, systematic variations in several other chemical

species have been reported in the GSC vent fields (Corliss etal..,

1979; Edniondetal., 1982; Edmondetal., 1979b). These may result

from several causes, such as vent field age, differing substrate

compositions and differences in water/rock ratios (Edmondetal.,

1979a). We hypothesize that the composition of the microbial

assemblage in each vent field is characteristic of that field and this

is reflected in characteristic production arid consumption rates of the

gases and other biogenous constituents in the vent water. This

hypothesis is supported by the recent discovery that mixed-culture

microbial populations, isolated from hot water and chimney rock sampes

taken at 21°N, can produce hydrogen, methane; carbon monoxide and

nitrous oxide and consume methane at 100°C (Baross, Lilley and Gordon

1982a).

Methane 13C data indicate that the 21°N methane was abiogenic in

origin (Weihan, Kim and Craig, 1981) but 13C measurements have not

been done on GSC methane. However, because the CH/3}1e ratio at 21°N

is considerably less than that in the cooler GSC vents, and as

methanogens are present in vent samples at 21°N (8aross etal. 1982a),

we conclude that methanogens are likely present in the warm Galapagos
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vents and that part of the methane found in these vents is niicrobially

produced. This is most clearly indicated at East of Eden which had

the highest CH/3He ratio (Table 4.1) yet measured in these vent

systems (Craig, 1981). This conclusion is consistent with the reduced

hydrogen levels in the GSC vents; hydrogen would be consumed in the

microbial production of methane. Indeed, the question of possible

microbial effects on the chemical constituents of submarine

hydrothermal systems needs closer scrutiny.
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ABSTRACT

Hydrothermal fluids at the Galapagos Spreading Center (GSC) and

at 21°N on the East Pacific Rise were enriched in methane, hydrogen

and carbon monoxide by orders of magnitude over ambient bottom water.

Nitrous oxide showed both enrichment and depletion in warm vent

waters. Each GSC vent field exhibited unique dissolved gas to silica

ratios indicating that complex source - sink mechanisms operated

within a small geographic region. The CH/3He ratio at 21°N was 6.1 x

106 whereas at the GSC, a range of 12.4 to 42 x 106 was seen. At 21°N

the H2/3He ratio was on the order of 100 times that at the GSC.

Microbial data showed as many as 1O organisms m11 in GSC samples and

10 m1 in the hot 21°N waters. These microbial communities are

complex and include organisms known to produce and consmie the gases

discussed here. We conclude that microbial activity in the warm GSC

vents is a significant contributing factor in determining the final

gas concentrations in the vent waters.
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INTRODUCTION

The hydrothermal circulation systems associated with mid-ocean

ridges profoundly influence the chemistry of the oceans and the

oceanic crust (Carliss etal., 1979; Edmondetal., 1979a, 1979b,

1982). Data have been presented indicating that the chemical

properties associated with these ridges may be greatly influenced by

microorganisms (Corliss etal. , 1979; Jannasch and Wirsen, 1979, 1981;

Karl et al. , 1980).

The detection of an unusually high 3Be/l1e ratio in hydrothermal

plumes above the ridge crest at the Galapagos Spreading Center (Luptori

etal. , 1977) and the subsequent direct sampling of these hot spring

emanations with anomalously high 3He concentrations (Jenkins etal.,

1978) indicated that other volatiles may be present in hydro-thermal

fluids, Subsequently, methane and hydrogen were detected in diluted

samples of the hot (350C) fluids flowing out of the sulfide chimneys

at 21N on the East Pacific Rise (Welhan and Craig, 1979). Samples

collected directly from warm water (7-23°C) vents at the Galapagos

Spreading Center (GSC) by the research submersible ALVIN showed

elevated concentrations of methane, hydrogen, carbon monoxide and

nitrous oxide (Lilley and Gordon, 1979; Lilley etal., 1982). Recent

work has shown that obligately thermophilic microorganisms associated

with the hot vent waters at 21°N can produce H2, CH and CO (Baross et

al. , 1982a). Thus microbial production must be added to water-rock

interactions, magma equilibria and direct injection from the mantle as

possible sources of these gases.
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We present here methane, hydrogen, carbon monoxide and nitrous

oxide concentration data froni the GSC and 21°N along with

microbiological data indicating the diversity of the microbial

communities associated with these vent waters, including species of

organisms capable of producing and consuming all the gases discussed.
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SAMPLING AND METHODS

Samples were taken from three vent fields at the Galapagos during

dives 898-905 of the DSRV ALVIN in March, 1979. The locations of

these vent fields (Rose Garden, Mussel Bed and East of Eden) and their

relationship to the vents sampled in 1977 are shown in Figure 5.1. The

sampling system used for these dives was essentially that described by

Corlissetal., (1979). The downstream sensors for temperature,

conductivity, dissolved oxygen and pH were not present, however.

Since these samplers were constructed of acrylic which in contact with

water produces significant quantities of hydrogen (Lilley and Gordon,

unpublished data) samples for dissolved hydrogen were taken in newly

fabricated PVC samplers. All samples for gas analysis were subsaipled

into 125 ml tubular Pyrex® flasks with Teflon® stopcocks at either end

and poisoned to 0.4 mM with HgCl2.

The 21°N samples were taken during dives 978-982 of the DSRV

ALVIN in November, 1979. The locations of the three vent fields

sampled during these dives re given by Weihan and Craig (in press).

The water samples were collected in evacuated, gold-plated stainless

steel cylinders fitted with valves at both ends. The samplers were

constructed at the Los A].amos Scientific Laboratories. Subsamples of

the hydrothermal fluids were taken in 20 ml tubular Pyrex® flasks with

Teflon® stopcocks at either end and poisoned to 3 mM with HgCl2. For

both the 21°N and GSC samples, the analysis procedure consisted of

stripping Out the dissolved gases with helium, cryogenic trapping,

then desorption and detection by gas chromatography. A schematic of



RG

Figure 5.1 Locations of the vent
CB - Clambake, 1931
D - Dandelions, 197]
OB - Oyster Bed, 1977
GE - Garden of Eden,

86° I 86°

fieldssampled at the Galapagos Spreading Center.
RG Rose Garden, 1979
MB - Mussel Bed, 1979
EE - East of Eden, 1979

1977

0
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the stripping system is shown in Figure 5.2. The stripping vessel was

made of Pyrex® with a fritted glass disk at the bottom to disperse the

stripping gas (ultra high purity He - U.S. Bureau of Mines).

The connecting tubing through which the sample flowed and that

portion connecting the stripper exit to valve B and TD was high

pressure nylon (0.32 cm o.d.). All other connecting tubing was

stainless steel (either 0.16 or 0.32 cm o.d.) and all connecting

fittings were stainless steel or nylon (Swagelok®). With Valve C in

the position shown in Figure 5.2, a sample could be connected to the

system while maintaining He flow through the stripper. Once the

sample was in place, the connecting tubes were evacuated by opening

Valve D. During this time period the stripping vessel, still under He

pressure, was drained. The new sample could then be transferred to

the stripper by closing Valve D, rotating Valve C to put the stripping

gas in line with the sample flask and then opening the stopcocks on

the sample flask. This pushed the sample into the stripper, bubbled

He through the sample and carried the stripped gases to the subsequent

drying and trapping stages. The samples were stripped for 10 mm. at

a flow rate of 125 ml min1

The configuration of the gas chromatographic system used on the

21°N Cruise is shown in Figure 5.3. This multitrap approach separated

N20, CH and CO, and H2 onto traps 3, 2, and 1, respectively. The

gases were then manually valved into the appropriate column and

detector. Hydrogen analysis was accomplished by removing the liquid

nitrogen and switching Vi to connect Ti in series with Column 1
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Figure 5.2. Stripping system. The labeled components include: (A)
Micro volume valve with 0.5 and 2 cc sample loops, Cane; (B & C)
Teflon® 4-way valves, Fluorocarbon; (D & E) stainless steel
shut-off valves, Whitey; (F) stainless steel 3-way valve, Whitey;
(NV) ultra fine metering valve, Nupro; (T5) liquid nitrogen cooled
trap (6.4 mm x 30.5 cm) of Molecular Sieves 5A to reduce
H2 concentra-tion in He used as stripping gas; (TD) a series of 3
glass tubes (11 mm-x 24.5 cm) containing 1) Drierite to remove
water, 2) Molecular Sieve 3A to further reduce the amount of water
in the gas stream, 3) Ascarire® to remove CO2 ; (Pressure Sensor)
0-15 psi semiconductor type, National Semiconductor Corp.,
calibrated by barometer.



