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The subsurface methane maximum in the Southern California 
Bight 
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Abs t r ac t - -The  distribution of dissolved methane  in the water column of the Santa Monica Basin 
was investigated on five cruises in the Southern California Bight. The  cruises included summer ,  fall 
and winter sampling dates. A subsurface me thane  max imum was usually observed but  it was not a 
consistent feature.  Its absolute depth,  depth relative to other  features and its magni tude  all varied 
on the scale of  hours ,  as well as among seasons, The surface water was always supersaturated with 
respect to the a tmosphere ,  but  the steady state diffusive sea-air  flux was small due to the low 
aqueous  concentrations.  A single wind event could change the surface concentrations drastically 
and enhance  the air-sea flux by several fold. Methane  oxidation rates were negligible in the depth 
interval of the subsurface concentration maximum,  implying that methane  is not  an active 
component  of  the surface ocean carbon cycle. Internal tides and waves are implicated as major 
factors controlling the me thane  distribution, due to the apparent  semidiurnal periodicity in depth 
and magni tude  of the me thane  maximum.  

I N T R O D U C T I O N  

THE distribution of dissolved methane in surface waters of the oceans is often reported as a 
characteristic subsurface maximum, typically reaching maximum concentrations of 
several nanomolar. Such a maximum has been reported from many diverse locations in the 
world o c e a n  (LAMONTAGNE et al . ,  1973; LAMONTAGNE et al.,  1971; SCRANTON and BREWER,  

1977; BROOKS et al. ,  1981 ; BURKE et al. ,  1983; LILLEY et al . ,  1982; WARD et al. ,  1987; WARD 
et al. ,  1989). The methane maximum often appears to be associated with other character- 
istic features associated with the bottom of the euphoric zone, such as the primary nitrite 
maximum, the deep chlorophyll maximum and the seasonal thermocline. A consistent 
quantitative relationship among these variables has not been documented, however. 

The origin of the subsurface methane maximum is unclear. Suggestions include 
advection from nearby sources in shelf sediments, diffusion or advection from local anoxic 
environments, and in situ production by methanogenic bacteria, presumably in association 
with metazoans or suspended particulate material. Production of methane by biochemical 
reactions other than conventional methanogenesis has not been documented. 

We began this study having concluded from previous reports that there was no widely 
accepted or consistent explanation for the origin of the subsurface maximum. Its 
widespread occurrence and its apparent persistence in space and time implied, however, 
that methane was actively involved in the carbon cycle of the surface ocean. We undertook 
a study of the methane distribution in the Southern California Bight in order to obtain 
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clues to the mechanism responsible for production and consumption of methane in the 
surface ocean. The seasonal study of methane distribution which we report here addresses 
the possible correlation of methane with other biological variables and with physical 
characteristics of the water. The measurement of methane oxidation rates in comparison 
to concentration changes observed in the water column provides estimates of how much 
carbon cycles through methane in the surface ocean and to what extent in situ methane 
production and consumption by known bacterial processes can be expected to contribute 
to its turnover. 

METHODS 

Measurements were made on five cruises to the Southern California Bight in October 
1987, June 1988, October 1988, January 1990 and July 1990. Oxidation rate experiments 
were performed on the first three cruises and methane concentration was measured on all 
cruises. All samples were collected at one central basin station located at 33°45'N, 
118°50'W. Data from other locations in the Bight will be reported elsewhere. Samples 
were obtained in 5-1 Niskin bottles, equipped with teflon-coated springs and silicone o- 
rings. Niskin bottles were deployed on a hydrowire (October 1987, June 1988 and October 
1988) or on a CTD rosette (January and July, 1990). 

Methane concentrations 

Dissolved methane concentration was measured on 1-1 samples by a gas extraction 
technique using flame ionization gas chromatography (HERR and BARGER, 1978; as 
modified by M. I. Scranton, personal communication). We did not determine the 
detection limit, but concentrations less than 1 nM could be reproducibly assayed. In plots 
showing error bars, we indicate the error associated with repeated injections of a single 
extraction. The coefficient of variation associated with these injections ranged from 
less than 1 to about 10%. Repeated assays on subsamples from the same 30-1 Niskin 
yielded a coefficient of variation of 2.5% (for the means from several injections for each 
subsample). 

Methane oxidation rates 

A thick-walled teflon tube was used to fill several 160-ml serum bottles (without 
introducing bubbles), each overflowed approximately two volumes, from Niskin 
samplers. Bottles were sealed without bubbles using solid black rubber stoppers and 
aluminum crimp seals. Radiolabelled methane (200/A of gas, mostly hydrogen, containing 
6-8/A CH4; 24 ktCi/~mol-1; biogenically produced by the method of DANIELS and ZEIKUS, 
1983) was injected through the stopper using a second needle to accept overflow as the gas 
displaced liquid. Tracer additions formed a small bubble in the bottles, which were 
vigorously mixed following tracer addition. Dissolved methane concentrations in the 
bottles were computed from the equation of RUDD and HAMILTON (1975). The tracer 
addition resulted in an elevation of in situ concentrations up to 0.25 pM. At each time point 
(approximately 1, 4, 8 and 18 or 24 h) incubations were processed for labelled particulates 
(by filtration through 47 mm diameter 0.3/~m pore size nitrocellulose filters) and labelled 
CO2 (by acidification and capture on phenethylamine soaked filters, with a recovery 
efficiency of 80%). Efficiency of the 14CO2 recovery was previously reported as 50% 
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(using a shorter recovery period; WARD et al., 1987) but the standardized and improved 
method used in the present study has resulted in increased recovery with good reproducibi- 
lity (80% + 3%) (WARD and KILPATR~C~:, 1990). Samples were shielded from light during 
all manipulations, and were incubated at approximately in situ temperature in running 
seawater incubators (for surface samples) or temperature controlled incubators (for 
deeper samples) in the dark. Filters were assayed by liquid scintillation counting within 1 
week. Oxidation rates were calculated from the linear regression of the time course data 
(a -< 0.05). Measured oxidation rates have been found to be linearly dependent upon 
substrate concentration (WARD and KILPATRICK, 1990), so results from standard time 
course experiments were corrected for altered substrate concentration due to label 
addition based on this linear relationship. 

