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Methane oxidation in Saanich Inlet during summer stratification 
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Abstract--Saanich Inlet, British Columbia, a fjord on the southeast coast of Vancouver Island, 
typically stratifies in summer, leading to the formation of an oxic-anoxic interface in the water 
column and accumulation of methane in the deep water. We present the results of methane 
concentration measurements in the water column of the inlet at various times throughout the 
summer months in 1983. Methane gradients and calculated diffusive fluxes across the oxic-anoxic 
interface increased as the summer progressed. Methane distribution and consumption in Saanich 
Inlet were studied in more detail during August 1986. At this time, a typical summer stratification 
with an oxic-anoxic interface around 140 m was present. At the interface, steep gradients in 
nutrient concentrations, bacterial abundance and methane concentration were observed. Meth- 
ane oxidation was detected in the aerobic surface waters and in the anaerobic deep layer, but 
highest rates occurred in a narrow layer at the oxic-anoxic interface. Estimated methane 
oxidation rates were sufficient to consume 100% of the methane provided by diffusive flux from 
the anoxic layer. Methane oxidation is thus a mechanism whereby atmospheric flux from anoxic 
waters is minimized. 

INTRODUCTION 

DISSOLVED m e t h a n e  occurs  in charac te r i s t i c  d i s t r ibu t ions  in the  ocean .  Sur face  wa te r s  a re  
usual ly  s a t u r a t e d  with  r e spec t  to  the  a t m o s p h e r e  (LAMONTAGNE et al., 1973). A subsur-  
face concen t r a t i on  m a x i m u m  is o f ten  found  nea r  the  b o t t o m  of  the  pho t i c  zone  in coas ta l  
as well  as ocean ic  wa te r s  (SCRANTON and  BREWER, 1977; BURKE et al., 1983). In  ocean ic  
reg ions ,  m e t h a n e  concen t r a t ions  dec rease  with dep th  be low the  m a x i m u m ,  and  d e e p  
wa te r s  a re  u n d e r s a t u r a t e d  due  to  in situ c o n s u m p t i o n  (SCRANTON and  BREWER, 1978). In  
si tes whe re  seasona l  o r  longer  t e rm  s t ra t i f icat ion occurs ,  m e t h a n e  concen t r a t i ons  in- 
c rease  across  the  o x i c - a n o x i c  in ter face  (SCRANTON and  BREWER, 1978; SCRANTON et al., 
1987). Bo th  of  these  fea tu res ,  the  subsur face  m a x i m u m ,  and  the  inc rease  at the  o x i c -  
anoxic  b o u n d a r y ,  have  been  p rev ious ly  r e p o r t e d  in Saanich  In le t  and  surface  wa te r s  of  
Saanich  In le t  a re  s u p e r s a t u r a t e d  with  m e t h a n e  (LILLEY et al., 1982; BULLISTER et al., 
1982). 

Whi l e  the  source  of  m e t h a n e  at  the  o x i c - a n o x i c  in te r face  is obv ious ,  the  occu r rence  of  
a d i sc re te  m a x i m u m  in nea r - su r face  waters  has  been  difficult to  exp la in  (SCRANTON and  
BREWER, 1977; BURKE et al., 1983). A d v e c t i o n  o f  m e t h a n e - r i c h  wa te r s  bo th  l a te ra l ly  
f rom coasta l  s ed imen t s  and  ver t ica l ly  f rom m e t h a n e - l a d e n  anoxic  d e e p  waters  a re  
poss ib le  sources ,  as is an  as ye t  un iden t i f i ed  in situ bio logica l  p r o d u c t i o n  mechan i sm.  
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Some combination of these source terms supports a variable methane flux from seawater 
to the atmosphere. 

In the research presented here, we measured in situ methane concentration through- 
out summer stratification, and subsequently, measured methane concentration and 
oxidation rates throughout the water column in late summer. From our results, we 
calculated the diffusive fluxes of methane across the air-sea interface and across the 
gradients observed within the water column. By comparing the supply of methane by 
diffusion from the deep water source to its in situ consumption by biological oxidation, 
we indirectly assessed the magnitude of the in situ source term in near-surface waters. 
We also assessed the relative importance of biological methane oxidation in modifying 
the air-sea methane flux. 