102

It'd.

Figure 5.3. Configuration of the gas chromatograph. The labeled
components are: (vlv4) Mini Volume CC valves, Cane; (Ti) liquid
nitrogen cooled trap of Molecular Sieve 5A, 3 mm x 30 cm stainless
steel; (T2) dryice/acetone cooled trap half tilled with both
Molecular Sieve 5A and activated charcoal to ensure retention of
both CH and Ca, 3 mm x 18 cni stainless steel; (T3) ice water
cooled trap tilled with Molecular Sieve 13X, 3 mm x 18 cm stainless
steel; (Column 1) 3 mm x 6 ni stainless steel column filled with
Molecular Sieve 5A, 25°C; (CoLumn 2) 3 mm x 2 m stainless steel
column filled with Molecular Sieve 5A, 100°C; (Column 3) 3 mm x 46
cm stainless steel column filled with Molecular Sieve 5A, 250°C;
(Ni) nickel oxide on firebrick, 3 mm x 10 cm stainless steel,
360°C; (H2) hydrogen gas for reducing CO to CH14 over Ni catalyst
for detection by FID; (He) helium carrier gas, U.S. Bureau of Mines
ultra high purity; (HID) Beckman helium ionization detector; (FID)
Fisher flame ionization detector.
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and the HID for 90 sec. This was sufficient time for 2 to elute from

the trap but prevented any 02 or N2 from reaching the HID. The

detection of CHj and CO was done simultaneously with that of H2 by

switching V2 to connect T2 in series with Column 2 and heating T2 to

250°C with an aluminum block heater. Carbon monoxide was reduced to

CH over the Ni catalyst and detected by the FID. After the H2 peak

was recorded V4 and V3 were switched to connect T3 with Column 3 and

the HID. The trap was then heated to 250°C with the block heater to

elute and detect N20. The gas chromatograph was a Beckman GC-55; the

peaks were recorded on a Leeds and Northrup Speedomax® recorder and

integrated with Hewlett Packard 3373B digital integrators.

The 1979 Galapagos gas data were collected using a two trap

version of the system described above for H2, CH and CO while N20 was

determined on a separate system by the method of Cohen (1977).

Many of the 21°N samples formed a gas phase within the metal

sample containers which made it necessary to apply corrections to the

fluid phase data to compensate for partitioning into the gas phase.

The manner in which this was done is described by Weihan and Craig

(in press). Since we did not ourselves analyze for species which

could be considered conservative (N2, Ar, Ne), we made these

corrections using Ar and Ne data provided by J. Welhan (pers. conm.).

We consider this to be acceptable since our samplers and his were

connected in series during the sampling process and duplicate samplers

of Weihan's connected similarly in series showed N2/Ar ratios which

varied by no more than 3% (J. Weihan, pers. comm.). This does not

rule out, of course, the possibility that random bubble formation in
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the sampler train could have affected our results on occasion. Bubble

formation was noted during the sampling process but care was taken to

dislodge the bubbles and flush the samplers prior to enclosing the

sample. However, this process may account for some of the variability

between our 21°N hydrogen and methane values and those of Weihan and

Craig (in press). Due to the high solubilLity of nitrous oxide, its

concentration should be only minimally affected by bubble formation.

Methods and reagents used to enumerate bacteria from water

samples, as well as procedures for measuring the ability of bacteria

to denitrify, nitrify, fix N2, and produce and consume various trace

gases have been described (I3aross, etal., 1982a; 1982b). Methane

oxidizing bacteria from the water column at 21°N were enumerated using

the spread plate technique for dilutions of 01 ml and 0.01 ml whereas

1, 10, and 50 nil samples were concentrated on 0.2 i.m Nuclepore

membrane filters using sterile techniques. The filters were then

placed on the surface of agar plates consisting of a minimal

saltstrace element mix with KNO3 as a nitrogen source (see Baross, et

al., 1982a for details of this medium). The plates were placed in

vented anaerobic jars containing 507. air and 507. methane and incubated

at 5°C. Representative isolates from each water sample were tested

for their ability to oxidize Cl-I4 using 1C-CH4 and the procedures

already described (Baross ecal , 1982a).

Samples prepared for electron microscopy were fixed in sterile

artificial seawater containing 2.5% electron microscope grade

glutaraldehyde (Tousimis) within minutes after the Alvin surfaced.



1 04a

Samples prepared for scanning electron microscopy were dried by the

critical point method, mounted on aluminum stubs and coated under a

vacuum with a layer of gold 10-20 tim in thickness. The samples were

viewed with an AMR model 1000 scanning electron microscope. Samples

prepared for transmission electron microscopy were fixed with

gluteraldehyde, and after fixation resuspended in 0.2 M cacodylate

buffer and postfixed with 1% uranyl acetate. These samples were then

sectioned, stained with 17. 0s0 and examined with a Philips Electron

Microscope Model 300.
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RESULTS

A summary of the 1979 GSC data is presented in Table 5.1. Due to

uncertainties in the measured sample temperatures, the temperatures

listed were calculated with the Si-T relationship (T = -0.15 + 0.0160

Si) determined from the 1977 dive data (Edmondetal., 1979a). The

data were also calculated; 3He analyses were not done on the 1979

samples. For this calculation we assumed that 31-Ie in these vents did

not differ appreciably from the values obtained by Jenkins et al.,

(1978) for the vents sampled in 1977. We used the 3He-T relationship

from their Figure 2 (as East of Eden was near Garden of Eden, we used

the slope which included Garden of Eden) and the temperature

calculated from Si to produce the estimated 3He values for our

samples. The Si, 02, NO3 + NO2 and H2S data were provided by J.

Edmond (pers. comm.).

Since silica provides a good measure of the degree of dilution of

the hydrothermal end-member with ambient seawater (Corliss etal.,

1979),. the dissolved gas concentrations from Table 5.1 are plotted

against silica in Figure 5.4.

The GSC methane and nitrous oxide data (Fig. 5.4) showed clearly

that each of the vent fields sampled followed a unique dilution line.

The few hydrogen samples taken with noncontaminating PVC samplers also

indicated considerably different dilution lines for the two vent

fields sampled. The carbon monoxide data showed considerable Scatter

but also indicated differences among the vent fields. Note that the

Rose Garden data did not follow a dilution line between a high
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Table 5.1 Properties of th 1979 Galapagos vent siples

live!

Seepler

Temp

.C)

Si1.icic

Acid

(p8)

O

(...M)

N0j-6NO

(219)

834

(49)

2JO

(nM)

Cii.