Water chemistry and additional measurements 

Nitrate, nitrite (STRICKLAND and PARSONS, 1972) and ammonium (KOROL~FF, 1983) 
concentrations were measured in frozen subsamples after the cruise by standard methods. 
Oxygen concentration was measured using the Carpenter modification of the standard 
Winkler titration (CARPENTER, 1965). Temperature was measured using reversing ther- 
mometers on the Niskin samplers (October, 1987 and June and October, 1988) and 
thermometric depth corrections were computed or obtained from CTD casts (January and 
July, 1990). Chlorophyll concentrations were measured on filtered, frozen samples 
immediately after the cruise using standard fluorometric techniques (HOLM-HAYSEN et al., 
1965). Light intensity was estimated from Secchi depth measurements. Salinity, tempera- 
ture and density measurements in 1990 were obtained with a Neil Brown CTD system. 

RESULTS 

Subsurface methane maximum 

On each cruise, we attempted to obtain a composite profile of the methane maximum by 
repeated sampling in the same location over several days. In October of both 1987 and 
1988, this resulted in coherent composite profiles, collected over 3 days in each case, which 
exhibited a concentration maximum below the euphotic zone (Fig. 1A and D) (euphoric 
zone estimated as 1% light depth, was approximately 72 m in October 1987; 55 m in 
October 1988). The concurrence of data from separate casts separated by up to 3 days, 
taken at various times of day, implied that there was little temporal variability in the 
feature. This feature was clearly not coincident with the primary nitrite maximum (55 m in 
October 1987 and 35 m in October 1988), which was also a coherent feature, but which was 
shallower than the methane maximum. Chlorophyll data are available only for 1987, and 
the deep chlorophyll maximum was a little shallower than the nitrite maximum, well above 
the methane maximum (Fig. 1B). We do not have chlorophyll data for 1988, but the light 
intensity distribution implied that a chlorophyll maximum, if present, would have been 
considerably shallower than the methane maximum in October 1988. 

The occurrence of a subsurface methane maximum in composite profiles from the two 
summer sampling periods is less clear (June 1988 and July 1990) (Fig. 1C and F). 
Concentrations in the euphotic zone were generally above saturation (which ranges from 2 
to 2.5 nM in the water column above 200 m) but the data do not describe a coherent 
feature. In both cases, the error of measurement approaches the difference between data 
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Fig. 1. Distribution of dissolved methane and nitrite at station 305 in the Southern California 
Bight. (A) October 1987; composite profile over 3 days for methane (nM); nitrite (A)  ¢tmol x 100 
from one cast coinciding with the first methane cast. (B) October 1987; chlorophyll a (O,/~g 1-1 ), 
phaeopigments (O,/~g 1-1), light distribution (-- ,  fraction) from one daytime cast during the period 
of the 3-day composite methane profile. (C) June 1988; composite profile over 3 days for methane 
(nM); nitrite (A)  ~mol x 100 from one cast coinciding with the first methane cast. (D) October 
1988; composite profile over 3 days for methane (riM); nitrite (&)/~mol x 100 from one cast 
coinciding with the first methane cast. (E) January 1990; methane (+, riM) from cast 10, 27 
January; nitrite (A)/~mol x 50 and methane (all other symbols, riM) from 30 January. (F) July 
1990; methane ( 0  and O, nM) and nitrite (A)  ~tmol x 5 from 2 casts before the diel sampling 

began. Error bars = standard deviation for replicate injections of the same extracted sample. 
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points, and at most, a broad feature with concentrations above saturation in the upper 
100 m can be discerned. Highest concentrations in this depth interval observed in the 
summer (5-6 nM) were marginally lower than those observed in October (about 7 nM), a 
difference not much larger than the error of measurement (less than 1 nM). The primary 
nitrite maximum was present at both summer samplings, shallower in the water column 
than during October.  Although the methane maximum was much less distinct, it occurred 
in approximately the same depth interval as the nitrite maximum in both summer data sets. 

Results from the single winter sampling data are even more ambiguous (Fig. 1E) in 
terms of defining a subsurface maximum feature. Five casts taken over 4 days provided 
overlapping coverage for the upper 160 m. The composite data from the last four casts 
describe only a very broad, variable maximum around 100 m. In data from one cast (cast 
10, 27 January) taken on the first day on station, there was evidence of two subsurface 
maxima; one in the upper 40 m and one around 80 m. This cast was taken on the last calm 
day of the cruise (windspeed = 5 knots); other casts at the same location taken over the 
course of the next 4 days, during which time winds were rarely less than 16 knots, showed 
more uniform methane distributions (Fig. 1E). The shallow maximum was not detected on 
any subsequent casts. Nitrite data from two casts during this period showed a 15 m 
variation in the depth of the nitrite maximum. (The nitrite data plotted in Fig. 1E were 
collected on the same cast from which methane values plotted as open circles were 
obtained.) 