METHODS 

A time series study (three sequential months in summer) of methane distribution was 
conducted at an up-inlet station [48°33.1'N, 123°32.7'W; Sta. B of EMERSON et al. (1979)] 
in Saanich Inlet in 1983. Synoptic data on nutrient concentrations, hydrographic 
variables and biological reaction rates were collected at the same station during August 
1986. Samples were obtained in 5- or 30-liter Niskin samplers, equipped with teflon-lined 
springs and silicone o-rings. Samplers from low oxygen waters were plumbed with 
nitrogen prior to sampling. 

Methane concentrations 

In August 1986, methane concentration was measured on 1.0 liter samples by a gas 
extraction technique using flame ionization gas chromatography (HERR and BARGER, 
1978; WARD et al., 1987). Repeated assays on subsamples from the same 30-liter sampler 
yielded a coefficient of variation of 2.5%. Samples from previous dates were assayed by 
injecting 10 ml of water into an evacuated vial and analysing the head space by FID GC 
(LIDSTROM and SOMERS, 1984). Samples were run in triplicate and rejected if the 
coefficient of variation exceeded 5%. 

Methane oxidation rates 

Four 160-ml serum bottles were filled from each Niskin for incubation experiments to 
measure methane oxidation rates. Subsampling was done using a thick-walled teflon 
tube, and each bottle was overflowed approximately 2 volumes, taking care not to 
introduce bubbles. Bottles were sealed without bubbles using solid black rubber stoppers 
and aluminum crimp seals. Radiolabeled methane (200 ~tl of gas, mostly hydrogen, 
containing 10.4 ~tl CH4, 55 ~tCi I.tmol-l; biogenically produced according to DANIELS and 
ZEIKUS, 1983) was injected through the stopper, using a second needle to accept overflow 
as the gas displaced liquid. Samples were shielded from light during all manipulations, 
and were incubated in running seawater incubators in the dark. At each time point (1, 4, 
8 and 18 or 24 h) one of the four bottles was processed for labeled particulates (by 
filtration through 47 mm diameter 0.3 Ixm pore size MiUipore filters) and labeled CO2 (by 
acidification and capture on phenethylamine soaked filters, with a recovery efficiency 
which was determined to be 50%) as previously described (WARD et al., 1987). Filters 
were assayed by liquid scintillation counting within 1 week. Oxidation rates were 
calculated from the linear regression of the time course data. Rates are presented only 
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for samples which yielded significant regression lines from three or more data points 
(a ~< 0.05). Measured oxidation rates were found to be linearly dependent upon 
substrate concentration up to several ~tM (data not shown); measured rates were 
corrected for altered substrate concentration due to label addition based on this linear 
relationship. We did not determine the effect of hydrogen on methane oxidation rates. 
We have indirect evidence of no effect from the fact that the rate vs methane 
concentration data from a single depth all fell on the same line, although the hydrogen/ 
methane ratio varied by several orders of magnitude. This relationship was also reported 
for methane-oxidizing samples from the Cariaco Trench (WARt) et al., 1987). 

Flux calculations 

Atmospheric methane concentration was taken as 1.77 ppm (KHALIL and RASMUSSEN, 
1986). Salinity was not measured on our samples so we used the data of EMERSON et al. 
(1979) from the same station, to calculate solubilities from the tables of YAMAMOTO et al. 
(1976). Temperature was measured using reversing thermometers on our sample bottles. 
Air-sea flux was calculated using the equation of HARTMAN and HAMMOND (1985) at an 
estimated windspeed of 1 m s -1. To calculate diffusive fluxes, the vertical eddy diffusi- 
vity, Kv, was multiplied by the methane concentration gradient, taken as the slope of a 
regression from the linear portion of the concentration vs depth curve beginning at the 
interface. Kv in the mixed layer was taken to be 0.2 cm 2 S -1 (SCRANTON and BREWER, 
1977) and 0.5 cm 2 s -1 across the oxic-anoxic interface (EMERSON et al., 1979). 