(.i()

03

Cn21)

311e

(!0'H)

83

(GM)

A. Mu,21L 844

898/87 4.1 275 84 32.9 0 33.5 3.8

898/84 3.9 259 114 32.4 II 31.6 0.429 3.5

898/43 6.3 402 48 22.0 IS 67.9 0.953 7.7

898/82 6.2 400 60 73.2 25 44.7 1.145 7.3

898/83 7.2 451 36 19.3 0 9.3

898/86 2.9 201 106 36.3 3 25.5 0.183 1.7

902/84 9.6 605 0 10.2 30 13.5

902/83 10.0 626 0 9.9 35 88.0 2.236 37.1 14.2

902/44 7.7 490 43 18.5 20 10.1

902/87 9.2 575 0 2]. 3 30 85.1 2.240 39.8 12.8

902/82 7.7 486 13 18.4 20 71.9 1.411 28.1 10.1

902/85 7.7 486 10 17.8 20 77.4 1.566 48.2 10.1

902/13 6.9 443 30 20.8 15 73.0 31.2 8.7

904/85 9.4 588 0 9.8 27 109.5 2.040 35.7 83.2

904/87 8.9 561 3 12.1 24 99.5 1.959 46.5 12.3

904/84 8.0 507 15 17.7 21 85.3 1.709 23.2 10.7

904/83 9.1 514 35 27.1 10.8

904/92 9.5 595 0 11.2 12 89.7 2.044 30.8 13.3

904/44 3.6 243 140 32.5 3.0

904/83 9.1 574 Ii 23,1 27 90.1 1,941 22.6 71.8

904/91 2.6 185 138 37.5 18.7 0.094 1.2 9.6

8. E4 Of Eden

902/49 2.2 162 117 >1 19.0 2.031 11.2 0.5

901142 2.2 161 119 0.5 19.9 0.049 48.2 0.5

901/A? 2.2 160 113 0.9 20.7 0.112 72.4 0.5

401/412 2.3 267 109 19.9 0.20) 16.5 0.7

902/46 5.2 336 0 143 14.5 1.991 51.9 5.8

95145 5.6 360 0 183 23.0 3.235 76.8 6.5



0i/ Tp A.lid

Sp16r (C) (9H)

899/As 9.9 619

899/46 9.5 596

899147 9.4 587

899/Al 8.5 513

899/A9 8.7 550

899/413 7.6 479

899/Al2 6.1 395

999/42 4.6 303

900192 13.8 884

900/96 13.7 .8.46

900(43 10.0 625

900/67 5.4 348

900/54 9.7 608

900/83 4.9 322

900/85 4.2 279

903/42 8.9 558

903/47 13.) 837

903/412 16.2 994

903/46 15.0 927

903(41 10.2 636

903/A9 11.6 724

903/92 6.6 .20

905/Al] 16.4 1001

905/42 12.4 769

905/84 3.5 238

905/812 5.8 372

905/k! 10.0 627

905/A9 9.5 596

915/94 5.3 365

Ab1t 2.2 160

Table 5.]. Continued.

02 N0341102 835 930

(99) (uM) (j,M) (nH)

C. 80. G.r4.

0 20.7 130 22.8

0 21.5 130

0 21.9 140 23.7

4 24.8 75

0 22.4 130 36.7

0 25.7 70

19 20.1 50 20.6

58 32.8 55 28.1

0 7.8 150 30.0

0 7.3 230

0 14.5 160 26.5

34 24.5 90 29.7

0 13.1 140 35.2

54 21.9 90 26.7

66 28.3 80 21.3

0 19.5 120 37.4

0 11.9 120 25.0

0 5.3

0 7.8 195 24.3

O 16.2 120 31.5

0 13.2 140 38.8

26 26.7 110 26.7

0 2.7 250 53.1

0 12.)

33 26.4 30 28.9

28 23.4 85 21.6

0 19.9 160 23.4

0 21.3 135 23.2

317 30.6 0

120 39.1 0 20.8

C16. 451

(pM) (oH) (10_169) ()

14.0

12.3

1.264 13.1

10.8

1.288 11.9

10.0

0.787 7.3

59.8 4.7

2.849 60.7 20.8

20.6

1.838 57.6 14.2

0.742 48.2 6.1

1.736 51.4 13.6

0.662 52.1 5.2

0.425 42.9 4.0

1.463 12.2

2.568 20.2

35.0

3.024 .22.9

1.776 14.5

2.192 7.0

8.2 10.9

3.449 25.4

18.4

0.662 2.8

0.850 6.8

1.919 14.2

1.716 13.3

5.9

0.0003 0.4
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temperature end-member and ambient seawater. This may indicate that

the carbon monoxide concentration in this vent field is not governed

by a hydrothermal end-member but is produced in more shallow regions

of the convection system. The concentration of nitrous oxide in the

marine environment is closely related to the redox conditions and the

concentrations of other nitrogen species (Goering, 1978). Figure 5.5

depicts the relationships between N20 and H2S and N20 and nitrate +

nitrite.

Chemical and microbiological data obtained during the 1977

diving expedition to the GSC are included here in Tables 5.2 and 5.3

for comparison purposes and to aid in later discussion. These samples

were analyzed for molecular hydrogen; however, the acryiic samplers

used in 1977 resulted in high and uncertain amounts of hydrogen being

added to the samples. An indication of elevated hydrogen levels

associated with the Garden of Eden vent area was detected, however,

by transponder navigation of a bottom-contact hydrocast with a

non-contaminating "kamikaze" near-bottom sampler similar to that

described by Schinketal., (1966). The results of this cast are

shown in Figure 5.6.

The microbial counts in these water samples were approximately

10 m1 (Table 5.3). The difference between these counts and the much

lower (1O ml_1) levels of organisms seen at the GSC by Karletal.,

(1980) may be due to differences in sampling techniques. The 1977

samples were taken by extending the inlet tube as far Into the vent

opening as possible, thus increasing the likelihood of dislodging and
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Tab1 5.2. Properties of the 1977 Galapagos vent samples.

Dive Number Sample T
(0C)

Si
(u.1l)

02 l4 S
(iM) (NM)

NO3

(iM)
NO2

(pN)
WI!3

(M)

A. Clambake

715 AS 7.3 461 16 7 10.1 0.79 0.9

A6 6.9 426 26 6 13.6 0.64 0.9

A7 7.9 516 14 8 10.4 0.69 0.1

81 5.4 334 68 4 24.1 0.24 0.8

82 4.6 311 62 4 24.4 0.32 0.7

B3 4.0 253 81 2 30.3 0.15 0.9

84 7.5 470 12 7 8.1 (3.86 1.0

717 81 8.5 564 9 11 11.3 0.86 >1.7

82 8.5 597 16 9 12.9 0.78 >1.9

83 6.9 464 25 7 16.4 0.78 1.7

84 * 2.2 173 104 0 37.2 0.06 0.4

86 * 2.2 157 104 0 39.2 0.03 0.0

719 AL 8.0 505 18 2 12.1 0.82 2.1

84 * 2.0 163 108 0 38.5 0.02 0.0

722 51 8.6 580 4 8 6.4 0.81 1.9

A4 8.6 581 3 9 6.5 0.92 1.9

127 51 9.3 590 0 10 6.2 0.80 1.0

B2 9.3 582 3 10 7.6 0.78 1.0

BS - 424 39 6 19.9 0.47 0.9

N. Oyster Bed

723 Al 6.8 401 0 59 4.1 0.35 0.3

87 6.8 409 0 82 1.9 1.12 0.0

726 AS 8.3 491 0 125 4.0 - 0.0

84 8.3 484 0 100 5.9 2.51 0.0

88 6.6 386 6 55 14.8 0.37 0.0

87 9.1 549 0 145 - - 0.0

A3 6.1 353 16 50 17.8 0.52 0.0

A6 9.1 548 0 145 0.4 - 0.0
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Table 5.2 Confnud.