For clarity, the primary nitrite maximum is plotted from data from a single cast for each 
of the sampling dates (Fig. 1). For October 1987, June and October 1988, nutrient data 
were collected on the first cast of the 3-4 day sampling period. For January and July 1990, 
nutrient and methane data were often collected simultaneously. In July, significant 
variability in the nitrite distribution was detected in repeated casts over the same depth 
interval (see below). 
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Short term variability in subsurface maximum 

The composite data from January 1990 suggested that the slight broad elevation of 
methane concentration around 100 m was the main feature of the subsurface methane 
distribution, since the shallow feature observed before the increased wind (25-30 m; Fig. 
1E) had totally disappeared by the time we began the time series casts. A series of depths 
centered around 95 m was sampled several times over a period of 20 h in order to 
determine the short term temporal variability of the distribution. Hydrographic data from 
the second of the time series casts (4 h) are plotted in Fig. 2; they indicate a well mixed 
layer of approximately 40 m. Equilibrium methane concentrations computed from the 
dependence of solubility on temperature and salinity (YAMAMOTO et al., 1976) show that 
measured methane concentrations were not controlled by solubility alone. The methane 
concentration data from the time series casts are plotted against sigma t in Fig. 3. Each 
individual profile exhibits a small maximum around 95 m (shallower for the 0500 sample), 
and the pattern over the 20 h period indicates variability in the magnitude of the maximum 
in excess of measurement error. To compute the rate of change in concentration along a 
sigma t surface, concentration differences were divided by the elapsed time between 
profiles. The most rapid change, an increase of nearly 3 nM over 4 h (0.72 nM per h), 
occurred at 95 m (sigma t = 25.82) between 2100 and 0100 h. This increase was followed by 
a decrease of similar magnitude over the subsequent 8 h. 

The temporal  pattern of methane concentration at individual depths is plotted in Fig. 4. 
The largest variation occurred at 95 m, where two maxima and two minima occurred, both 
12 h apart. The same trends are seen at 80, 110 and 130 m, although with reduced 
amplitude. The pattern at 150 and at 60 m (for all except the 4-8 h interval), however, is the 
opposite of that at 95 m for every interval. 

In July 1990, as in January, a distinct subsurface methane maximum was not immedi- 
ately apparent in the preliminary sampling and the interval around 60 m was chosen for a 

100 

Temperature Salinity Sigma T Saturation nM [CH 4] nM 

25.5 12 15 

150 

50 

33.4 33.7 34.0 24.5 

J 
.I= 
Q. 

2.3 2.5 2.7 

Fig. 2. Hydrographic data from 0050 h cast during the time series experiment in January 1990, 
corresponding to the closed circles in Fig. 3. Saturation nM represents the concentration of 
methane in seawater in equilibrium with the atmosphere while CF h (nM) are the measured 

concentrations on this cast. 
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diel study. Preliminary sampling had detected a broad supersaturation in this range (Fig. 
1F), which was coincident with the primary nitrite maximum. Sampling over the next 24 h 
demonstrated no significant changes in methane concentration below 20 m and indeed, 
there was no evidence of a concentration maximum in this range. It became evident after 
8 h, however,  that significant changes were occurring at 20 m, and the sampling plan was 
amended to include 0 m, in order to better  define this feature. Hydrographic data from the 
third time series cast are plotted in Fig. 5. By comparison with Fig. 2, it is seen that seasonal 
warming influenced the equilibrium solubility of methane in the shallow summer mixed 
layer, but that observed concentrations still exceeded saturation to a depth of at least 
150 m. Twenty meters, the depth of the concentration maximum, was within the seasonal 
thermocline and large density variations occurred over time at this depth. The methane 
distribution over time plotted vs sigma t demonstrates that we did not capture the same 
water on repeated samplings in the pycnocline interval, even though we sampled the same 
nominative depth repeatedly (Fig. 6A). The only changes in methane concentration which 
we detected over the diel sampling occurred at 0 and 20 m, and involved maximum rates of 
increase of about 1 nM h -1 between 1130 and 1530 and 1.6 nM h -1 between 0330 and 0730. 

The pattern of change in methane concentration at individual depths in July is plotted in 
Fig. 7. Since the only significant changes occurred at 20 and 0 m (where the record is 
incomplete),  the data are insufficient to define a coherent  pattern or time scale of 
variation. Note however,  that the variations at 0 and 20 m appear to be out of phase with 
each other. 
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Fig. 4. Time course of methane concentration at each depth during diel study in January 1990. 
Lines connect concentrations within depths over time. ([3) = 60 m; (O) = 80 m; ( • )  = 95 m; (A)  = 

110 m; (+)  = 130 m; (O) = 150 m. Dark bar on time axis denotes dark period. 
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Fig. 5. Hydrographic data from the 1510 h cast during the time series experiment in July 1990, 
corresponding to the closed squares in Fig. 6. Saturation nM represents the concentration of 
methane in seawater in equilibrium with the atmosphere while CH 4 (nM) are the measured 

concentrations on this cast. 
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Fig. 6. Diel variation in subsurface methane  and nitrite maxima in July 1990. Nitrite and methane  
samples were collected from the same bottles at the same time, except that we did not  collect both 
from all bottles. (O) = 0715 h; (O) = 1110 h; (E]) = 1510 h; (11) = 1920 h; ( • )  = 2325 h; (&)  = 
0315 h; (+ )  = 0715 h. (A) Methane  (nM) distribution: all points between sigma t = 24 and sigma 
t = 25 came from 20 m depth and fell within the pycnocline. (B) Nitrite distribution (~M): the depth 

of the max imum at sigma t = approximately 25.5 varied between 50 and 70 m. 