Water chemistry and bacterial enumeration 

Nitrate, nitrite (S~Icr, LAND and PARSONS, 1972) and ammonium (KOROLEFF, 1983) 
concentrations were measured in frozen subsamples after the cruise by standard meth- 
ods. Oxygen concentration near the oxic-anoxic interface was measured using the 
colorimetric method of BROENKOW and CLINE (1969) on samples collected carefully by 
syringe immediately after the bottles came on deck. Sulfide was assayed by the methylene 
blue method as described by CLINE (1969). Total bacterial abundance was determined by 
acridine orange direct counting of replicate subsamples of samples preserved in 2% 
formalin (final concentration v/v). Counting was carried out within a few weeks following 
the cruise. 

RESULTS 

Seasonal methane profiles 

Methane concentration profiles were obtained on four dates during 1983 (Fig. 1). The 
depth of the oxic-anoxic interface, taken as the depth where sulfide first became 
detectable and oxygen disappeared, varied from 128 to 140 m (data from the same cruise 
reported by TEBO and EMERSON, 1986). Methane gradients became steeper with succes- 
sive sampling dates, which resulted in increasing diffusive fluxes, 1.3-9.9 nmol cm -2 d -1, 
into the overlying oxygenated layer (Fig. 2). Slight curvature in the gradient in August 
implies that in situ consumption contributed to the changing methane concentration 
profile. 

The maximum observed methane concentration was 1.58 ltM, at 160 m, 20 September 
1983. Methane concentration consistently decreased or showed evidence of layering in 
the deepest samples. On two of these dates, we also measured methane concentrations in 
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Fig. 1. Methane concentration profiles for summer, 1983. Symbols and approximate depth of 
oxic-anoxic interface: D, 5 July, 140 m; Q, 18 July, 140 m; B, 2 August, 128 m; A,  20 

September, 135 m. 
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Fig. 2. Calculated diffusive methane fluxes across the oxic-anoxic interface during summer 
1983. Depth intervals of finear gradients: 5 July, 130-190 m; 18 July, 90-180 m; 2 August, 120- 

170 m; 20 September, 130-150 m. 

the surface water, and on one occasion, detected a subsurface maximum of 400 nM at 
20 m (Fig. 1; 2 August 1983). The resolution and sensitivity of our data from August 
1983 are not sufficient to support air-sea flux calculations. 

Methane oxidation and fluxes in late summer 1986 

Hydrography, chemical and bacterial distributions. In addition to the main thermocline 
around 50 m, a secondary thermocline had developed at the time of our sampling, and 
surface waters reached 20°C (Fig. 3A). We detected a slight inversion, with temperatures 
increasing slightly below 75 m (EMERSON et al., 1979). The major features in the 
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Hydrographic and nutrient data for August 1986. 
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distribution of nitrogenous nutrients are dictated by the oxygen concentration, which had 
declined to less than 10 ~tM at 120 m (Fig. 3B). Nitrate was depleted in surface waters 
and decreased by 10-fold from above to below the oxic-anoxic interface (Fig. 3C). 
Ammonium showed the opposite distribution, being enriched in surface waters, depleted 
in the oxic zone and increasing by 10-fold or more in the anoxic layer (Fig. 3E). Nitrite 
was also enriched in surface water, but its distribution was not obviously related to the 
oxygen distribution (Fig. 3D). 

Dissolved methane exhibited a characteristic subsurface maximum and, as in the 20 
September 1983 profile, a steep increase across the oxic-anoxic interface (Fig. 4). 
Surface waters exceeded saturation by a factor of about 12. 

Total bacteria enumerated by epifluorescene microscopy increased in concentration 
with increasing depth between 10 and 140 m (Fig. 5). Variability among repeated casts to 
the same depths was significant in samples from the interface region; bacterial abun- 
dances at the interface exceeded those in surface waters by up to 100-fold. The deep 
water was undersampled for bacterial abundances; however, it appears that bacterial 
abundances decreased between the interface and the bottom. 