Dive Number Saip1e I
(0C)

Si
(N)

02
(MM) (MM)

NO3

(N)
NO2

(jM)
883

(1f)

C. Carden of Eden

728 A2 2.9 208 26 3 35.3 0.00 0.5

AS 2.9 208 28 0 34.4 0.00 0.2

38 9.7 631 0 67 9.8 0.00 0.0

A6 9.7 631 0 60 9.7 0.00 0.0

A7 10.8 632 0 64 9.2 0.00 0.0

B7 10.8 639 0 64 9.1 0_DO 0.0

A3 12.0 677 0.4 71 7.7 0.00 0.0

84 12.0 714 0 75 5.8 0.00 a.o

730 84 - 698 0 68 8.2 1.23 0.0

El - 480 30 38 19.6 0.26 0.0

82 6.0 471 33 37 23.3 0.24 0.0

735 B6 10.4 615 0 55 9.2 1.50 0.0

A4 10.4 636 0 55 36.5 1.40 0.0

83 12.0 703 0 56 2.6 1.05 0.0

A7 12.0 709 0 58 12.4 1.12 0.0

0. DandeliOns

716 A2 6.0 327 10 0 11.3 1.28 0.9

A3 6.6 372 48 0 21.9 0.31 0.5

A4 6.4 364 52 0 22.5 0.30 0.5

AS 2.1 161 110 0 39.5 0.03 0.0

35 6.6 370 52 0 21.9 0.31 05

88 6.6 372 51 0 21.9 0.32 0.5

723 A3 6.2 325 13 0 10.8 1.39 0.5

AS 4.0 224 83 0 33.7 0.07 0.0

A5 4.8 265 64 0 28.7 0.11 ).2

AS 4.0 229 81 0 32.5 0.08 0.0

* denotes an ambient sample
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Figure 5.6. Near bottom gradient in H2 and Si seen by hydrocast at
the Garden of Eden site.



laI)!e 5.3. Summary of bacterial counts found In, and cultured from, warm vent waters of the
Galapagos Spreading Center (1977 Cruise).

Number of Bacteria ml

/a rob i c

Total SJMn
Sample Source I)irect countS Ilcterotrophs1 Oxidizers2

approx. not not
Clambake 1 x 10 detected detected

Garden of Eden

Garden of Eden

Sediment mounds

approx.
lx 10 2.0x107

4.0 x 10 6.0 x 106

8.0 io 1.1 x io7

1.2 x 10

6.8 x 106

7.8 x L06

Anaerobic

Crown in SQ4 N2

l6 + Ci Reducers4 fixers5

not
1.1 x IO 3.6 x 106 detected

not not not
tested tested detected

2.2 x 106 1.0 x 102

approx.
5.8x106 5.0x102 106

Many of the S/Mn oxidizing bacteria can grow heterotrophlcally.

as described in Baross etal. (t982a).

3lledium was MS (Baroee etal., 1982a) with NO incubated in an atmosphere of Ul + CO..

Sulfate reduction indicated by FeS formation.

2
fixing bacteria from helerotrophic and chemolithotrophic S/Mn medium; confirmed by acetylene reduction.

6Th1a sample was taken by shoving the inlet of the pumping system described by Corliss etal. (1979) beneath
the surface of a sediment mound.

-4
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collecting microbial mats with the water samples. Rock and animal

surfaces near the vents also showed heavy microbial colonization as

indicated for the surfaces of a mussel shell in Figure 5.7 and a

limpet in Figure 5.8.

The 21°N dissolved gas data are presented in Table 5.4.

Precipitation of silica within the samplers caused uncertainty in the

21°N silica concentrations. Thus in Figure 5.9 the dissolved gas

concentrations are plotted against 6180 as a measure of dilution of

the hydrothermal end-member with ambient seawater. Methane showed

less variation between vent sites than was the case at the Galapagos

vents. Nitrous oxide was anomalously high at the SW site and hydrogen

appeared to follow different trends at the three sites. Carbon

monoxide showed a general tendency toward increasing concentration

with increasing fraction of hydrothermal fluid.

Based upon the 21°N data, Weihan and Craig (in press) calculate

that the hydrothermal methane flux is sufficient to replace the

deep-sea methane in 25 years. As they state, this strongly implies

rapid bacterial methane oxidation below the thermocline. Craig (1981)

also reported that methane was unobservable 300 1cm west of the East

Pacific Rise at 20°S whereas directly above the ridge crest plumes

containing approximately 9 aM were detected. In Figure 5.10 we show

that significant numbers of methane oxidizing bacteria were found in

the hydrothermal plumes directly above the ridge crest at 21°N. It Is

likely that hydrogen oxidizing organisms are also associated with such

plumes and that both hydrogen and methane are rapidly oxidized as the

plume moves downstream.
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Figure 5.8. SEM of the surface of a limpet from the GSC showing microbial

colonization. Bar is 5 inn.
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Table 5.4 Chemical properties of the 21°N samples

Oive/Saip1e Vent
1'ie1dt

Temp.2
C) (mi/kg)

C}1
(iM)

}

(uM)
CO
(rM) (nl.1)

978 Bag3 NGS 2 52.44 0.5 0.02 3 18

918 7/8 NGS 40 46.67 8.8 - 56 nd

979 3/4 085 152 29;83 30.2 639 134

979 1/2 OBS 2 52.47 0.1 13.5 8 27

979 11/12 OBS 2 52.84 U.2 (5.3) 26 22

980 9/10 SW 121 34.52 22.0 54.3 8 13

980 5/6 SW 27 48.59 6.7 23.1 16 41

981 3/4 SW 55 44.31 12.7 (10.3)' 102 9

981 1/2 SW 2 53.03 0.2 3.1 - 171

931 11/12 514 15 50.35 3.5 50.0 32 44

982 7/8 NOS 304 7.02 53.4 562

AMBI1.NT 1.7 52.31 0.3nit 0.36riM 0.3 20

1 NGS National Geographic Society site.
OBS Ocean Bottom Seismonetn site.
SW Southwest site.

2 These temperatures were calculated from the relationship:
1mg - Ta + Mg/O.15 a mol where 1mg sampLe temperature, Ta - ambient
temperature (1.7'C), Mg Mg ambient - Mg measured, Mg anibienc 52.31 mM.
This relationship and the Mg ambient value were provided by Russell McDoff and
John Eaond. The Mg data ware taken from McUufl and Edniond (1982).

Nis1.im 5ter.1e bag sampler filled at a calapagos type warm water vent.

" These are miniun values due to CC electrometer saturation.
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These 21°N vent saniples contained up to 1O5 microorganisms m11

and thermophilic organisms capable of growth at 85CC were detected j

all samples except one taken from a low temperature vent (Table 5.5).

The nutritional versatility of organisms from 21°N samples is shown in

Table 5.6. Bacteria were found which could nitrify with either NHL,

or NO2, oxidize methane, couple denitrificatlon with sulfur

oxidation, and exhibit iixotrophic growth. The morphological

diversity of organisms found at 21°N is indicated by Figures

5.11-5.15. Considerable variation was seen in the degree and location

of microbial colonization of chimney rock material. Figure 5.16

depicts an .DAX scan of a region near the throat of an active "black

smoker' showing the presence of Ca. Other major elements detected

were Si, S, Fe, Zn and Cu. A summary of the diverse physiological

groups of organisms found at the GSC and 21°N is shown in Table 5.7.



Table 5.5 Chcml.cal* and microbiological properties of hot water venting from sulfide chimneys at
21°N along the East Pacific Rise.