Nutrient data for July are available from the same samples from which the methane data 
for the diel study were obtained. Depth of the nitrite maximum varied from 50 to 70 m and 
the maximum was always associated with a sigma t level of about 25.57 (Fig. 6B). 
Maximum rates of change in nitrite concentration occurred between 0330 and 0730 (30 nM 
h -1) and between 0130 and 0330 (24 nM h- l ) .  There was very little variability in nitrite 
concentration in the upper 30 m of the water column, where the only variability in methane 
concentration was observed. 

Methane oxidation rates 

Time course incubation experiments were performed at four depths within the euphotic 
zone in October  1987 and at two depths in the same region in October  1988. The depths 
sampled were above the main methane concentration maximum sampled at the same time; 
they were chosen to coincide with the bottom of the euphotic zone, close to the nitrite 
maximum. In June 1988, time course experiments were performed at several depths in the 
upper 100 m, encompassing the interval of the putative methane maximum and the 
primary nitrite maximum. 

In October  1987, no significant increase in tracer content of either particulates or 
dissolved CO2 was detected in experiments between 15 and 100 m, In October  1988, 
significant linear increases in the total label accumulating in particulates and CO2 were 
detected at 31 and 55 m, but computed rates are very low (on the order of fmol h -  ~ 1-1). In 
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Fig. 7. Time course of methane concentration at each depth during diel study in July 1990. Lines 
connect concentrations within depths over time. (©) = 0 m; (0 )  = 20 m; (D) = 40 m; (11) = 50 m; 

(A)  = 60 m; ( A )  = 70 m; (+)  = 90 m. Dark bar on time axis denotes dark period. 

June, no significant increases in tracer content were observed at any depth between 0 and 
100 m except at 65 m, where low rates were measurable. The total oxidation rates 
computed from these samples are extremely slow (Table 1) and yield turnover times of 
several years for the measured concentration of methane in the same samples. 

DISCUSSION 

The subsurface methane maximum often observed in oxygenated surface ocean waters 
has remained enigmatic since its first descriptions. Even in coastal waters where advection 
from sediment sources is more plausible than it is in oceanic waters, the source of the 
dissolved methane has not been unequivocably identified. The subsurface maximum of 
coastal Southern California Bight waters has similarities with the feature found in the open 
ocean. Neither is directly linked with an obvious in situ or advective source, although 
advection is certainly more plausible for coastal waters. Speculation about the source, 
both in coastal and offshore waters, has focused on in situ production of methane in near 
surface waters. Biological production of methane requires not only the absence of oxygen 
but highly reducing conditions (to allow growth of conventional methanogenic bacteria), 
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Table 1. Methane oxidation rates in the subsurface methane maximum 

Rate Turnover time 
Date Depth (m) (fmol 1-1 h -1) (months) 

October 1987 
June 1988 

October 1988 

15, 30, 50, 65,100 Not detected 
1, 11, 19, 29, 42, 95,125 Not detected 
65 400 12 
10, 34, 50, 70 Not detected 
31 1 6148 
55 2 4508 

conditions which are unlikely to occur in surface waters. Purely physical explanations 
(primarily advection of methane from shelf sediments) have not succeeded in proving that 
in situ production of methane in the water column is not necessary to maintain the 
distribution. SCRANTON and BREWER (1977) argued against advection from shelf sediments 
being the only source by comparing the loss of methane from the water across the air-sea 
interface with the rate of supply of methane to the subsurface interval by diffusion away 
from the subsurface maximum. Loss to the atmosphere was in large excess of the diffusive 
supply to the surface layer, and it was concluded that in situ production must be occurring 
to provide the difference. 

BURKE et al. (1983) suggested in situ methanogenesis in association with zooplankton 
guts was responsible for the subsurface maximum, but no quantitative evidence to support 
the suggestion was provided. Others (e.g. SIEBtJRrI-I, 1988) have suggested that methano- 
genesis in the interior of suspended particles, which are anoxic in the center and oxic at the 
outer edges, is responsible for the occurrence of methane in surface waters. The microzone 
particulate scenario involves coupled oxidative and reductive decomposition of organic 
material, leading to the slight accumulation of methane as an end product. Such particles 
must be so constructed as to allow methane to diffuse out from the center into the 
oxygenated water column, but to prevent, either physically or by biochemical consump- 
tion, the diffusion of oxygen into the particle from the environment. This scenario is 
conceptually pleasing but neither quantitative evidence nor computation of the necessary 
diffusion and reaction rates has been presented. JAHNKE (1985) presented calculations for 
the effect of denitrification in microzones in deep-sea sediments on porewater nitrate 
profiles. He concluded that true anoxia could only be maintained by very rapid oxygen 
consumption rates in relatively large particles (1 cm or larger) in the presence of porewater 
at saturating oxygen concentrations. By analogy, reasonable constraints on the rates of 
oxygen consumption and diffusion and the size and diffusivity of particles likely to remain 
suspended in the oxygen rich surface ocean waters combine to make the microzone 
scenario unlikely. In light of the data presented here, it may be time to reconsider the 
contribution of advection of preformed methane to the formation and maintenance of 
methane distributions in the surface ocean, at least in the Southern California Bight. 

The data presented above imply that physical factors are very important in determining 
the occurrence and distribution of the subsurface methane maximum in the Southern 
California Bight. The covariation in methane concentration with changes in physical 
parameters (see below) suggests that water motion controls the relative distribution of 
methane at different depths. A second piece of evidence in favor of the predominance of 
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physical factors is the failure to measure methane oxidation rates which are fast enough to 
affect the in situ methane concentration on relevant time scales. 