Methane oxidation rates. Rate data are reported from samples which yielded linear 
time courses for incorporation of 14C from labeled methane into both particulates (cell 
material) and CO2 (Fig. 6). Rates calculated from the slope of these regression lines were 
corrected for ambient substrate concentration (see methods) and are presented in Fig. 7 
as the sum of cell and CO2 production. " 

Methane oxidation was detected in the oxygenated surface layer at a maximum of 
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0.15 nmol 1-1 d -1. The highest rate in the surface layer occurred at 40 m, slightly deeper 
than the methane concentration maximum at 30 m (Figs 4 and 7). The highest oxidation 
activity within the water column, about 2 nmol 1-1 d -1, occurred near the oxic-anoxic 
interface. We did not sample the water column between 50 and 120 m for rate 
measurements and thus cannot say definitively whether significant activity occurred in 
this region. However, results from the surrounding water lead us to expect very low rates 
in this depth interval. 
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Fig. 6. Time courses (August 1986) of production of labeled particulates and labeled C O  2 from 
14C-methane at (A) 40 m and (B) 120 m. 

The interface was sampled on one cast with six bottles spaced 3 m apart (cast 12, 
Fig. 7). In these synoptic samples, the peak activity was at 129 m and decreased by 6-fold 
within 10 m on either side of the peak. On a later cast intended to sample the anoxic 
layer (cast 19, Fig. 7), the highest rate measured on the cruise was found in the 150 m 
sample, while rates in the three deeper samples were nearly 100-fold slower. We 
interpret this distribution to be a result of tidal variation in the interface depth, so that on 
cast 19, the "150 m" sample was actually more similar to the 129 m sample from cast 12. 
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Oxidation rates, though detectable, were significantly slower in the anoxic layer than at 
the interface, and were on the same order as those detected in surface waters. 

The ratio of methane label that appeared in cells vs CO2 was calculated as the ratio of 
linear regressions for production rate of each. The percent which appeared in cells 
ranged from 30 to 80% of the total "cells plus CO2" (only 2 of 15 measurements were less 
than 50%). No correlation between this ratio and depth or methane concentration was 
observed. 

Methane  f luxes.  We assumed that the surface-dissolved methane concentration was the 
same as at 5 m (27.5 nM; saturation ratio -- 11.8) in order to compute the air-sea flux, 
0.227 nmol cm -2 d -1. Concentration gradients at the subsurface maximum (20-30 m, 
0.001 nM m -1) and at the oxic-anoxic interface (120-190 m, 8.2 nM m -1) were derived 
from linear regressions of concentration vs depth. These gradients indicate diffusive 
fluxes 1.8 x 10 -4 nmol cm -2 d -1 and 3.54 nmol cm -2 d -1, respectively. 

DISCUSSION 

Methane concentration, both from our seasonal study and from the intensive exper- 
iment in late summer, in general were lower than those previously reported. In August 
1986, both the subsurface maximum and large gradient at the oxic-anoxic interface 
occurred in similar depth intervals as those reported for June 1978 by LILLEY et al. (1982). 
The subsurface maximum in the present data is less pronounced and narrower than 
reported from August 1978. 

At the time of our August 1986 station, Saanich Inlet surface waters were a small 
source of methane to the atmosphere. Although there is a slight decrease in methane 
concentration between 5 and 25 m (about 1 nM), surface waters were supersaturated by 
a factor of nearly 12, and this gradient was probably not significant in terms of the air-sea 
flux. Compared to previous reports (LILLEY e t  al., 1982), the methane concentration 
gradient we measured in the upper 10 m of the water column was much smaller and the 
magnitude of the maximum at 30 m was also reduced. The diffusive flux into the 0-30 m 
interval from the subsurface maximum was much smaller than the estimated evasive flux, 
indicating the presence of a source term in the surface layer. The hydrography of the 
region was discussed by LILLEY et al. (1982), who concluded that the subsurface 
maximum is a regional feature, not necessarily related to processes within the inlet itself. 
Although the magnitude of the feature varies between years, our finding of a similar 
feature at the same depth supports this conclusion. 