Sample

978 (Bag)

979 11/12

979 1/2

978 7/8

980 7/8

979 3/4

978 5/6

982 7/8

Magnesium
Temp (°C)

2

2

2

40

44

152

189

304

Concentration
of Biologically Total numbers of Bacteria (15it) Thermophiles Present
Import ant

Constituents (pM) Viable Ct at 25CC inorganic organic
on inorganic medium medium medium

pM Si(ijM) H2S Mn Fe Direct Ct

(sample not analyzed chemically) 8.6 x

7.5 200 1.2 17 56 1.8 x i0

7.0 390 3.4 46 [4 3.6 x

6.0 1300 600 120 20 7.4 x 10

6.3 2839 475 68 - 3.5 x 10

4.9 9600 1300 286 206 2.5 x

5.1 11700 7.5 1055 153 1.4 x 10

4.2 18320 4300 800 - 4.7 x lO

* Chemical data provided by John Edmond (personal communication).

Aerobic Anaerobic ph 5 pM 7 pH 7

5.3 x 1& <1 - - -

<1 25 + -f -

5 40 4- + -

<1 310 + + -

<1 <1 + + -

<1 <1 + + -

<1 80 + + -

<1 <1 + + -



(able 5.6. NutrItional versatility of mesophiles and thermophiles isolated front hot w'ater and
SuIfi(fe chimney animals taken at 21°N (East Pacific Rise).

Incubation Nitrification Methane1 Denitrification2 Mixotrophic3

Organism Source Tenip(C) H1{1 NO oxidation with sulfur

10 Polychacte worm gut 40 + + + + 4

978 5/6 11 220°C water 50 + - 4 + +

Polychaete worm gut 40 + + + 4 4

14 120°C water 40 + - + + +

1 2°C water 50 + + + +

Methane oxidation using C-methane.
2 Benitrification using acetylene blockage procedures.
3 Mixotrophic growth tested using formate, acetate, methanol, glucose and amino aicds.



Figure 5.11. SEI'! of the surface of a chimney rock from a "black smoker" showing metal

encrusted bacteria. Bar is 5 tIm.



Figure 5.12. SEM of the surface of a chimney rock from a "black smoker" showing a
microcolony of a previously undescrihed fan-shaped bacteria. Bar is 5 urn.



Figure 5.13. SEM of the surface of a chimney rock from a "black smoker" showing heavy
colonization by filamentous bacteria. Bar is 5 im.



Figure 5.14. SEM of the surface of a limpet shell taken from a "black smoker" chimney showing

clusters of thin rod shaped bacteria. Bar is 3 jim.



Figure 5.15. SEN of a thin section through the foregut of an amphipod taken from a "black smoker".

These amphipod-gut microorganisms have many internal membranes indicative of nitrifying and

methane oxidizing bacteria. Bar is 0.5 inn.



Figure 5.16. SEM of a section of chimney rock. The material at the lower left is
pyritic and the large crystals are a Ca compound. The dot scan shows the
location of Ca atoms. Bar is 250 Jim.
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Table 5.7 Physiological groups of microorganisms identified at 21°N
and at the Galapagos Spreading Center.

Physiological group G81 2lN Comments

I. Sulfur oxidizers + +

2. Metal oxidizers + +

3. Sulfate reducers + +

4. Methanogens + +

5. N2'-fixers + -

6. Denitrifiers + +

7. Ntrifjers + +

8. Heterotrophs + +

9. Methane oxidizers Not +

teS ted

Dominant in water, isolates from 21'N
water and chimney animals can also
oxidize C1 to C compounds and NH,.

Cooxidize with sulfur, dominant in
water.

Only viable organism isolated from
"Clambake" water at the CSC. Low
numbers in other water samples and
in animal guts.

Methanogens in 2IN water samples,
presumptive association with animal
guts.

Associated with animals and
particularly with the vestimentiferan
tube worm; heterotrophic

Associated with sulfur oxidation.
Most abundant at 2lN.

Most abundant at 2lN. Many strains
tested can cooxidize methane amid
sulfur compounds.

High numbers associated with animals.
Mostly fermentative or mixotrophic.

In hydrocast samples and hot vent
waters at 21'tJ. E'resumptive (presence
of multiple membranes) in guts of
animals associated with chimneys.
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DISCUSSION

Methane, hydrogen, carbon monoxide and nitrous oxide can be

produced both abiotically and microbially. Possible abiotic sources

of methane, carbon monoxide and hydrogen include injection from the

mantle and extraction from basalt by hot fluids. A4ditional abiotic

sources include the reduction of carbon dioxide to form methane and

the oxidation of niagnetite to hematite,

2Fe3O4 + H20 = 3Fe2O3 + 112

which has been postulated as the major source of volcanic hydrogen

(Arrhenius, 1981). Nitrous oxide could be produced abiotically by the

reduction of nitrate in the descending seawater or by the oxidation

of ammonium ascending with the hydrothermal fluids. Ammonium is known

to substitute for alkali metal Ions In silicate minerals and to be

stable at high temperatures and pressures (Hallam and Eugster, 1976),

and nitrous oxide has been detected in a few volcanic gas samples

(Ciceroneetal., 1978). Carbon monoxide is a common constituent of

volcanic gases (Gerlach, 1980a,b) and could originate from CO-11--S

equilibria within the magma (Gerlach and Nordlie, 1975).

An alternative source of these gases in the hydrothermal fluids

could be biological production. Methane, carbon monoxide, hydrogen

and nitrous oxide are produced and consumed by microorganisms (Cole,

1976). Hydrogen can be produced by many microbial species, methane by

only one group, the niethanogens. Little is known about the production

of carbon monoxide by microorganisms but there is evidence that carbon

monoxide may be an intermediate in methane oxidation (Baross etal.,
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1982c). Considerable microbiological information related to the

hydrothermal systems at the GSC and 21°N has been amassed in recent

years. Some of this information will be summarized and its relevance

to vent chemistry in general and dissolved gases in particular will be

discussed.

Microbiological analysis of water samples from the 1977 GSC

expedition showed that large numbers of sulfur-oxidizing bacteria were

associated with the vents and led to two hypotheses: that significant

numbers of bacteria colonize fractures and fissures to considerable

depth in the basalt and influence the chemistry of the system, and

that the chemolithotrophic sulfur-oxidizing bacteria provide the

primary food source for the animal communities associated with the

vents (Corliss etal., 1979). Additional microbiological information

obtained from these same water samples (Table 5.3) gave an indication

that the vent waters harbor a diverse group of microorganisms

including aerobic hetet-otrophs, sulfur-manganese oxidizers, anaerobic

sulfate-reducers and nitrogen fixing organisms. In addition,

sulfur-oxidizing bacteria that could only grow anaerobically with

nitrate as the electron acceptor were found. The lack of aerobic

sulfur-oxidizers at Clambake may be the result of low levels of fl2S

emitted by this vent system (Table 5.2). This early work indicated

the presence in the vents of a large and physiologically diverse

population of bacteria and suggested that the dominant bacterial

groups in each vent may be distinct and reflect the differences in the

chemical properties of each vent.
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Subsequent microbiological work at the GSC demonstrated a

diverse population and many bacterial clumps indicating that the

organisms were being sloughed off the vent walls. In Situ CO2 uptake

experiments showed that these communities fixed CO2 at rates

exceeding those at the H2S O interfaces of the Black Sea and

Cariaco Trench (Karletal., 1980). The 13c1'2C and 14C data from

vent animals have strengthened the idea that chemoautotrophic bacteria

form the base of the vent community food chain (Rau and Hedges, 1979;

Rau, 1981a; Williams etal., 1981).

At 21°N in 1979 large numbers of bacteria were found in the hot

water samples. Diverse physiological groups were present as had been

found at the GSC (Tables 5.5-5.7). Note in Table 5.5 that although

direct counts indicated organisms m11 in the vent samples, oniy

the sample from a warm-water "Galapagos type' vent showed appreciable

growth when incubated at 25°C. This, coupled with growth of

organisms at 85°C in all samples except that from the Jarm water

vent, was a strong indication that substantial numbers of bacteria

were associated with the hot waters. Table 5.8, from Baross etal.,

(1982a) shows that bacteria isolated from the two hottest water

samples and from a sulfide chimney could produce methane, hydrogen and

carbon monoxide and oxidize methane at 100°C when supplied with only

inorganic carbon, nitrogen and energy sources.