The magnitude of the subsurface maximum generally decreases with increasing distance 
from shore (SCRANTON and BREWER, 1977). This kind of distribution is consistent with 
decay of a signal which originates in the basin margin, as well as with correlation with in situ 
biological activity, which tends to decrease in the same general manner along a gradient 
from eutrophic coastal waters to more oligotrophic oceanic waters. Thus it is difficult to 
separate the two different main causes of the signal. 

Surface circulation of the Southern California Bight is dominated on the larger scale by 
the California Current,  which is the eastern limb of the north Pacific gyre. The California 
Current turns shoreward near the southern U.S. border,  and a branch of the current turns 
poleward into the Southern California Bight, where it is known as the Southern California 
Countercurrent .  The result is a counterclockwise gyre in the Southern California Bight, 
which varies seasonally, being strongest in the summer and winter. The predominant 
current direction on the eastern slope of the Santa Monica Basin therefore,  is from the 
southeast to the northwest in both January and July. The currents are subject to large 
amplitude fluctuations on large spatial scales, however, so that on the scale of days, the 
water movement  may be effectively sloshing back and forth along the southeast/northwest 
axis (B. M. Hickey, in preparation).  The cause of the fluctuations is poorly understood, 
but they are not directly attributable to local wind stress; trapped coastal waves generated 
by remote wind forcing are a possible source. The fluctuations are maximal around 100 m 
depth in the Santa Monica Basin and the amplitude is greatest in fall/winter (B. M. Hickey, 
in preparation). The variation in the methane concentration maximum centered around 
95 m in January could be due at least in part to such fluctuations: data from moored current 
meters in this region document changes in current direction at different times at different 
depths 25 m apart (B. M. Hickey, in preparation). Differential motion of horizontal layers 
is a likely explanation for the temporal patterns observed in methane concentration at 
different depths in the diel study in January. The implication of fluctuations in the 
direction of horizontal motion is that the shape, and perhaps the very existence, of the 
maximum is dependent  upon the juxtaposition of layers at the time of sampling. The most 
coherent  methane maxima we observed occurred in October,  the season when fluctuations 
in the main current regime should be weakest. 

Tidal currents and internal waves cause horizontal and vertical motions on the scale of 
hours, shorter than the fluctuations in geostrophic currents described above (SM~TIa et al., 
1987; WINANX and OLSON, 1976). CULLEN et al. (1983) detected the influence of tidal 
currents on the depth distributions of nitrate, chlorophyll and temperature at a shallow 
(30 m) coastal station in the Southern California Bight, where the depth of the chlorophyll 
maximum was correlated with the depth of the 14°C isotherm. Tidal currents are expected 
to be strong over the shelf, but weaker in deep water. The kind of variation in vertical 
displacement and direction of water motion that we observed may be due to internal tides 
or waves, which show a semidiurnal periodicity and can be detected at some distance from 
the coast. REID (1956) reported that semidiurnal internal waves were the dominant feature 
of multi-day temperature records at a station 64 km offshore from Point Sur, California 
(1975 m depth),  but that the diurnal signal could not be detected in simultaneous records 
from stations 258 and 515 km offshore. Our station at 46 km offshore at 905 m depth is well 
within the range in which strong semidiurnal signals in vertical displacement should be 
detected as a result of internal tides. 
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The 12 h periodicity in the magnitude of the methane maximum centered at 95 m in 
January (Fig. 4; note relative changes at 95, 80 and 110 m), and the apparent opposite 
variation on the same time scale at 150 m, suggests an approximately tidal cycle. Our time 
series data are inadequate for frequency or spectral analysis, but tidal influences were 
detectable in the distribution of conservative variables such as salinity and temperature 
(data not shown). Our sampling resolution was not adequate to determine the exact 
density structure of the methane distribution but it appeared that maximum methane 
concentration was associated with a sigma t of about 25.82. We interpolated graphically 
between the points of the methane distribution to obtain a better estimate of the depth of 
the maximum. The variation in this depth with time covaried with changes in the depth of 
the 25.82 sigma t surface (the surface which coincided with 95 m depth at the beginning of 
the diel study) (Fig. 8). The scale of these vertical displacements is about 14 m over 4-8 h, 
which is consistent with the magnitude of vertical motion ascribed to internal tides 
(CULLEN et al., 1983; WINANa" and OLSON, 1976) and less than the magnitude associated 
with internal waves (REID, 1956). 

The periodicity in the increase or decrease of methane concentration at the sigma t level 
of maximum methane concentration did not appear to be linked to the light-dark cycle. 
The two most rapid increases occurred in early evening and during mid morning. Changes 
in methane concentration were correlated with movement  of different density layers past 
the sampling depth. Depending on the spatial distribution of methane in the surrounding 
water, horizontal motion along sloping isopycnals or vertical motion, or both, could 
produce the temporal  patterns we observed. The 20 h record available from January is not 
sufficient to conclude which temporal scale of motion is most important in determining the 
distribution of dissolved constituent. A diurnal cycle is implicated, however. The co- 
herence of temporal patterns of methane with conservative parameters implies an 
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Fig. 8. Variation in depth of the 25.82 sigma t surface ((3) and depth of the interpolated methane 
maximum ( • )  during January 1990 diel study. Sigma t = 25.82 coincided with 95 m at the beginning 

of the 20 h diel study. 
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important role for physical factors, rather than in situ production and consumption 
processes, in shaping the methane distribution, at least on the short term. 