Turnover times derived from the measured rates ranged from 424 to 926 days in the 
surface layer (20-50 m). The calculated in situ production rate would require 556 days to 
produce the concentration of methane present at the subsurface maximum. Thus, in situ 
biological transformation rates in the surface water are slow relative to the turnover time 
of the water itself; the inlet has strong tidal mixing and exchanges with water outside the 
inlet on a seasonal basis. Turnover times measured in Saanich Inlet cover the range 
observed by BUTLER et al. (1987) in an estuary where methane input was due to a large 
anthropogenic point source rather than advection of a regional feature or in situ 
production in a stratified water column. In the Oregon Estuary described by BUTLER et al. 
(1987), in situ oxidation was a negligible sink for methane, compared to evasion to the 
atmosphere. 

For August 1986, estimated diffusive fluxes are compared to integrated methane 
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Table 1. Fluxes in nmol crn-2d -1 
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Diffusional Integrated In situ 
f lux  oxidation rate production 

Air-Sea 0.227 
Subsurface maximum (20-30 m) 0.002 0.031 0.029 
Oxic-Anoxic interface (120-140 m) 3.54 3.87 0.33 

oxidation rates in the appropriate intervals in Table 1. Oxidation of methane in situ 

occurred at rates comparable to the diffusive fluxes, both in surface and interface waters. 
The fact that oxidation above the interface could consume the entire diffusive supply of 
methane is additional evidence that the subsurface concentration maximum and the 
implied in situ shallow source term are not related to the anaerobic metabolism which 
supplies methane to the deep water. Methane oxidation rates were not measured in 1983. 
However, the increasingly sharp methane gradient at the oxic-anoxic interface may 
imply that aerobic oxidation, by consuming methane from the top of the gradient, was 
partly responsible for the change in the shape of the concentration profile. The diffusive 
flux calculated for August 1986 at the oxic-anoxic interface was intermediate in the range 
of fluxes found in 1983. 

The length of time required to consume the ambient methane pool by the measured in 

situ oxidation rates (turnover time) near the oxic-anoxic interface ranged from 30 to 
about 150 days. This is essentially a seasonal time scale, and supports the flux compari- 
sons above in suggesting that in situ oxidation can consume most of the methane flux 
from the anoxic layer. Turnover times within the anoxic layer were on the order of 
several years, indicating that most of the methane present in the anoxic water column is 
consumed by aerobic methane oxidation near the interface, rather than by anaerobic 
methane oxidation. The potential importance of anaerobic methane oxidation in the 
sediments was not investigated. However, previous work by DEVOL (1983) showed that 
most methane produced in the anoxic sediments is also consumed there. Anaerobic 
oxidation rates reported by DEVOL (1983) are about four orders of magnitude faster than 
the aerobic rates reported here. Thus anaerobic methane oxidation in the sediments 
probably functions to minimize the methane flux out of the sediments in the same way 
that aerobic oxidation minimized the flux into the oxygenated layer and atmosphere. 

In Saanich Inlet, as in other marine basins (REEBURGH, 1982), it appears that most of 
the methane produced in the anoxic sediments is consumed within the sediment. 
However, a small fraction of methane produced in the sediments escapes to the water 
column and is effectively consumed in a narrow interval where both methane and oxygen 
are present. In freshwater lakes that undergo summer stratification, most of the methane 
produced in the sediments is consumed in the water column (HARRrrrs and HANSON, 
1980; RUDD and HAMILTON, 1975). However, this consumption is also narrowly stratified 
across the oxic-anoxic interface. On an annual basis, whole-lake methane oxidation was 
most rapid at the time of autumn turnover, when the deep methane reservoir mixed with 
oxygenated water. RUDD and HAMILTON (1975) reported methane oxidation rates of up 
to 17 ~tM d -1 for Lake 227 during autumn overturn. Even at this rate, turnover of the 
methane pool required a few days to a few weeks throughout the summer, and including 
autumn overturn. An analogous seasonal cycle is expected to occur in Saanich Inlet, as 
suggested by the 1983 profiles presented here. LmLEY et al. (1982) presented methane 
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concentration data for the subsurface maximum layer from several dates over the 
summer, but did not present seasonal data for the main methane gradient at the oxic- 
anoxic interface. A more extensive time series is required to determine the seasonal 
dependence of methane oxidation rates, and the relative importance of in situ oxidation 
and physical fluxes in removing methane from the water. 
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