This experiment indicates the potential for microorganisms

associated with the high temperature hydrothermal vents to produce

hydrogen, methane and carbon monoxide. Whether these organisms



Table 5.8 Rate of gt; production at 100 ± 2eC by bacterial communities from 21°N samplesj

H:gnes I us. tnorgniic mediss (basal. salta and Cas Proth.ctlon
Tusp (C) I.rae elementa) supplemented ,1ch n,nol/ml/hr araol.Ical/9 hr presence of

Energy Nitrogen Carbon 2 C14 CO NO (nmol/.L)
Source Source Source

978 5/6* 195 (NIh )SQ NaIlCO3 102 42 IU 0.15
)br '

(water) Fe2+

(H)1.)2S0 rormate 31 27 11 0.12
1e2+

none none none 0.3 0.3 0.6 nd

982 18t 2 (N11 ) S0 HMICcJ3 54 22 14 0.025-0.1
Pin2 +

(water) Fe2

(N)t )2S(1. fornsate 110 46 22 0.025-0.1

0.2 ad ad ad

3140 (sultlde KNO3 PIsIICO3 24 24 7.5 0.025-0.1
Plrs2 23 22 10 nd

chimney rock) Fe2

(Nl )2 SQ, torimate 26 25 10

none none none 0.3 n.i ml nd

Inoculum was 1.] X 1l per 30 ml. Inocolum was 6.1 X 1IJ per 30 liii.

I Inoculiaa was 3 X l0 per30 ml. No gas production using formalin-kIlled eells
as a control for all three samples.
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produce appreciable levels of these gases in situ is yet to be proven

but the high methane levels at the East of Eden site indicate that

this type of vent system would be a good site to test for

methanogenic activity.

Methane at 21°N has a SC value of -15.07.o vs PDB (Weihan and

Craig, in press). This is much heavier than methane that is typically

considered to be of biogenic origin (Schoell, 1980). Rowever,

following the approach of LaZerte (1981) a plot of the data available

from determinations of the 13C/2C fractionation factors of pure

cultures of methanogenic bacteria (Fig. 5.17) indicates a temperature

dependence thac is considerably higher than that predicted by

thermodynamic considerations. The high temperature data points (65°C)

represent the reduction of CO2 to CH with H2 by a thermophilic

methanogen, thanobacter1um thermoautotrophicum (Games etal., 1978;

Fuchs etal., 1979). Methanogens associated with the veuts may have a

similar physiology. These data indicate that at 65°C the CHj produced

would be 25Z., to 347. lighter in 13C than the CO2 substrate. It may

not be strictly correct to combine data for physiologically different

organisms supplied with different substrates (CO2, CH3OH), but the

sense of the plot would not be significantly altered if the data of

Rosenfeld and Silverman (1959) were excluded. If this temperature

trend were applicable to vent inethanogens, the available data would

imply that at approximately 86°C, the reduction of CO2 to CL4 would

not result in fractionation of the carbon isotopes. Data for higher

temperatures does not exist nor is it known what effect hydrostatic
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Figure 5.17. Plot of in cx vs IT determined from pure cultures of
methanogeris. These data represent the fractionation between '3C
and 12C during the reduction of CO to CHi. (Games et al.., 1978 and
Fuchs et al., 1979; 0 and L in the figure, respectively) and the
reduction of methanol to CH (iosenfeld and Silverman, 1959; 0 in
the figure). See text. The intercept, slope and correlation
coefficient for the regression are 0.407, 146.2 and 0.96,
respectively. The dashed line represents the relationship between
the equilibrium thermodynamic fractionation factor and /T derived
from the data of Riehet et al., (1977).
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pressure has on the fractionation factor exhibited by these organisms.

Until such information is available any inference about the source of

methane based on stable isotope data must be made with caution.

An important and as yet unanswered question concerning the

microbiology and chemistry of hydrothermal vents is, what principal

nitrogen sources are being utilized by the complex communities of

bacteria found in the vents? The 15N/'N data (Rau, 1981b) indicated

that the nitrogen found in vent animals was depleted in 15N relative

to deepsea sources and its assimilation into animal tissue must have

been preceded by bacterial assimilation and fractionation if the

source is "deepsea' rther than mantle. Organisms capable of

nitrification, denitrification and nitrogen fixation have been found

in the vents (Tables 5.6 and 5.7) and it is possible that all these

processes occur at-some point in the convective circulation system

wherein ambient seawater descends through the heated rocks, is

altered, and mixes with additional descending water as it rises to the

sea floor. Ammonia was detected in some 1977 GSC vent samples (Table

5.2) and its direct assimilation by organisms may be an important

process in some vents.

Nitrous oxide was found to vary considerably at the USC (Fig.

5.4) and to be present at higher than ambient levels at the SW Site at

21°N (Fig. 5.9). Nitrous oxide can be produced microbially through

both nitrification and denitrification, As ambient seawater

penetrates into the warm rocks, oxygen and nitrate will be made

available to the resident chemolithotrophic population to be used as
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electron acceptors in biological oxidations. During denitrification,

nitrite accumulates until the nitrate levels are low and then the

nitrite is further reduced to N20 and N2 (Goering, 1978). If nitrite

does not become limiting then N20 may accumulate. If nitrite is

depleted then N20 will be used as the terminal electron acceptor and

reduced to N2. This sequential process has been demonstrated to occur

in lowoxic and anoxic marine environments (Cohen and Gordon, 1978;

Cohen, 1978) and is the likely process controlling the nitrous oxide

concentrations in the GSC vents. As shown earlier in Table 5.3,

denitrifying organisms have been found in the GSC vents including

obligately anaerobic types having physiological characteristics

similar to Thiobacillus denitrificans which can reduce nitrate to

nitrous oxide using sulfide as the electron donor (Aminuddin and

Nicholas, 1973).

Rose Garden showed only slight nitrous oxide production. This is

consistent with Rose Garden being a leaky system with appreciable

seawater penetration and therefore considerable nitrate in the upper

zone of the system where denitrifiers would likely be found. Nitrate

extrapolates to zero at about 17.5CC. Note in Figure 5.5 that

although Rose Garden has high levels of H2S (H2S/Si = 0.232),

relatively high levels of NO3 are also present and little

accumulation of N20 is noted. Mussel Bed, although it has much less

sulfide (H2S/Si = 0.072), appears to be less leaky; nitrate

extrapolates to zero at about 11.8CC and appreciable N20 accumulation

is evident. East of Eden has the highest H2S/Si value (0.853) and
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shows net consumption of N20 which indicates that the available

NO and NO2 is quickly utilized in this vent system.

The SJ site at 21°N showed high levels of nitrous oxide in the

most diluted sample (981 1/2) and higher levels than the NGS and OBS

sites for less diluted samples. This indicates that a source for

nitrous oxide must exist near the chimney outlet, possibly within the

outer margin of the chimney wall itself or from a nearby warm water

vent.

Using the GSC hydrothermal endmember Si concentration of 21.9 mM

(Edmondetal., 1979a) and the 21°N endmember water s18 value of

+1.6 7.., vs SMOW (Craig et al. 1980), extrapolated endmember

concentrations of methane and hydrogen were derived for each vent

system. These concentrations along with the ratios of these

constituents to 3Ie for each vent area are summarized in Table 5.9.