In January, the maximum was below the seasonal thermocline and relatively unaffected 
by large changes in the surface wind field during the diel sampling. The wind and seas 
increased so much during the January study that the last (the 24 h point) sampling could 
not be completed. Although we detected changes in biological parameters (oxygen 
concentration, transmissivity, chlorophyll; data not shown) in the mixed layer during the 
wind event, there is no evidence from the temperature, salinity and sigma t data, that the 
disturbance reached the methane feature at 95 m. In July, however, the feature itself may 
have been dependent upon the sea state. The shallow methane maximum we studied in 
July is probably not the same feature we studied in January at 95 m. During the July cruise, 
we never recorded wind speeds above 5 knots and the size of the methane maximum at 
20 m increased almost continually as the surface layer warmed up under continual sun and 
lack of wind. Unfortunately, the sampling interval in July was not adequate to detect small 
vertical variations in the maximum, but the maximum itself and the concentration changes 
appeared to be confirmed to the top 40 m and perhaps the top 20-30 m. We suspect that a 
similar feature was detected during a calm period in January (Fig. 1E), which promptly 
disappeared when the sea state and winds picked up. Also by contrast, we detected no 
maximum and no variation in methane concentration below the thermocline in July. 

The solubility of methane in seawater is dependent upon temperature so we computed 
the equilibrium solubility for the diel sampling in July to determine whether changes in 
temperature could contribute to the observed concentration changes. The variation in 
equilibrium solubility in the 20 m layer exceeded its variability both at the surface and 
deeper in the water column (Fig. 9A); total concentration change expected from this 
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Fig. 9. Variation in equilibrium methane saturation in the upper 40 m during the July diel study. 
(A) Computed equilibrium values as a function of depth in m; (©) = 0715 h; (0 )  = 1110 h; ([~) = 
1510 h; ( I )  = 1920 h; (A)  = 2325 h; (A)  = 0315 h; (+)  = 0715 h. (B) computed equilibrium values 
as a function of sigma t [symbols as for panel (A)]; (C) Measured methane concentration at 0315 h 

(large C)) compared to calculated equilibrium concentrations [symbols as for panel (A)]. 



Methane in the Southern Californian Bight 749 

variation amounts to about 0.2 nM, with equilibrium solubility on the order of 2.3 nM. 
When plotted vs sigma t, it is seen that there was no change in methane solubility over time 
(Fig. 9B) and that measured concentrations throughout the surface layer always exceeded 
saturation values (Fig. 9C). 

The rapidity with which this shallow maximum appeared in July and disappeared in 
January is due to wind mixing or lack thereof in the surface layer. While saturated surface 
waters would allow us to compute a significant sea-air flux, this flux is not maintained on a 
steady state basis. In fact, diffusion as a result of the concentration gradient is probably less 
important than short term events which redistribute methane rapidly in the surface layer. 
In January, the air-sea flux computed from data collected before the wind event (cast 10, 
Fig. 1E) was 0.32 nmol cm -2 day -1 (HARTMAN and HAMMOND, 1985). The diffusive flux 
away from the maximum at 30 m to supply the surface layer was 0.0285 nmol cm -2 day -1, 
indicating that a source other than simple diffusion is necessary to maintain the air-sea 
flux. After 3 days of steadily increasing wind, the maximum at 30 m had completely 
disappeared. The loss of methane from the top 50 m of the water column between these 
two sampling times was 442 ktmoles. This represents a loss rate of at least 14.7 nmol cm -2 
day -1, which is 46 fold faster than the diffusive loss in low wind. The instantaneous loss 
rate could be higher; we did not have the opportunity to sample the surface water in the 
intervening period. One implication of this short term variability is that flux rates 
computed from concentration gradients are not representative of the true flux. The 
relative magnitude of the disequilibrium between the sea surface and the atmosphere 
compared to the subsurface gradient is not sufficient basis from which to deduce the in situ 
production term. The source of the methane which causes supersaturation of ocean waters 
relative to concentrations expected from atmospheric equilibrium is still not identified, but 
in situ production may not be required to explain the observed concentration distributions. 

The nitrite maximum is a common feature which is reliably associated with the bottom of 
the euphotic zone due. Both currently acceptable biological explanations for the forma- 
tion and maintenance of the primary nitrite maximum place it near the 1% light depth, due 
either to the light sensitivity of nitrifying bacteria (OLSON, 1981) or to nitrite release by 
phytoplankton (KIEFER and KREMER, 1981). Diel data on depth and magnitude variability 
in both methane and nitrite concentrations can be compared in samples taken at the same 
time from the same bottles in July (Fig. 6). The two distributions appear to be unrelated. 
Both are influenced by motions of the water column on approximately diurnal scales but 
the relative vertical motion associated with the depth layers containing these two features 
is not coherent. Maximum nitrite concentration was associated with a sigma t of about 
25.57 and changes in magnitude of the maximum were small except for the increase near 
the end of the dark period (Fig. 6B). Sampling resolution in the depth interval of the 
methane maximum was not adequate to define its density distribution but the maximum 
methane concentration was associated with a sigma t between 24.5 and 25. The relatively 
large variation in sigma t and magnitude of the maximum is exaggerated by the fact that the 
sample interval was large and the maximum was located within a steep pycnocline (Fig. 
6A). 

Relative motion of the sigma t surfaces associated with the maximum concentrations of 
nitrite and methane indicates that the layers which contained the two maxima are out of 
phase with each other during the sampling period (Fig. 10). Motion in the depth interval of 
the nitrite maximum introduced considerable variation in the magnitude and depth 
distribution of nitrite over 24 h, indicating variation in the nitrite concentration in vertical 
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Fig. 10. Temporal pattern of the depth of sigma t surfaces which were associated with the depth 
of the methane (@; sigma t = 24.7) and nitrite (O; sigma t = 25.57) maxima at the beginning of the 

diel study in July. 

and horizontal fields. No such variation in methane concentration at this depth was 
observed. The opposite was true for the 20 m layer where considerable variation in 
methane concentration, but not nitrite concentration, was observed. The obvious con- 
clusion for July is that the origin and processes, whether primarily biological or physical, 
which create and maintain the two distributions are distinct from each other. 