The extrapolations for the low temperature GSC vents are made in order

to examine the potential magnitude of microbial effects upon the more

slowly ascending fluids. These data constitute the only basis for

comparison of dissolved gases in warm water vent systems such as the

CSC with the high temperature 21°N system.

The endmember methane concentration derived from our data for

all three 21°N vent areas (65 ijM) is close to the value f Weihan and

Craig (in press) for the NGS Site (1.45 cc/kg). This results in a

CH/ 3He value roughly half that of the lowest value seen at the GSC

and demonstrates that these low temperature vents may be significantly

Influenced by microbial activity.
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Table 5.9 Inferred properties of the hydrothermal end-member fluids.

Vent field CU. 112 C11 j3 ). /3 *

(IIM) (1iM) (mole ratio) (mole ratio)

Galapagost

East of Eden 302

ilussel Bed 107

Pose Garden 85

42.0 ± 10.9 X 106

3.7 14.8 ± 1.8 X 106

0.9 t2.4 ± 1.1 K 106

tast Pacific Rise

21N, 109°W 65 227-1215

20°S, H441

6.3 X
(5.0 ± 1.5 x

5.8 - 17.4 X 106

0.7 ± .2 x

0.1 .X 106

22-124 x

(35 163 x

* 1e values for the Galapagos are those derived in Table 1. The value used
for 21N is frozii Weihan and Craig (this volume).

If as suggested in this paper, intermediate biological sources and slaks of
11 attd CII. are shown to be active in the loc. tesperature vents then these
extrapolations to 'end-niember" valuCs result in a set of compositions other
than the 350C hydrothermal fluid.

* Weiham and Craig (this volume).

§ This data taken from Craig (1981) for comparison.
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The most striking difference between the GSC and 21°N data is the

large difference seen in 112 concentrations. If the hydrothermal

end-member solutions were in equilibrium with the quartz-fayalite-

niagnetite (QFM) buffer, they should contain approximately 400 mM 112 at

350°C and 500 bars (Wolery and Sleep, 1976). This would imply a

112/ 3He ratio on the order of 1010 which is orders of magnitude higher

than those observed (Table 59). Either the QFM buffer system does

not control the H2 concentration in these solutions or significant

112 consumption occurs as the fluids ascend to the sea floor.

Molecular hydrogen is an excellent energy source for several

species of chemolithotrophic bacteria (Cole, 1976). In the vent

systems it is surely utilized by methanogens, sulfate reducers and

denitrifiers within the anaerobic zones and by hydrogen oxidizing

bacteria (e.g. Pseudomonas, Alcaligenes) in the aerobic zones of warm

water vents. Thus it is not surprising that molecular hydrogen is

found in much lower concentrations relative to 3He in the warm water

vents at the GSC than in the high temperature vents at 21°N.

Systematic variations iii chemical species among the hydrothermal

vents have been ascribed to differences in vent field age, substrate

composition and water/rock ratio (Edmond etal., 1979a). We have

presented microbiological data here whicfl indicate the presence of

bacteria in these systems which may also influence the chemistry of

the exiting vent water. It has been shown that some of these

organisms can grow at 100°C and produce the reduced gases discussed

here (Baross etal., 1982a). Organisms have been isolated which can

oxidize methane, ammonia, reduced sulfur, MnZ+ and Fe2+. Sulfate
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reducing and denitrifying bacteria have been found as well. Many of

these reactions can be coupled by a single organism, for instance

sulfide oxidation with denitrification, and the cooxidation of reduced

sulfur and iron, i.e. both components of pyrite.

Although reduced sulfur is probably very important as an energy

source to the microbial comsunity in the veuts, the finding of high

levels of CH4., H2 and reduced metals along with organisms capable of

using these additional energy sources indicates that the complex

biological communities found near the vents have a more diverse food

source than sulfur oxidizing bacteria alone.

It is expected that microbial influences on the exiting vent

waters will be most significant in the warm water vents where the hot

hydrothermal fluid mixes with appreciable quantities of descending sea

water below the sea floor thus forming energyrich mixtures of

oxidized and reduced compounds. However, the finding of bacterial gas

production at high temperature (8aross etal., 1982a) and the recent

discovery by Karletal., (1983) that high levels of AT? are emanating

from "black smokers" indicates that microbial activity may be

prevalent in the high temperature vents as well. It is important to

our understanding of hydrothermal vents, and the chemical history of

seawater, that the degree of microbial influence upon both the liquid

and solid phases within hydrothermal systems be quantitatively

evaluated.
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CONCLUSIONS

This work showed that a large area of the tropical Pacific

surface water was supersaturated with H2 by a factor of 1.5 to 2.8

while Saariich Inlet surface water showed a factor of 22 and

microorganisms from the surface water were shown to produce H2 under

low oxic conditions. Surface CH concentrations ranged from a factor

of 0.2 at one station in the tropical Pacific to 13 at Saauich Inlet,

The deep Pacific water averaged 0.6 - 0.7 of saturation with 2 and

0.3 with CHL4..

Thin H2 maxima and minima at depth were common and appeared to be

influenced by both biological and physical oceanographic processes.

Subsurface CHi. maxima were associated with particulate matter heavily

colonized with protozoans at Saanich Inlet and in the tropical

Pacific. Bacterial counts also revealed thin strata of maxima and

minima with the highest numbers (-10 m11) occurring near the top of

the thermocline.

The hydrothermal fluids from the Galapagos Spreading Center (GSC)

were enriched in CHt , H and CO by orders of magnitude over ambient

bottom water whereas N20 showed both enrichment and depletion. Each

vent field sampled showed unique gas/silica relationships and it is

concluded that microorganisms likely are significant in determining

these relationships.

The hydrothermal fluids at 21°N had a lower CH/ ie ratio than

those of the GSC, 6.1 x 106 compared to a range of 12.4 to 42 x 106.
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At 21°N the H2! 3He ratio was on the order of 100 times that at the

GSC. The physiologically diverse microbial communities found in these

fluids included organisms known to produce and consume reduced gases.

Some of the principal findings of this work are: surface waters

supersaturated with 112 and CU4, production of H2 by organisms from

Saanich Inlet, a close correspondence between CU4 maxima and

protozoans, nearly coincident thin strata of maxima and minima of

bacteria and gases, and complex microbial communities in hydrothermal

fluids which produce and consane reduced gases. These findings lead

to the overall conclusion that a c-lose correspondence between

microorganisms and reduced trace gases is widespread in the marine

environment.
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APPENDIX

A Stripping and Chromatographic System For

Analysis of Dissolved Gases In Aqueous Samples

This Section descrIbes the gas chromatograph (GC) systems used

during the course of this study. Several major changes were made as

the work progressed and each will be discussed.

As the concentrations, of the gases of interest were low,

typically nanomolar, and we wanted to measure several gases in the

same water sample we used a stripping and trapping technique which

concentrates all the dissolved gas in a particular sample for

subsequent injection into the CC. A schematic of the stripping system

is shown in Figure A.1. The stripping vessel was made of Pyrex® with

a fritted glass disk at the bottom to disperse the stripping gas

(Ultra high puirity He - U.S. Bureau of Mines). The sample containers

were of tubular Pyrex® with Teflon® stopcocks at both ends. The

connecting tubing through which the sample flowed and that portion

connecting the stripper exit to valve B and TD was high pressure nylon

(0.32 urn 0.D.). All other connecting tubing was stainless steel

(either 0.16 or 0.32 urn o.d.) and all connecting fittings were

stainless steel or nylon (Swagelok®).

With Value C in the position shown in Figure Al, a sample could

be connected to the system while maintaining He flow through the

stripper. Once the sample was in place, the connecting tubes were

evacuated by opening Valve D. During this time period the stripping

vessel, still under He pressure, was drained. The new sample could
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Figure A.1. Stripping system. The labeled components include:

A: Micro volume valve (Cane) with 0.5 and 2cc sample loops
(S.L.)