The rate of change in methane concentrations during the diel studies includes both 
biological consumption/production and advective changes caused by variation in the 
spatial distributions and is of the order of 1 nM h -1. Measured consumption rates in this 
part of the water column (fM h - l ;  measured in 1987 and 1988) are slower by a factor of 106 , 
implying in situ turnover times for methane on the order of years. Methodological 
problems might be suspected in the failure to detect methane oxidation but it is more likely 
that in situ rates were simply below the detection limit of the method. Methane oxidation 
was detected deeper  in the water column at this site (WARD and KILPATRICK, in prep- 
aration) and we have used this method successfully in several other marine environments 
(WARD et al., 1987; REEBtJRan et al., 1991; WARD et al., 1989). 

In contrast to the situation for methane,  in situ nitrification activity is probably more 
important in relation to the nitrite maximum than is methane oxidation to the methane 
distribution. We did not measure nitrification rates on these cruises, but have done so in 
the past at nearby locations. Maximum rates of ammonium oxidation (nitrite production) 
associated with the primary nitrite maximum at a station of similar depth and distance from 
shore in the Southern California Bight (Station 205 at 33°18.7'N, 118°09.6'W, November  
1982) was 1.7 nM h -1 (WARD, 1987). The largest changes in nitrite concentration at the 
sigma t of maximum nitrite concentration in July 1990 ranged from 7.5 to 30 nM h -  i. This 
increase occurred during the dark period, which is more consistent with nitrification than 
phytoplankton as a source of the nitrite. Ammonium oxidation rates at Station 305 
equivalent to those measured at Station 205 would result in turnover times of approxi- 
mately 10 days for nitrite at the maximum nitrite concentration in July. Even without 
considering transformations other than nitrification as sources of nitrite, biological 
transformations are more commensurate with the scale of changes observed, than are the 
measured methane oxidation rates in comparison to observed changes in methane 
concentration. 
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One problem with this comparison between the methane and nitrite maxima is that the 
sources and sinks for methane  in the ocean are less well understood than are sources and 
sinks of nitrite. The source of methane in surface waters is as yet unidentified. Methane 
oxidizing bacteria have been isolated from surface ocean waters (Sm~VRTH et al., 1988) and 
tracer experiments  have identified transformations involved in methanot rophy in several 
marine environments (WARD et  al., 1987; REEBURGH et al., 1991; WARD and KILPATRICK, 
1990; WARD et al., 1989). Thus we expect that methanotrophs  are involved in consumption 
of methane in surface waters; oxidation of methane can be detected at times but is very 
slow. Since we cannot measure methane production, we cannot derive an independent  
estimate of methane turnover,  and present  evidence leads to the conclusion that biological 
processes are not very important  in determining the methane distribution in surface waters 
of the Southern California Bight. 

The subsurface methane maximum has been suggested to be associated with biological 
activity at the bot tom of the photic zone. Our  results are consistent with those of others 
(e.g. BURKE et al., 1983) in demonstrat ing that there is no single consistent relationship 

that might imply causal association with other features of the water  column. There  must he 
at least two different sources of methane in the surface water: the pr imary methane 
maximum observed in January was below the euphotic zone and below the pycnocline; it 
was not influenced by turbulence and wind mixing which disrupted the surface water. It 
was, however,  subject to rearrangement  by semidiurnal motions below the seasonal 
thermocline. By contrast,  the pr imary methane feature observed in July was very close to 
the surface, situated within the seasonal thermocline. We suspect that this shallow feature 
was observed briefly in January (at a depth of about 30 m when this depth was above the 
seasonal thermocline),  but it was completely dissipated by high winds during the sampling 
period. It appeared  in January that there were multiple discrete sources of methane to the 
water  column, while in July, there was only one, and it was not associated with the intense 
recycling and biological activity near  the bot tom of the photic zone. We suspect that the 
observed methane profiles reflect preformed methane which enters the subsurface waters 
from shelf sediments where the water  column intersects methane bearing sediments. Two 
likely sources of methane in Bight sediments include: (1) diagenesis in anoxic muds (Santa 
Monica sewer outfall and the dense population center of Los Angeles are located directly 
shoreward of the Santa Monica Basin); and (2) seepage of natural gas from petroleum 
hydrocarbon and gas deposits. Natural  gas and oil seeps are common in the Southern 
California Bight and have been documented at various depths along the coast line (REED 
and KAPLAN, 1977). Both diagenesis and seeps would release methane into the water  
column in vertically well defined depth intervals, f rom which its distribution could be 
altered and controlled by advection and tidal motions. Thus, in situ production is not 
required to explain the presence and patterns of methane in surface waters of the Southern 
California Bight. The geology and hydrography of the Bight are, however,  unique. 
Therefore ,  our  conclusions are not necessarily applicable to methane features in distant 
offshore sites. 

Acknowledgements--Lacy Daniels generously supplied the methanogens used to generate radioactive methane. 
K. A. Kilpatrick, L. J. Kerkhof and Alex Leonard assisted with measurement of methane oxidation at sea. K. A. 
Kilpatrick and A. R. Cockcroft performed nutrient analyses. Jim Postel provided help with the CTD data 
collection. We appreciate the cooperation of the Scripps Institution of Oceanography ship operations personnel, 
especially the crew of the R.V. Sproul. The manuscript benefited from informal critical reviews by Mary Scranton 
and George Jackson. This research was supported by NSF grant OCE-8417038 and DOE contract DE-FG05- 
8SER60339 to B.B.W. 



752 B.B.  WARD 

R E F E R E N C E S  

BROOKS J. M., D. F. REID and B. B. BERNARD (1981) Methane in the upper water column of the Northwestern 
Gulf of Mexico. Journal of Geophysical Research, 86, 11029-11040. 

BURKE R. A . ,  D. F. REID, J. M. BROOKS and D. M. LAVOIE (1983) Upper water column methane geochemistry in 
the eastern tropical North Pacific. Limnology and Oceanography, 28, 19-32. 

CARPENTER J. H. (1965) The Chesapeake Bay Institute technique for the Winkler dissolved oxygen method. 
Limnology and Oceanography, 10, 141-143. 

CULLEN J. J., E. STEWART, E. RENGER, R. W. EPPLEY and C. D. WINANT (1983) Vertical motion of the 
thermocline, nitracline and chlorophyll maximum layers in relation to currents on the Southern California 
Shelf. Journal of Marine Research, 41,239-262. 

DAN1ELS L. and J. G. ZEIKUS (1983) Convenient biological preparation of pure high specific activity 14 C-labelled 
methane. Journal of Labelled Compounds and Radiopharmaceuticals, 20, 17-24. 

HARTMAN B. and D. E. HAMMOND (1985) Gas exchange in San Francisco Bay. Hydrobiologia, 29, 59~8. 
HERR F. L. and W. R. BARGER (1978) Molecular hydrogen in the near-surface atmosphere and dissolved in waters 

of the tropical North Atlantic. Journal of Geophysical Research, 83, 6199--6205. 
HOLM-HANSEN O.,  C. J. LORENZEN, R. W. HOLMES and J. D. H. STRICKLAND (1965) Fluorometric determination 

of chlorophyll. Journal du Conseil permament internationale Exploration de la Met, 30, 3-15. 
JAHNKE R. A. (1985) A model of microenvironments in deep-sea sediments: Formation and effects on porewater 

profiles. Limnology and Oceanography, 30, 956-971. 
KIEFER D. A. and J. N. KREMER (1981) Origins of vertical patterns of phytoplankton and nutrients in the 

temperate, open ocean: a stratigraphic hypothesis. Deep-Sea Research, 28, 1087-1105. 
KOROLEEE F. (1983) Determination of nutrients. In: Methods of seawater analysis, K. GRASSHOFF, M. EHRHARDT 

and K. KREMLINO, editors, Verlag Chemie, New York, pp. 125-187. 
LAMONTAGNE R. A. ,  J. W. SWINNERTON, V. J. LINNENBOM and W. D. SMITH (1973) Methane concentrations in 

various marine environments. Journal of Geophysical Research, 78, 5317-5324. 
LILLEY M. D., J. A. BAROSS and L. I. GORDON (1982) Dissolved hydrogen and methane in Saanich Inlet, British 

Columbia. Deep-Sea Research, 29, 1471-1484. 
OLSON R. J. (1981) Differential photoinhibition of marine nitrifying bacteria: a possible mechanism for the 

formation of the primary nitrite maximum. Journal of Marine Research, 39, 227-238. 
REEBURGH W. S., B. B. WARD, S. C. WHALEN, K. A. SANDBECK, K. A. KILPATRICK and L. J. KERKHOF (1991) 

Black Sea methane geochemistry. Deep-Sea Research, 38, $1189-S1210. 
REED W. E. and I. R. KAPLAN (1977) The chemistry of marine petroleum seeps. Journal of Geochemical 

Exploration, 7, 255-293. 
REID J. L., Jr (1956) Observations of internal tides in October 1950. Transactions, American Geophysical Union, 

37, 278-286. 
RUDD J. W. M. and R. D. HAMILTON (1975) Factors controlling rates of methane oxidation and the distribution of 

the methane oxidizers in a small stratified lake. Archives of Hydrobiology, 75,522-538. 
SCRANTON M. I. and P. G. BREWER (1977) Occurrence of methane in the near-surface waters of the western 

subtropical North-Atlantic. Deep-Sea Research, 24, 127-138. 
SIEBURTH J. McN. (1988) The trophic roles of bacteria in marine ecosystems are complicated by synergistic- 

consortia and mixotrophic-cometabolism. Progress in Oceanography, 21, 117-198. 
SMITH J., R. PINKEL and R. A. WELLER (1987) Velocity structure in the mixed layer during MILDEX. Journal of 

Physical Oceanography, 17,425-439. 
STRICKLAND J. D. H. and T. R. PARSONS (1972) A practical handbook of seawater analysis. Bulletin of the 

Fisheries Research Board Canada 67, 2nd edn, Ottawa, Canada, pp. 1-310. 
WARD B. B. and K. A. KILPATRICK (1990) Relationship between substrate concentration and oxidation of 

ammonium and methane in a stratified water column. Continental Shelf Research, 10, 1193-1208. 
WARD B. B., K. A. KILPATRICK, P. C. NOVELLI and M. I. SCRANTON (1987) Methane oxidation and methane fluxes 

in the ocean surface layer and deep anoxic waters. Nature, 327,226-229. 
WARD B. B., K. A. KILPATRICK, A.  E. WOPAT, E. C. MINNICH and M. E. LIDSTROM (1989) Methane oxidation in 

Saanich Inlet during summer stratification. Continental Shelf Research, 9, 65-75. 
WINANT C. D. and J. R. OLSON (1976) The vertical structure of coastal currents. Deep-Sea Research, 23,925-936. 
YAMAMOTO S., J. B. ALCAUSKAS and T. E. CROZIER (1976) Solubility of methane in distilled water and seawater. 

Journal of Chemical Engineering Data, 21, 78-80. 