B & C: Teflon® 4-way valves (Fluorocarbon)
D & E: Stainless steel sh.ut-oft valves (Whitey)

F: Stainless steel 3-way valve (Whitey)
NV: Ultra fine metering valve (Nupro)
T5: Liquid nitrogen cooled trap (6.4 mm x 30.5 urn) of

Molecular Sieve® 5A to reduce H2 concentration in
He used as stripping gas

TD: A series of 3 glass tubes (11 turn x 24.5 urn) containing:
1) Drierite® to remove water
2) Molecular Sieve® 3A to further reduce the amount of

water in the gas stream
3) Ascarite® to remove CO2

Pressure
Sensor: 0 - 15 psi semiconductor type (National Semiconductor

Corp.) calibrated by barometer
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then be transferred to the stripper by closing Valve D, rotating valve

C to put the stripping gas in line with the sample flask and then

opening the stopcocks on the sample flask. This pushed the sample

into the stripper, bubbled He through the sample and carried the

stripped gases to the subsequent drying and trapping stages.

The initial trap used to preclean the stripping gas was removed

from liquid N2 and baked at 400°C for 1 hour after approximately 12

hours of operation. This was sufficient to prevent the breakthrough

of trapped K2 at the flow rate used (125 ml mm-1). The stripper and

sample flask volumes varied depending upon the nature of the sample.

For open ocean work we used if for CH and -2 and 125 ml for N20 and

in each of these cases a stripping time of 10 minutes was sufficient

to strip the desired gases from the sample. See CHAPTER 3 for a

description of the method used to calibrate the system.

The initial configuration of the GC part of this system was

designed to measure only dissolved H2 (Figure A.2). Helium and the

gases stripped from the sample flowed through Ti and were retained by

the liquid N2 cooled molecular sieve. At this temperature (-196°C)

the only atmospheric gases not quantitatively retained were He and Ne.

When the sample was completely stripped (iO minutes at 125 ml miif1)

valve VI was rotated to place the trap (Ti.) in series with the column

and detector. The liquid N2 was also removed and the trap allowed to

warm at room temperature. After 1 1,/2 minutes H2 had entered Column 1,

but 02 and N2 were still adsorbed to the trap. At this time Vi was

returned to its original position. This procedure allowed
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FROM STPPPER

Figure A.2. GC configuration 1. The labeled components are

Vi: Six port Mini Volume Valves (Cane)
Ti: Liquid nitrogen cooled trap of MS-5A, 3 mm x 30 cm,

stainless steel
N.V. : Ultra fine metering valve (Nupro)

Colinn 1: Room temperature column of NS-5A, 3 mm x 6 m stainless
steel

HID: Helium Ionization Detector (Beckman)
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H2 to elute from the trap and enter the GC column while venting the

02 and 2 away from the sensitive HID detector. The HID detector used

in this and all subsequent configurations described here was a Beckman

detector mounted in a Beckman Model GC-55 gas chromatograph.

The first major alteration of the GC scheme discussed above was

to add a second trap filled with activated charcoal and cooled with

dry-ice/acetone (Figure A.3) which allowed the determination of both

CH and H2 on the same sample. This two trap approach was used so

that CH would be retained on the first trap and H2 on the second trap

and each, in turn, could then be routed to the single HID detector.

H2 was determined in essentially the same manner as described for

configuration 1. For the determination of CH T2 was heated to 250°C

with an aluminum heating block. During the first 3 minutes of

heating, V3 was kept in the position shown. This allowed the 02 and

most of the N2 trapped to elute column 2. prior to its connection to

the detector. The purpose of column 3 was to effect a better

separation between CHk and any residual N2. Because of the relatively

large amounts of N2 compared to CH,, CH peaks appeared on the tail of

the large N2 peak. In this and all other multicolumn configurations

described here Tracor mandrel-type column ovens were used. These are

small and convenient to use when multiple, isothermal columns are

required.

In configuration 3 (Figure A.4) two important changes were made.

A nickel catalyst was added which allowed the detection of CO as

CH and a flame ionization detector (FID) was used for CH detection



173

Figure A.3. CC configuration 2. Labeled components are:

Vi, Ti, Column 1, hID as in Figure A.2.

V2: Six port Cane valve
T2: Dry-ice/acetone cooled trap (3 mm x 18 cm

stainless steel) filled with activated charcoal
V3: Four port Cane valve

Column 2:
3 mm x 2 m stainless steel columns of Molecular
Seive 5A at 100°C

Column 3:J



174

Figure A.4. GC configuration 3. L.abled componets are:

Vi, V2, Ti, T2, Col. 1, Col. 2, as in Figure A.2
Ni: Nickel oxide an firebrick, 3 mm x 10 cm stailess steel

held at 360°C (Porter and Volman, 1962)
H2: Hydrogen gas for reducing Co to CH over Ni catalyst for

detection by FID
FID: Flame ionization detector
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which eliminated the N2 problem and improved the precision to -3%.

This step also made possible the simultaneous analysis of H2 by the

HID and CH and CO by the FID thereby reducing analysis time. The

mode of operation here is essentially the same as that described for

configuration 2.

Considering ship space and small saniple size on the Cruise to

21°N on the East Pacific Rise, it was necessary to measure 112, Cth+,

CO and N20 with a single GC, thus configuration 4 (Figure A.5).

Operation for H2, CH and CO was the same as described previously.

When the analysis for 112 was complete, N20 was determined by

connecting T3 to the detector through V3 and V4. T3 was heated to

250°C with art aluminum block heater. The small sample size (20 ml)

and relative concentrations made it possible to determine all four

gases on a single sample.

Again, space limitations of the NORPAX Cruise led to a new

configuration , 5 (Figure A.6). This approach differs from

configuration 4 in that N20 was determined by electron capture

detection. This configuration also eliminated taking a separate CC

for N20. N20 required that a separate smaller (150 nil) sample be used

such that the linear range of the ECD was not exceeded. Thus only T3

was used for N20 and for CH., CO and H2 (on 11 samples) T3 was left at

room temperature and T2 and Ti. were used as described previously.

Throughout this work the chromatographic peaks were recorded on a

Leeds and Northrup Speedoniax' stripchart recorder and integrated with

Hewlett Packard 3373R digital integrators.
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l,. V.

Figure A.5. Configuration 4. All components have been previously
described except:

V3, V4: Cane nuinivolume valves
'13: 3 ram x 18 cm stainless steel trap filled with MS-13X

and cooled with joe water
Column 3: 3 mm x 46 cm stainless steel column packed with

MS-5A and held at 250*C.
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"1-v.

Figure A.6 CC configuration 5. All coniponents previously described
except:

ECD: Valco electron capture detector
Nitrogen gas supply required for operation of the ECD
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All valve switching on configurations 1-3 was done manually.

With configurations 4 and 5 manually switched Cane valve actuators

were used on Vi, V2 and V3. In all cases stopwatch timing of valve

manipulations depended on the operator. Redden (1982) has described a

more recent version of the trace gas CC which utilizes one liquidN2

cooled trap and microprocessor controlled valve switching.

A .mimary of the GC configurations used for the collection of the

various data sets used in this work is shown in Table A.1.
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Table A.1 Summary of Data Sets

GC
Cruise Date Location Configuration

WELOC 77 Jan 77 ETNP 1

KNORR. 64 Fb-Mar 77 Galapagos Ridge 1

TT 119 July 77 Saanich 1

ONAR June 78 Saanich 2

Small Boat Aug 78 Saauich 2

Gilliss Mar 79 Galapagos Ridge 3

Gilliss Nov 79 21°N 4

NORPAX May 80 Tahiti-Hawaii 5




